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  Pref ace   

 Over the last decade, stem cells and their potential to be manipulated for regenera-
tion of particular tissues and organs have become an intensely investigated topic. 
Notwithstanding the efforts, there are still many challenging issues in identifying 
the putative tissue-specifi c stem cell subpopulation(s) and coaxing them to adopt the 
fate or fates of interest. In this volume, the authors defi ne in a variety of tissue types 
the specifi c stem cell populations, their locations, and approaches being developed 
and used to demonstrate their potential in physiologically relevant assays. I thank 
the contributors for their efforts in capturing in their chapters both the promise of 
the stem cells of interest and the obstacles in maximizing their potential utility.  

    Ottawa ,  ON ,  Canada       Kursad     Turksen      
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    Abstract     Division of hematopoietic stem cells needs to generate daughter cells 
harboring identical developmental capacity as the mother cell. This step is neces-
sary to maintain hematopoiesis over several decades and implicates the ability of 
stem cells to self-renew. Self-renewal is a key characteristic of hematopoietic stem 
cells (HSC). Signaling pathways, epigenetic modulators, cell cycle regulators, and 
transcription factors control the fi ne balance between self-renewal and differentia-
tion. Self-renewal-associated signaling includes chemical modulators (e.g., prosta-
glandins, retinoic acid), developmental regulators (e.g., BMPs), and evolutionary 
conserved pathways such as canonical Wnt signaling, Notch signaling, or the 
Hedgehog pathway. These signaling nodes contribute to self-renewal in embryonic 
and stem cell development. However, in adult stem cells they seem to be dispens-
able to some extent. Members of the cellular polarity network may display a novel 
class of signaling molecules associated with self-renewal capacity in development 
and maintenance of hematopoietic stem cells.  

  Keywords     Hematopoietic stem cell   •   Self-renewal   •   Signaling  

  Abbreviations 

   ACD    Asymmetric cell division   
  BMP    Bone morphogenetic proteins   
  CMML    Chronic myelomonocytic leukemia   
  Ctnnb1    β-Catenin   
  dmPGE 2     Di-methyl-prostaglandin E 2    
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  FLC    Fetal liver cells   
  GMP    Granulocyte–monocyte progenitor   
  Hh    Hedgehog   
  Hox genes    Homeobox genes   
  HSC    Hematopoietic stem cell   
  LT-HSC    Long-term hematopoietic stem cells   
  NICD    Notch intracellular domain   
  Ptch    “Patched” receptor   
  RA    Retinoic acid   
  Smo    “Smoothened”   

1           Stemness and Self-Renewal 

 Maintenance of body tissue homeostasis is an important physiological process. It is 
regulated through programmed cell death with cells being eliminated from the 
organism and replaced by new ones. This replacement is guaranteed by the pres-
ence of self-renewing stem cells in different tissues that do not exhaust over a long 
period of time. 

 The hematopoietic system is a clear example of this cellular replacement, as 
most of the blood cells have a short life span. In hematopoiesis, new mature blood 
cells are formed in a hierarchical process [ 1 ]. At the top of this hierarchy are the 
hematopoietic stem cells (HSC), a limited pool of immature cells [ 2 ] that maintains 
hematopoiesis. The existence of stem cells was fi rst proposed in the hematopoietic 
system by Ernest McCulloch and James Till in 1961 during their groundbreaking 
work on radiation sensitivity of normal mouse bone marrow cells [ 3 ]. Later, their 
and other studies described two key properties of these cells: self-renewal capacity 
[ 4 ] and the multipotential differentiation into more specialized and differentiated 
cells [ 5 ]. Thus, hematopoietic stem cells need to differentiate into blood and 
immune cells on one hand and to maintain hematopoiesis over decades on the other. 
This property—to maintain an immature state without exhaustion—is frequently 
referred to as “stemness” or “self-renewal capacity.” “Self-renewal” is frequently 
discussed as a “single” phenomenon. However, it can probably be seen as a combi-
nation of three phenomena resulting in maintenance of a balanced number of stem 
cells: (1) proliferation, (2) inhibition of apoptosis, and (3) inhibition of differentia-
tion [ 6 ]. To understand the genetic machinery implicated in regulation of self-
renewal is crucial for stem cell biology, not only because of its physiologic role but 
also because of its implication in leukemia development. Focusing on hematopoi-
etic stem cells, multiple studies have shown that their “stemness” is regulated by 
extrinsic and intrinsic stimuli [ 7 ]. Regarding cytokines or growth factors, extrinsic 
signals are implicated under environmental infl uence. On the other hand, transcrip-
tion factors, chromatin modifi ers, and cell-cycle regulators have also been described 
as intrinsic factors. Self-renewal of hematopoietic cells needs to be functionally 
assessed by transplantation assays. Transplantation of a single HSC into a 
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previously lethally irradiated host can reestablish all hematopoietic lineages. 
Transplantation of these HSC in secondary (or tertiary) recipients can assess for the 
degree of self-renewal capacity. 

 Several signaling nodes and pathways have been described as regulators of stem-
ness or self-renewal in HSC. Many of these pathways (e.g., PI3K-AKT-mTOR sig-
naling) fulfi ll various functions including proliferation, control of the apoptotic 
machinery, or differentiation of cells. On the other hand, they are also involved in 
maintenance of self-renewal and interact with evolutionary conserved pathways 
(e.g., Wnt, Hedgehog or Notch signaling). In this chapter, we will focus on murine 
evolutionary conserved signaling pathways implicated in regulation of hematopoi-
etic stem cell self-renewal, their cross talk with other signaling pathways, and their 
downstream effectors.  

2     Signaling Pathways Implicated in HSC Self-Renewal 

2.1     Canonical Wnt Signaling 

 The Wnt signaling pathway plays a critical role in embryonic and hematopoietic 
development. Wnt proteins are secreted glycoproteins, which can be released or 
presented on cell surface, and induce different pathways, with the canonical path-
way being the best described. Activation of the pathway occurs by binding of its 
physiological ligand Wnt to the cystine-rich domain of receptors of the Frizzled 
(Fz) and LRP (low-density lipoprotein receptor related) family (LRP 5 or LRP6). 
The canonical pathway is regulated through its central player β-catenin. In the 
absence of Wnt ligand, β-catenin is recruited by a multifactor complex formed by 
glycogen synthase kinase-3β (GSK-3), casein kinase 1 (CK1), adenomatous pol-
yposis coli (APC) a tumor suppressor protein, and the scaffolding protein axin [ 8 ]. 
Axin promotes GSK-3β-dependent phosphorylation of β-catenin for the ubiquitin–
proteasome pathway, maintaining low levels of the protein. The activation of 
canonical Wnt signaling blocks β-catenin phosphorylation and degradation, leading 
to an accumulation of unphosphorylated β-catenin in the cytoplasm and this 
unphosphorylated version is able to shuttle into the nucleus [ 9 ]. Nuclear β-catenin 
binds to T-cell factor (TCF)/lymphoid-enhancer factor (LEF) transcription factors 
and promotes gene expression. Bona fi de downstream targets include Cyclin D1 
(CCND1), c-jun, or c-myc. Functional analysis of β-catenin (Ctnnb1) loss could not 
be performed in a conventional knockout mouse model due to early embryonic 
lethality. Loss of Ctnnb1 leads to embryonic lethality due to lack of mesoderm 
formation and defects of the ectodermal cell layer. 

 Investigation of Wnt/β-catenin activity in early embryonic development showed 
that it is transiently required in the AGM to generate long-term HSCs and to 
 produce hematopoietic cells derived from the AGM endothelial precursors 
in vitro. Genetic inactivation of β-catenin from the embryonic endothelium stage 
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(using VE-cadherin-Cre recombinase), but not from embryonic hematopoietic cells 
(using Vav1-Cre), precluded progression of mutant cells toward the hematopoietic 
lineage. These  fi ndings indicate that Wnt/β-catenin signaling is needed for the emer-
gence but not the maintenance of HSCs in murine embryonic development [ 10 ]. 

 Use of Vav1-Cre in conditional knockout mouse models leads to genetic inacti-
vation of the respective gene in early hematopoietic development. Conditional 
genetic inactivation of β-catenin during HSC development generated hematopoietic 
cells impaired in long-term growth and maintenance following transplantation. 
These cells show a clear competitive disadvantage when transplanted against wild- 
type competitor cells [ 11 ]. Enforced Ctnnb1 activation leads to exhaustion of the 
LT-HSC pool [ 12 ] and is associated with loss of the GMP stage [ 13 ]. 

 Analysis of canonical Wnt signaling in maintenance of adult HSC has been 
performed in very detail using conditional knockout mouse models. In contrast to 
its role in HSC development, genetic inactivation of β-catenin (and also γ-catenin 
to address potential compensatory effects) in adult HSC left steady state hemato-
poiesis unaffected. Maintenance of adult HSC was also not impaired as assessed by 
transplantation assays [ 14 ]. However, a recent publication could demonstrate con-
vincingly that different levels of Wnt signaling are required to regulate steady-state 
hematopoiesis in a dosage-dependent fashion [ 15 ]. Here, depending on Wnt path-
way activity, downstream signaling nodes are able to activate HSC self-renewal and 
to activate or block differentiation capacity. 

 Taken together, canonical Wnt signaling is crucial for HSC development but is 
not required for maintenance of self-renewal in fully developed adult HSC (Table     1 ). 
Precisely regulated levels of Wnt signaling seem to be crucial for maintenance of 
hematopoiesis. Canonical Wnt signaling connects with other HSC-relevant path-
ways and mediators such as retinoic acid signaling and prostaglandin signaling. 
Moreover, its activation leads to alteration in gene expression of both transcription 
factors (e.g., Cyclin D1, c-jun, or c-myc) as well as developmental gene sets (such 
as Hox genes).

2.1.1       Chemical Modulators Interacting with Canonical Wnt Signaling 

   Prostaglandins 

 Prostaglandins, a group of lipid compounds that are derived enzymatically from 
fatty acids have recently been shown to regulate HSC biology and to interact closely 

   Table 1    Requirement of evolutionary conserved signaling pathways 
during HSC development and in maintenance of adult HSC   

 Evolutionary conserved 
signaling pathways  HSC development  Adult HSC 

 Wnt signaling  +++ [ 10 ,  11 ]  − [ 14 ] 
 Notch signaling  +++ [ 16 ,  17 ]  (+) [ 18 ,  19 ] 
 Hedgehog signaling  +++ [ 20 ,  21 ]  − [ 22 ,  23 ] 
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with canonical Wnt signaling. Using zebrafi sh as a model organism, the Zon laboratory 
performed chemical screens to identify new regulators of hematopoietic stem cells. 
They found that stimulation with prostaglandin E2 (PGE 2 ) signifi cantly increased 
HSC numbers [ 24 ]. Moreover, they were able to provide evidence that PGE 2  inter-
acts with the canonical Wnt signaling pathway to regulate HSCs through cAMP–
PKA-mediated β-catenin phosphorylation [ 25 ]. Stability of PGE 2  was a critical 
point that led to the use of the stable derivative dmPGE 2 . Consistent with previous 
fi ndings, dmPGE 2  increased the frequency of long-term repopulating HSCs in irra-
diated recipient mice. These experiments paved the way for a future therapeutic 
potential and dmPGE2 is currently tested in preclinical [ 26 ] and clinical trials in the 
context of hematopoietic stem cell transplantation.  

   Retinoic Acid 

 Retinoic acid (RA) is another signaling molecule interacting with canonical Wnt 
signaling and inducing Hox genes during embryonic development [ 27 ,  28 ]. 
RA binds to its surface receptor and this leads to rapid internalization and transloca-
tion into the nucleus. Binding to the respective nuclear hormone receptors results in 
transcriptional modulation of homeobox genes (Hox genes, e.g., HoxA4, HoxB5, 
Meis1), zincfi nger proteins (e.g., Egr-1, RARA), kinases (e.g., CSF1R, EGFR, 
LYN), and parts of the TGFβ pathway [ 29 ]. Retinoic acid has been shown to pre-
serve self-renewal capacity during ex vivo culture and consecutively led to increased 
competitive advantage of HSC during serial transplantation [ 28 ]. In murine models, 
genetic inactivation of retinoic acid receptor gamma (RARg) resulted in pronounced 
impairment of HSC function [ 30 ].    

2.2     Notch Signaling 

 The Notch signaling pathway is highly regulated and requires a specifi c cell–cell 
interaction between Notch ligand and its receptor. In the mammalian system four 
receptor isoforms (Notch1–4) exist, while fi ve canonical notch ligands are classifi ed 
into Jagged and Delta-like families (Jag1, Jad2, Dll1, Dll3, and Dll4). Upon ligand 
binding, the pathway is activated by a double proteolysis of the receptor. First, it 
becomes extracellularly modifi ed (S2 site) by an “a-disintegrin-and- metalloprotease” 
(ADAM). Subsequently the notch intracellular domain (NICD) is cleaved by a 
gamma secretase/presenilin complex and released to the cytoplasm. The NICD is 
able to shuttle from the cytoplasm to the nucleus to contribute to an active transcrip-
tion complex with the DNA-binding transcription factor CSL/RBP-Jk. This com-
plex is stabilized by the coactivator Mastermind-like (MAML1-3), among others, 
switching on the transcription of target genes, such as Hes family genes, c-Myc, 
CCND1, or Notch1 and 3. In absence of Notch, CSL/RBP-Jk is found in a corepressor 
complex [ 31 ]. 
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 In the hematopoietic system, Notch is essential for the development of 
 hematopoietic stem cells (HSCs) during embryonic hematopoiesis [ 17 ]. There is 
confl icting data on the role of Notch signaling in the function of adult stem cells 
(HSCs) and myeloid differentiation. These differences may be explained by the 
experimental approach and the extent of Notch modulation. 

 It has been shown that Notch signaling can suppress myeloid differentiation in 
vitro [ 32 ]. Moreover, it has been reported that Notch signaling can induce mega-
karyocyte differentiation [ 33 ]. Further studies have convincingly shown that Notch 
signaling can function as an antagonist of the granulocyte–monocyte progenitor 
(GMP) cell fate and that loss of Notch signaling biases commitment toward GMP 
differentiation [ 19 ]. 

 In gain-of-function experiments, induction of canonical Notch signaling 
enhanced self-renewal of HSC and led to HSC expansion in vitro. Retroviral over-
expression of members of the Notch signaling pathway (such as Notch1 or Hes1), 
has shown an induction of self-renewal capacity, an increase in stem cell numbers, 
and a preservation of long-term reconstitution capacity [ 34 – 36 ]. This accumulation of 
precursor cells has been also shown when HSC are co-cultered with an engineered 
Notch ligand Delta1 [ 37 ]. Therefore, upregulation of Notch signaling seems to pro-
mote self-renewal and to inhibit differentiation of HSC. 

 Genetic inhibition of Notch signaling revealed more inconsistent results. While 
an inducible knockout of murine Notch1 compromised T cell linage development, 
the other lineages of the bone marrow appeared not to be affected [ 38 ]. A conditional 
double knockout of Notch1 and its ligand Jagged1 also presented with normal 
steady-state hematopoiesis, hematopoietic stem cell self-renewal, and differentiation 
[ 18 ]. In both studies this lack of a phenotype could be caused through redundancy 
from other Notch receptors or ligands involved in the pathway. Moreover, modula-
tion of Notch downstream effectors was also assessed in several models. Notch sig-
naling was inhibited by the expression of a dominant-negative Master-mind-like1 
construct (DNMAML) or by conditional deletion of Rbpj, both crucial components 
for the transcriptional complex of Notch target genes [ 39 ]. These models did not 
show any defect on self renewal capacity of HSC. 

 Inactivation of Notch signaling has also been investigated by conditional target-
ing of Nicastrin (Ncstn), a member of the gamma secretase complex reported to be 
one of the few nonredundant members of canonical Notch signaling. Genetic inac-
tivation of Ncstn was achieved by the use of two different Cre recombinases (Mx1- Cre 
and Vav1-Cre) with consistent results: Genetic deletion of Ncstn in mouse hemato-
poietic stem cells (HSCs) resulted in an aberrant accumulation of granulocyte/
monocyte progenitors (GMPs), extramedullary hematopoiesis, and the induction of 
a myeloproliferative/myelodysplastic phenotype (CMML-like) in vivo [ 19 ]. This is 
consistent with the discovery of Notch-inactivating mutations in patients suffering 
from CMML. Within the murine system, combination of Notch inactivation with 
other mutations (such as Tet2 mutations) resulted in overt leukemia [ 40 ]. 

 Taken together, genetic deletion of Notch receptors or modulation of ligands and 
complex members results in no signifi cant phenotype in adult HSC. Abrogation of 
Notch signaling by conditional deletion of Nicastrin seems to affect adult HSC, 
leading to aberrant self-renewal and transformation into a pre-leukemic state.  
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2.3     Hedgehog Signaling 

 Hedgehog (Hh) signaling pathway is highly conserved in vertebrates and takes place 
at the primary cilium, although this structure is expendable in hematopoietic cells. 
Hedgehog protein requires posttranslational modifi cations and three isoforms are 
described: Sonic (Shh), Desert (Dhh), and Indian (Ihh) hedgehog that are expressed 
in hematopoietic tissue. The receptor, Patched (Ptch), is a 12- transmembrane protein 
which acts as a negative modulator. In absence of Hedgehog, Ptch represses the 
signal transducer Smoothened (Smo), a 7- transmembrane G-like protein-couple 
receptor, through oxysterol traffi cking. Once Hedgehog binds to Ptch, Smo inhibi-
tion is interrupted allowing its translocation to the membrane and activation by 
phosphorylation [ 41 – 43 ]. Downstream, Smo targets and stabilizes from ubiquitinyl-
ation zinc-fi nger transcription factors members of the Gli family, which translocate 
to the nucleus. Gli1 and Gli2, as activators, switch on the transcription of target 
genes important for proliferation and survival. On the other hand, Gli3 along with 
Gli2 serve as repressive transcription factors when Ptch is active and Smo is not able 
to inhibit their degradation. 

 Abrogation of the Hh pathway using conventional knockout mouse models was 
embryonic lethal: Smo knockout mouse embryos as well as Shh knockouts died 
during embryogenesis with severe neuronal malformations [ 44 ]. In order to investi-
gate the impact of Smo on development of hematopoiesis and HSC, Smo −/−  and 
Ptch +/−  fetal liver cells (FLC) have been used and transplanted into recipient mice 
[ 21 ]. In these assays, Smo −/−  FLC showed reduction of colony-forming potential in 
methylcellulose CFU-replating assays, while Ptch +/−  FLC (in which Smo is acti-
vated) showed enhanced serial replating capacity [ 21 ]. Transplantation of these 
FLC into irradiated mice showed improved engraftment of Ptch +/−  cells when com-
pared with wild-type cells under homeostatic conditions. This was also detectable 
during acute regeneration indicating a functional role for the Hh pathway in HSC 
development and regeneration. The increase of Hh activity has been studied in a 
 Ptch  +/−  mouse model, where HSC show activation of Hh signaling already during 
their development. Here, it was demonstrated that Hh signaling plays a role in 
expansion of hematopoietic stem cells, but constitutive activation of the pathway 
exhausted HSC by affecting cell cycle modulators [ 45 ]. The impact of Hh signaling 
was also investigated using conditional Smo loxP/loxP  mice. These mice were crossed 
with Vav1-cre mice, in order to genetically inactivate Smo early in embryogenesis 
in the hematopoietic system. In this system no acute effect was observed on steady- 
state hematopoiesis or composition of the different cellular compartments. However, 
a defect in long-term HSC function could be detected through serial primary and 
secondary bone marrow transplants [ 20 ]. Conditional deletion of Smo has been per-
formed in hematopoietic cells to study the impact of Hh signaling on adult HSC. 
Two recent papers used conditional Smo loxP/loxP  mice that were intercrossed with 
Mx1-cre mice to conditionally inactivate Smo in hematopoietic cells after inter-
feron stimulation. In contrast to the studies during HSC development, these reports 
demonstrated that the Hh pathway is dispensable for adult HSC function and 
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hematopoiesis [ 22 ,  23 ]. Consistently with these fi ndings, pharmacological  inhibition 
of Hh signaling—using a small molecule Smo inhibitor—had no effect on normal 
hematopoiesis in adult mice. Moreover, global gene expression profi ling underlined 
that an HSC-specifi c gene expression signature was preserved in the Smo-defi cient 
HSC and a Smo gain-of-function model (SmoM2) did not lead to expansion of HSC. 

 The impact of Hh signaling on HSC has been variable, depending on the experi-
mental system, which refl ects the importance of Hh signaling during specifi c peri-
ods of hematopoietic development. On the other hand, Hh signaling seemed to be 
dispensable for adult HSC in steady-state hematopoiesis. 

2.3.1     Developmental Regulators Interacting with Hh Signaling 

 Bone morphogenetic proteins  (BMPs)  such as  Smad4  and the connected trans-
formed growth factor beta  (TGFβ)  signaling have been described to cross talk with 
Hedgehog signaling in regulating HSC abundance [ 46 ]. Smad-signaling molecules 
are phosphorylated and regulated downstream of TGF receptor. Smad4 is a critical 
component of the downstream complex consisting of activating and inhibitory com-
ponents. This complex can shuttle to the nucleus to activate transcriptional targets 
[ 47 ]. Here, TGFβ is thought to be involved in maintenance of HSC quiescence. The 
functional role of Smad4 in HSC had not been investigated because of the early 
embryonic lethality of the conventional knockout mouse model. Taken together, 
these pathways seem to have regulatory functions during embryonic development 
and organogenesis. Genetic inactivation of Smad4 in adult HSC was investigated 
using a conditional knockout mouse model. Conditional deletion of Smad4 was 
achieved by Mx1-Cre recombinase activation through interferon. Inactivation of 
Smad4 showed a severe defect especially in erythropoiesis. Serial transplantation 
experiments confi rmed an important role for Smad4 in adult HSC self-renewal [ 48 ]. 
Downregulation of Notch1 and c-myc expression in Smad4 −/−  cells connects Smad4 
to Notch and Wnt-signaling networks.   

2.4     Hox Genes Regulate Self-Renewal Downstream 
of Evolutionary Conserved Signaling Pathways 

 Hox genes have been described as downstream effectors of self-renewal associated 
signaling pathways. Overexpression of  Hox genes  can increase self-renewal capacity 
of hematopoietic stem cells and has been shown to increase the immature cell com-
partment in several mouse models. Retroviral overexpression of HoxB4 or HoxA9 
in murine bone marrow HSC revealed its relevance in proliferation and regeneration 
of primitive HSC without compromising their repopulation capacity [ 49 ,  50 ]. 
Recent studies with a similar approach confi rmed that HoxB4 overexpression 
expands and increases cell growth of HSC without altering hematopoietic 
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homeostasis [ 51 ,  52 ]. However, while HoxB4 presents as a positive regulator of 
primitive hematopoietic cells and leaves the differentiation capacity largely 
 unaffected, overexpression of HoxA9 led to expansion of the myeloid lineage and 
fi nally can initiate leukemic transformation. Conversely, a double knockout model 
for HoxB3 and HoxB4 led to a signifi cant decrease in HSC proliferation without 
impairment of differentiation capacity [ 53 ]. This impact on proliferation was also 
observed in single HoxB4 knockout mice, although the effect was more moderate 
[ 54 ]. Modest overexpression of HoxA10 in murine HSC resulted in signifi cant gain 
of self-renewal capacity; however, cell fate was affected in terms of a differentiation 
block toward megakaryopoiesis and erythropoiesis [ 55 ]. Cofactors that modulate 
Hox gene expression such as PBX- and CDX-genes as well as MEIS1 are known to 
drive leukemia development [ 56 – 59 ]. Overexpression of the respective genes in 
murine hematopoiesis leads to perturbation of myeloid differentiation and induction 
of self- renewal capacity in adult HSC [ 60 ,  61 ]. Taken together, there is clear evi-
dence that self-renewal of HSC is linked to Hox gene expression.  

2.5     Polarity Regulators and RNA-/DNA-Binding Proteins 

 Cell fate decisions are infl uenced by proteins, organelles, mRNAs, or microRNAs 
being segregated into one or the other daughter cell during cell division. These types 
of hematopoietic stem cell division have been described as “symmetric” or “asym-
metric” [ 62 ]. Regulation of cell polarity may impact asymmetric cell division 
(ACD) of HSC. ACD has been described to be involved in differentiation of the 
progeny and maintenance of “stemness” and is an important part of cell polarity that 
may have an important impact on both hematopoiesis and leukemia development. 
ACD regulates the induction and maintenance of polarity during cell division, 
resulting in the generation of two daughter cells with different genetic properties. 
As a consequence, the asymmetrically localized proteins often include determinants 
of cell fate. In regular hematopoiesis, ACD is involved in maintenance of the HSC 
pool. When a stem cell divides, one daughter cell follows a genetic program inducing 
proliferation and differentiation, while the second daughter cell stays under a pro-
gram, inducing quiescence and the capacity for longevity. ACD leads to asymmetric 
segregation of self-renewal to one daughter cell in HSC [ 62 ]. Therefore, regulation 
of balance between symmetric and asymmetric cell division is assumed to be crucial 
for hematopoietic stem cell (HSC) division and homeostasis. 

 Cell fate determinants, such as RNA-binding proteins or polarity regulators have 
been recently described as effectors in stem cell biology. The Sauvageau laboratory 
investigated the impact of 21 polarity regulators selected from the literature. A total 
of eight polarity-regulating genes evolved from a primary screen (Ctnna, Mapro3, 
Llgl1, Numb, Prox1, Pard6a, Prkcz, Msi2). Four of these genes have been validated 
and RNAi knockdown experiments revealed enhanced (Prox1) or decreased (Pard6a, 
Prkcz, Msi2) repopulation potential of purely sorted HSC in vivo [ 63 ]. Of these 
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candidates, several genes have been assessed for their functional impact on HSC 
self-renewal. The RNA-binding protein Msi2 was found to be highly expressed in 
adult HSC and its knockdown resulted in reduced engraftment and depletion of 
HSCs in vivo [ 64 ]. In contrast, overexpression of human  MSI2  in a mouse model 
increased HSC cell cycle progression and enforced leukemic transformation. Msi2 
mutant mice (using a gene-trap model) showed a signifi cant reduction in the fre-
quency and absolute number of the HSC-enriched (LSK−) population [ 65 ]. 
Moreover, this reduction in Msi2 expression impaired leukemic transformation 
indicating a potential loss of self-renewal capacity. 

 Genetic inactivation of atypical PKCs such as aPKCzeta and aPKClambda in the 
Par complex did not have any impact on maintenance or self-renewal capacity of 
adult HSC [ 66 ]. Even double-knockout HSC did not reveal any impact of the 
respective aPKCs on competitive behavior. In contrast, genetic inactivation of the 
Scribble complex member Llgl1 led to enhanced fi tness and self-renewal potential 
of adult hematopoietic stem cells in vivo. This advantage increased upon serial 
transplantation or when stress was applied to HSCs [ 67 ]. Llgl1 deletion was associ-
ated with transcriptional repression of transcription factors such as Krüppel-like 
factor 4 (Klf4) and early growth response 1 (Egr1), known inhibitors of HSC self-
renewal [ 68 ,  69 ]. Moreover, self-renewal-associated genes, such as Hox gene cofac-
tor Pbx3 were signifi cantly upregulated. Both genes, aPKCs and Llgl1, are known 
to be involved in regulation of cell polarity, proliferation, and cell division. They 
belong to a group of three major polarity complexes: Par, Scribble and Crumbs 
complex [ 70 ]. In other cell types, this network has been reported to interact with 
several stem cell relevant pathways, such as canonical Wnt signaling, Notch signal-
ing, and the Hippo pathway [ 70 ,  71 ]. However, none of these interactions have been 
functionally confi rmed so far in hematopoietic stem cells. Moreover, these polarity 
nodes interact with Rac/Rho GTPases known effectors of stem cell mobility and 
viability. Cdc42 is an example of a small Rho-GTPase that has been reported to 
interact with the Par-polarity complex. This gene seems to play an essential role in 
embryonic development, as conventional genetic inactivation was embryonically 
lethal [ 72 ]. Recent publications were able to provide evidence that Cdc42 activity is 
signifi cantly increased in aged hematopoietic stem cells [ 73 ]. Elevated level of 
Cdc42 in HSCs was causally linked to stem cell aging and correlated with a loss of 
polarity. These data provide evidence for a potential infl uence of the polarity net-
work on HSC biology. 

 In summary, evolutionary conserved pathways such as canonical Wnt, Notch, or 
Hedgehog signaling contribute crucially to HSC self-renewal during embryonic 
development and stem cell development. However, in adult stem cells they seem to 
be dispensable to some extent. These signaling pathways interact with chemical 
modulators (e.g., PGE 2  signaling, RA signaling) and developmental regulators 
(such as TGFβ and BMP signaling). Members of the cellular polarity network inter-
act with self-renewal-associated signaling molecules and therefore may display a 
novel class of signaling molecules associated with self-renewal capacity in develop-
ment and maintenance of hematopoietic stem cells.      

P. Arreba-Tutusaus and F.H. Heidel



11

   References 

    1.    Orkin SH, Zon LI (2008) Hematopoiesis: an evolving paradigm for stem cell biology. 
Cell 132(4):631–644  

    2.    Ogawa M (1993) Differentiation and proliferation of hematopoietic stem cells. Blood 
81(11):2844–2853  

    3.    McCulloch EA, Till JE (1964) Proliferation of hemopoietic colony-forming cells transplanted 
into irradiated mice. Radiat Res 22:383–397  

    4.    Siminovitch L, McCulloch EA, Till JE (1963) The distribution of colony-forming cells among 
spleen colonies. J Cell Physiol 62:327–336  

    5.    Till JE, McCulloch EA, Siminovitch L (1964) A stochastic model of stem cell proliferation, 
based on the growth of spleen colony-forming cells. Proc Natl Acad Sci U S A 51:29–36  

    6.    Zhang J, Li L (2005) BMP signaling and stem cell regulation. Dev Biol 284(1):1–11  
    7.    Zon LI (2008) Intrinsic and extrinsic control of haematopoietic stem-cell self-renewal. Nature 

453(7193):306–313  
    8.    Behrens J et al (1998) Functional interaction of an axin homolog, conductin, with beta-catenin, 

APC, and GSK3beta. Science 280(5363):596–599  
    9.    Clevers H, Nusse R (2012) Wnt/beta-catenin signaling and disease. Cell 149(6):1192–1205  
     10.    Ruiz-Herguido C et al (2012) Hematopoietic stem cell development requires transient Wnt/

beta-catenin activity. J Exp Med 209(8):1457–1468  
     11.    Zhao C et al (2007) Loss of beta-catenin impairs the renewal of normal and CML stem cells in 

vivo. Cancer Cell 12(6):528–541  
    12.    Scheller M et al (2006) Hematopoietic stem cell and multilineage defects generated by consti-

tutive beta-catenin activation. Nat Immunol 7(10):1037–1047  
    13.    Kirstetter P et al (2006) Activation of the canonical Wnt pathway leads to loss of hematopoietic 

stem cell repopulation and multilineage differentiation block. Nat Immunol 7(10):1048–1056  
     14.    Koch U et al (2008) Simultaneous loss of beta- and gamma-catenin does not perturb hemato-

poiesis or lymphopoiesis. Blood 111(1):160–164  
    15.    Luis TC et al (2011) Canonical wnt signaling regulates hematopoiesis in a dosage-dependent 

fashion. Cell Stem Cell 9(4):345–356  
    16.    Guiu J et al (2013) Hes repressors are essential regulators of hematopoietic stem cell develop-

ment downstream of Notch signaling. J Exp Med 210(1):71–84  
     17.    Robert-Moreno A et al (2008) Impaired embryonic haematopoiesis yet normal arterial devel-

opment in the absence of the Notch ligand Jagged1. EMBO J 27(13):1886–1895  
     18.    Mancini SJ et al (2005) Jagged1-dependent Notch signaling is dispensable for hematopoietic 

stem cell self-renewal and differentiation. Blood 105(6):2340–2342  
      19.    Klinakis A et al (2011) A novel tumour-suppressor function for the Notch pathway in myeloid 

leukaemia. Nature 473(7346):230–233  
     20.    Zhao C et al (2009) Hedgehog signalling is essential for maintenance of cancer stem cells in 

myeloid leukaemia. Nature 458(7239):776–779  
      21.    Dierks C et al (2008) Expansion of Bcr-Abl-positive leukemic stem cells is dependent on 

Hedgehog pathway activation. Cancer Cell 14(3):238–249  
     22.    Gao J et al (2009) Hedgehog signaling is dispensable for adult hematopoietic stem cell func-

tion. Cell Stem Cell 4(6):548–558  
     23.    Hofmann I et al (2009) Hedgehog signaling is dispensable for adult murine hematopoietic 

stem cell function and hematopoiesis. Cell Stem Cell 4(6):559–567  
    24.    North TE et al (2007) Prostaglandin E2 regulates vertebrate haematopoietic stem cell homeo-

stasis. Nature 447(7147):1007–1011  
    25.    Goessling W et al (2009) Genetic interaction of PGE2 and Wnt signaling regulates develop-

mental specifi cation of stem cells and regeneration. Cell 136(6):1136–1147  
    26.    Goessling W et al (2011) Prostaglandin E2 enhances human cord blood stem cell xenotrans-

plants and shows long-term safety in preclinical nonhuman primate transplant models. Cell 
Stem Cell 8(4):445–458  

Signaling Pathways Maintaining Stemness in Adult Hematopoietic Stem Cells



12

    27.    Shiotsugu J et al (2004) Multiple points of interaction between retinoic acid and FGF signaling 
during embryonic axis formation. Development 131(11):2653–2667  

     28.    Nordstrom U et al (2006) An early role for WNT signaling in specifying neural patterns of Cdx 
and Hox gene expression and motor neuron subtype identity. PLoS Biol 4(8):e252  

    29.    Balmer JE, Blomhoff R (2002) Gene expression regulation by retinoic acid. J Lipid Res 
43(11):1773–1808  

    30.    Purton LE et al (2006) RARgamma is critical for maintaining a balance between hematopoi-
etic stem cell self-renewal and differentiation. J Exp Med 203(5):1283–1293  

    31.    Bigas A, Espinosa L (2012) Hematopoietic stem cells: to be or Notch to be. Blood 119(14):
3226–3235  

    32.    de Pooter RF et al (2006) Notch signaling requires GATA-2 to inhibit myelopoiesis from 
embryonic stem cells and primary hemopoietic progenitors. J Immunol 176(9):5267–5275  

    33.    Mercher T et al (2008) Notch signaling specifi es megakaryocyte development from hemato-
poietic stem cells. Cell Stem Cell 3(3):314–326  

    34.    Varnum-Finney B et al (2000) Pluripotent, cytokine-dependent, hematopoietic stem cells are 
immortalized by constitutive Notch1 signaling. Nat Med 6(11):1278–1281  

   35.    Stier S et al (2002) Notch1 activation increases hematopoietic stem cell self-renewal in vivo 
and favors lymphoid over myeloid lineage outcome. Blood 99(7):2369–2378  

    36.    Kunisato A et al (2003) HES-1 preserves purifi ed hematopoietic stem cells ex vivo and accu-
mulates side population cells in vivo. Blood 101(5):1777–1783  

    37.    Varnum-Finney B, Brashem-Stein C, Bernstein ID (2003) Combined effects of Notch signal-
ing and cytokines induce a multiple log increase in precursors with lymphoid and myeloid 
reconstituting ability. Blood 101(5):1784–1789  

    38.    Radtke F et al (1999) Defi cient T cell fate specifi cation in mice with an induced inactivation of 
Notch1. Immunity 10(5):547–558  

    39.    Maillard I et al (2008) Canonical notch signaling is dispensable for the maintenance of adult 
hematopoietic stem cells. Cell Stem Cell 2(4):356–366  

    40.    Lobry C et al (2013) Notch pathway activation targets AML-initiating cell homeostasis and 
differentiation. J Exp Med 210(2):301–319  

    41.    Dahmane N et al (1997) Activation of the transcription factor Gli1 and the Sonic hedgehog 
signalling pathway in skin tumours. Nature 389(6653):876–881  

   42.    Lee J et al (1997) Gli1 is a target of Sonic hedgehog that induces ventral neural tube develop-
ment. Development 124(13):2537–2552  

    43.    Ikram MS et al (2004) GLI2 is expressed in normal human epidermis and BCC and induces 
GLI1 expression by binding to its promoter. J Invest Dermatol 122(6):1503–1509  

    44.    Zhang XM, Ramalho-Santos M, McMahon AP (2001) Smoothened mutants reveal redundant 
roles for Shh and Ihh signaling including regulation of L/R symmetry by the mouse node. Cell 
106(2):781–792  

    45.    Trowbridge JJ, Scott MP, Bhatia M (2006) Hedgehog modulates cell cycle regulators in stem 
cells to control hematopoietic regeneration. Proc Natl Acad Sci U S A 103(38):14134–14139  

    46.    Bhardwaj G et al (2001) Sonic hedgehog induces the proliferation of primitive human hema-
topoietic cells via BMP regulation. Nat Immunol 2(2):172–180  

    47.    Blank U, Karlsson G, Karlsson S (2008) Signaling pathways governing stem-cell fate. Blood 
111(2):492–503  

    48.    Karlsson G et al (2007) Smad4 is critical for self-renewal of hematopoietic stem cells. J Exp 
Med 204(3):467–474  

    49.    Sauvageau G et al (1995) Overexpression of HOXB4 in hematopoietic cells causes the 
 selective expansion of more primitive populations in vitro and in vivo. Genes Dev 9(14):
1753–1765  

    50.    Thorsteinsdottir U et al (2002) Overexpression of the myeloid leukemia-associated Hoxa9 
gene in bone marrow cells induces stem cell expansion. Blood 99(1):121–129  

    51.    Amsellem S et al (2003) Ex vivo expansion of human hematopoietic stem cells by direct deliv-
ery of the HOXB4 homeoprotein. Nat Med 9(11):1423–1427  

P. Arreba-Tutusaus and F.H. Heidel



13

    52.    Antonchuk J, Sauvageau G, Humphries RK (2002) HOXB4-induced expansion of adult 
 hematopoietic stem cells ex vivo. Cell 109(1):39–45  

    53.    Bjornsson JM et al (2003) Reduced proliferative capacity of hematopoietic stem cells defi cient 
in Hoxb3 and Hoxb4. Mol Cell Biol 23(11):3872–3883  

    54.    Brun AC et al (2004) Hoxb4-defi cient mice undergo normal hematopoietic development but 
exhibit a mild proliferation defect in hematopoietic stem cells. Blood 103(11):4126–4133  

    55.    Magnusson M et al (2007) HOXA10 is a critical regulator for hematopoietic stem cells and 
erythroid/megakaryocyte development. Blood 109(9):3687–3696  

    56.    Faber K et al (2013) CDX2-driven leukemogenesis involves KLF4 repression and deregulated 
PPARgamma signaling. J Clin Invest 123(1):299–314  

   57.    Li Z et al (2013) PBX3 is an important cofactor of HOXA9 in leukemogenesis. Blood 
121(8):1422–1431  

   58.    Rawat VP et al (2004) Ectopic expression of the homeobox gene Cdx2 is the transforming event 
in a mouse model of t(12;13)(p13;q12) acute myeloid leukemia. Proc Natl Acad Sci U S A 
101(3):817–822  

    59.    Scholl C et al (2007) The homeobox gene CDX2 is aberrantly expressed in most cases of acute 
myeloid leukemia and promotes leukemogenesis. J Clin Invest 117(4):1037–1048  

    60.    Rawat VP et al (2008) Overexpression of CDX2 perturbs HOX gene expression in murine 
progenitors depending on its N-terminal domain and is closely correlated with deregulated 
HOX gene expression in human acute myeloid leukemia. Blood 111(1):309–319  

    61.    Schnabel CA, Jacobs Y, Cleary ML (2000) HoxA9-mediated immortalization of myeloid pro-
genitors requires functional interactions with TALE cofactors Pbx and Meis. Oncogene 
19(5):608–616  

     62.    Wu M et al (2007) Imaging hematopoietic precursor division in real time. Cell Stem Cell 
1(5):541–554  

    63.    Hope KJ et al (2010) An RNAi screen identifi es Msi2 and Prox1 as having opposite roles in 
the regulation of hematopoietic stem cell activity. Cell Stem Cell 7(1):101–113  

    64.    Kharas MG et al (2010) Musashi-2 regulates normal hematopoiesis and promotes aggressive 
myeloid leukemia. Nat Med 16(8):903–908  

    65.    Ito T et al (2010) Regulation of myeloid leukaemia by the cell-fate determinant Musashi. 
Nature 466(7307):765–768  

    66.    Sengupta A et al (2011) Atypical protein kinase C (aPKCzeta and aPKClambda) is dispensable 
for mammalian hematopoietic stem cell activity and blood formation. Proc Natl Acad Sci U S 
A 108(24):9957–9962  

    67.    Heidel FH et al (2013) The cell fate determinant Llgl1 infl uences HSC fi tness and prognosis in 
AML. J Exp Med 210(1):15–22  

    68.    Min IM et al (2008) The transcription factor EGR1 controls both the proliferation and localiza-
tion of hematopoietic stem cells. Cell Stem Cell 2(4):380–391  

    69.      Park CS et al (2011) Loss of Krueppel-like factor 4 (KLF4) leads to increased self-renewal 
under stress conditions and improved survival of hematopoietic stem cell. Blood (ASH Annual 
Meeting Abstracts)  

     70.    Humbert PO, Dow LE, Russell SM (2006) The Scribble and Par complexes in polarity and 
migration: friends or foes? Trends Cell Biol 16(12):622–630  

    71.    Menendez J et al (2010) A tumor-suppressing mechanism in Drosophila involving cell compe-
tition and the Hippo pathway. Proc Natl Acad Sci U S A 107(33):14651–14656  

    72.    Chen F et al (2000) Cdc42 is required for PIP(2)-induced actin polymerization and early devel-
opment but not for cell viability. Curr Biol 10(13):758–765  

    73.    Xing Z et al (2006) Increased hematopoietic stem cell mobilization in aged mice. Blood 
108(7):2190–2197    

Signaling Pathways Maintaining Stemness in Adult Hematopoietic Stem Cells



15K. Turksen (ed.), Adult Stem Cells, Stem Cell Biology and Regenerative Medicine,
DOI 10.1007/978-1-4614-9569-7_2, © Springer Science+Business Media New York 2014

    Abstract     Tissue-specifi c adult stem cells generally exist in a quiescent state with 
only a small percentage actively dividing to meet the demand of homeostatic tissue 
replacement. However, a signifi cant number of stem cells can be recruited into cycle 
in response to injury. The actively dividing stem cell pool will produce cells that 
differentiate to replace the mature cells that were damaged, but will also rigorously 
maintain a critical number of stem cells. Given that stem cells have tremendous 
potential for use in tissue repair and replacement, understanding of how these stem 
cell fates are controlled has become an area of intense research. However, our abil-
ity to expand stem cells ex vivo for therapeutic purposes is still poorly developed, 
probably due to a lack of understanding of critical factors that maintain pluripo-
tency. Much of our understanding of stem cell regulation comes from studies of the 
hematopoietic system, including the concept of a stem cell niche, a specialized 
microenvironment that maintains stem cells in the pluripotent state. In this chapter, 
we will review the major concepts that have emerged regarding the identity of the 
cellular/secreted components that infl uence stem cell fate.  
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  Abbreviations 

   BMPRIA    Bone morphogenic protein receptor type IA   
  CAR    CXCL12 abundant reticular cell   
  CFU-F    Colony-forming unit-fi broblast   
  CFU-S    Colony-forming unit-spleen   
  ColA1    Collagen A1   
  CXCL12    Chemokine, CXC motif, ligand 12   
  CXCR4    Chemokine, CXC motif, receptor 4   
  DNA    Deoxyribonucleic acid   
  DsRED    Red fl uorescent protein from  Discosoma  species   
  GFP    Green fl uorescent protein   
  HPV-E6/E7    Human papilloma virus   
  Hs27a    Human stromal cell line 27a   
  Hs5    Human stromal cell line 5   
  HSC    Hematopoietic stem cell   
  IRES    Internal ribosome entry site   
  LTC    Long-term culture   
  MCP-1    Monocyte chemotactic protein-1   
  MDS    Myelodysplastic syndrome   
  ME    Microenvironment   
  MMP-9    Matrix metalloproteinase 9   
  MPD    Myeloproliferative disorder   
  MSC    Marrow stromal cell   
  NGFR    Nerve growth factor receptor   
  PPR    Parathyroid hormone receptors   
  RARγ    Retinoic acid receptor gamma   
  RNA    Ribonucleic acid   
  SBDS    Shwachman–Bodian–Diamond syndrome protein   
  SCF    Stem cell factor   
  SDF1    Stromal derived factor 1   
  SL    Steel   
  SLAM    Signaling lymphocytic activation molecule   
  SNO    Spindle-shaped N-cadherin-positive osteoblasts   
  VCAM1    Vascular cell adhesion molecule 1   
  VLA-4    Very late activation protein 4   

1           Early Seminal Work 

 Much of our understanding of stem cell biology comes from the study of the 
 hematopoietic system, and hematopoietic stem cell transplantation remains the only 
successful application of stem cell therapy in humans. Till and McCulloch were the 
fi rst to identify an adult stem cell in the hematopoietic tissue by demonstrating that 
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colonies forming in the spleen (CFU-S) of irradiated mice after bone marrow 
 transplantation were clonal [ 1 ,  2 ], and the contents of one colony could reconstitute 
a lethally irradiated mouse. Very soon after the discovery of the hematopoietic stem 
cell (HSC), it became abundantly clear that these stem cells do not exist in isolation 
and are not autonomous but, rather, require a specialized microenvironment. 

 Much of the early evidence for the requirement of a supporting environment 
comes from the study of naturally occurring mutant mice, particularly the SL/SL or 
“Steel” mutant, which die spontaneously of severe anemia, and the more viable SL/
SLd mice which are severely anemic even though both have a normal stem cell 
compartment as evidenced by transplantation studies [ 3 ]. The defect in these mice 
lies in the microenvironment as the SL/SLd mouse cannot be rescued after irradia-
tion by an infusion of bone marrow cells; however, transplantation of an intact 
spleen, which subsequently becomes the site of normal hematopoiesis, is able to 
rescue these animals [ 3 ,  4 ]. Subsequently, the mutated gene product that gives rise 
to the Steel phenotype was identifi ed as Kit ligand, or stem cell factor (SCF), a criti-
cal cytokine expressed by bone marrow stromal cells [ 5 ,  6 ]. 

 These studies in mutant mice, together with 40 years of experience with human 
marrow transplantation, established the critical concept that the stromal compo-
nents of the microenvironment are not derived from HSCs and cannot be trans-
planted through intravenous infusion [ 7 ]. 

 Studies by Wolf and Trentin also suggested that the microenvironment was criti-
cal in directing stem cell fate [ 8 ]. In their seminal experiments, small pieces of intact 
bone marrow were implanted within the spleen of a mouse prior to irradiation and 
stem cell transplantation. After recovery from transplantation, the spleen was har-
vested and microscopic evaluation showed that spleen colonies that bridged the two 
different microenvironments were mixed such that there was mostly erythroid dif-
ferentiation on the splenic side while myeloid differentiation predominated on the 
bone marrow side [ 8 ]. 

 While these studies highlighted the importance of the microenvironment in nor-
mal hematopoiesis, the identity of the cells and/or their secreted products that can 
support the expansion of stem cells without loss of their pluripotent potential has yet 
to be determined. This is most likely due to the requirement of multiple signals that 
must act in concert to generate the “stem cell niche.” This concept was fi rst hypoth-
esized by Schofi eld in 1978, as he struggled to resolve inconsistent data regarding the 
interpretation of CFU-S as the ultimate HSC [ 9 ]. Schofi eld noted that bone marrow 
cells could be transplanted indefi nitely, even from older mice, without loss of repop-
ulating ability; however, the repopulation of ability of CFU-S was limited and even-
tually lost upon serial transplantation. To address this issue, Schofi eld postulated that 
the CFU-S, although it was pluripotent, was not the true HSC; rather, he proposed 
that the true HSC could only be found in the bone marrow in association within a 
specialized microenvironmental (ME) unit, or niche, where its stem cell potential 
could be maintained. He also postulated that once a stem cell occupies its niche, it 
becomes a “fi xed” tissue; if a stem cell were to move out of its niche, it would start 
differentiating [ 9 ]. The identity of the cellular and secreted components of the niche, 
which traditionally has been thought to originate from non-hematopoietic-derived 
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tissues, has been an area of active research using in vitro systems, genetic mouse 
models, and live imaging techniques and will be discussed below. 

 While there is general agreement that a number of signaling pathways including 
c-kit/SCF [ 10 ,  11 ], CXCR4/CXCL12 [ 12 – 14 ], VCAM1/VLA-4 [ 15 ,  16 ], Tie2/
angiopoietin [ 17 ], c-mpl/thrombopoietin [ 18 – 20 ], notch/jagged-1 [ 21 ,  22 ], and 
osteopontin [ 23 – 25 ] contribute to the stem cell niche (see Fig.  1 ), they are not suf-
fi cient for this purpose. There is even less known about the identity of the cells that 
produce these activities and how they are regulated.

2        In Vitro Systems to Study the Hematopoietic 
Microenvironment 

 In vitro studies to approximate the ME have relied on the long-term culture (LTC) 
system, initially described by Dexter [ 26 ]. When aspirated bone marrow is plated in 
appropriate conditions, an adherent layer, thought to be composed of multiple cell 
types including fi broblasts, endothelial cells, macrophages, adipocytes, osteoclasts, 
and extracellular matrix, is established which can support in vitro hematopoiesis for 
several weeks (see Fig.  2 ). As mentioned above, the LTC only approximates the ME 
as myeloid cell production is generally favored over that of erythroid.

   The LTC cultures are very complex, so it has been diffi cult to determine the 
contributions of individual cell types [ 27 ]. To dissect the stromal contribution, cul-
ture systems were developed to promote stromal growth over hematopoietic 
growth. When plated at low densities, a subset of stromal cells that are clonal can 
be identifi ed (colony-forming unit-fi broblast/CFU-F assay) [ 28 ,  29 ]. These cul-
tures are also commonly referred to as marrow stromal cell (MSC) cultures but are 

  Fig. 1    Schematic representing the major ligand/receptor interactions in the stem cell niche       
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still heterogeneous. To overcome the heterogeneity of stromal cell cultures, several 
groups have attempted to enrich for the CFU-F population using cell surface mark-
ers such as STRO-1, STRO-3, CD49a, CD63, CD90, NGFR, CD105, CD106, 
CD140b, and CD146 [ 30 – 38 ]. Of these markers, CD146 appears to be the most 
useful as recent studies demonstrate that cells expressing high levels of CD146 can 
transfer a functional hematopoietic microenvironment when transplanted into 
immunodefi cient mice [ 38 ]. 

 Another approach taken to overcome the heterogeneity of the stromal compart-
ment is to generate stromal cell lines. Our group has contributed to this effort by 
generating cloned stromal cell lines by immortalizing cells from a normal LTC with 
HPV-E6/E7 [ 39 ]. Two such lines generated in our lab, designated Hs5 and Hs27a, 
are functionally distinct, have been extensively characterized, and have in vivo 
counterparts that can be identifi ed in human marrow using immune histochemistry 
[ 39 ,  40 ]. Gene expression analysis and functional studies reveal that Hs27a expresses 
most of the activities associated with the stem cell niche such as CXCL12 and 
CD146 at high levels [ 40 ,  41 ]. It is also able to maintain primitive CD34+ cells in 
cobblestone forming areas. This is in contrast to Hs5 which secretes myelopoietic 
cytokines in large quantities and leads to differentiation of hematopoietic cells [ 39 ]. 
These lines continue to be useful in studying niche biology and recently were used 
to defi ne a role for microRNAs in the niche [ 41 ]. Recent studies in our laboratory 
using DNase1 fi ngerprinting to determine the identity of these stromal cells suggest 
that Hs27a cells and their CD146-positive in vivo counterparts are actually fi bro-
blasts and not osteoblasts (M Iwata, personal communication).  

  Fig. 2    Panel  a : Schematic representation of Dexter long-term culture (LTC). A complex adherent 
layer of various stromal elements forms and supports the production of hematopoietic cells. As 
hematopoietic cells mature, they are released from the adherent layer into the media. Panel  b  
depicts a phase-contrast photomicrograph of a typical human LTC showing its complexity. Panel  c  
depicts a cobblestone forming area where progenitors crawl under the stromal layer and appear 
less refractile, and maturing forms are released from the layer and appear phase  bright        
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3     Mouse Models 

 Over the past several decades, knockout and transgenic mouse models have been 
used to identify the various signaling/adhesion molecules as well as cell types that 
are associated with stem cell niche function. However, the identity of the cells that 
make up the stem cell niche still remains an area of active debate (see Fig.  3 ). Two 
prevalent models have emerged, and there is compelling data to support both mod-
els. One model proposes that stem cell maintenance critically depends on osteo-
blasts that are found along the endosteal surface of bone. It was recognized as early 
as the late 1970s that hematopoietic progenitors were enriched in the endosteal 
region of bone marrow [ 42 ,  43 ]. Additional studies have demonstrated that cells 
expressing surface markers associated with HSC function home preferentially to the 
endosteal regions after transplantation [ 22 ,  44 – 46 ]. The “osteoblastic niche” model 
was strongly supported by two independent studies that documented that increases 
in osteoblast number also led to an increase in the size of the HSC pool. The fi rst 
study showed that conditional inactivation of BMP receptor type IA (BMPRIA) led 
to an increased number of spindle-shaped N-cadherin-positive osteoblastic (SNO) 
cells [ 45 ]. In these mutant mice, HSCs expressing N-cadherin were found to interact 
with SNO cells in the bone marrow in a homotypic manner and also to be increased 
in number [ 45 ]. The second study showed that expression of constitutively active 
parathyroid hormone receptors (PPRs), using an osteoblast-specifi c promoter 
ColA1, led to increased expression of Notch ligand, Jagged1, in these cells and also 
increased numbers of HSC [ 22 ]. The other “endothelial niche” model proposes that 
HSCs localize close to endothelial cells that line marrow sinusoids. Evidence for the 

  Fig. 3    Schematic representing the major cellular interactions in the stem cell niche       
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“endothelial niche” comes from experiments where cells expressing the SLAM 
family of surface receptors, which are highly expressed in HSCs, were detected in 
close association with vascular endothelium [ 46 ].

   However, there are confl icting data that do not support either of the two proposed 
model systems. Studies in which osteoblasts are conditionally ablated have shown 
that there is no obvious effect on the HSC compartment [ 47 ]. Conditional deletion 
of N-cadherin also had no impact on hematopoiesis [ 48 ,  49 ]. Other murine studies 
using reporter mice suggest that reticular cells that express high levels of CXCL12/
SDF1 (CAR cells) or Nestin+ mesenchymal progenitors essentially defi ne the stem 
cell niche, and ablation of these cells results in reduced HSC numbers [ 13 ,  50 ]. 

 The murine knockout models summarized above have helped to identify specifi c 
receptor–ligand combinations that are required for HSC niche regulation. However, 
important questions regarding the functional organization and regulation of the 
HSC niche components cannot be answered by simple knockout or gene-targeting 
models. Relevant factors are known to be produced by multiple cell types within the 
niche. For example, CXCL12 is expressed by osteoblasts, endothelial cells, while 
MSC and Angiopoietin1 are expressed by endothelial cells, MSC, and megakaryo-
cytes [ 13 ,  38 ,  51 – 53 ]. Defi ning the source and regulated expression of these factors 
within the ME is as important as defi ning their function. Genetic models that rely on 
tissue specifi city of promoters and site-specifi c recombinases, such as the cre-lox 
system, also have their limitations. Tissue specifi city of promoters amongst cells of 
mesenchymal origin is clearly not absolute and likely exists in a spectrum of activity 
(e.g., from the primitive multipotent mesenchymal progenitors to fully differenti-
ated osteoblasts or adipocytes). Relying on reported specifi city of promoters to 
express fl uorescent markers or to express tissue-specifi c recombinases is hence 
likely to lead to erroneous conclusions of how a biological function may be restricted 
to a particular cell type. Similarly, site-specifi c recombination techniques widely 
used to achieve deletion of genetic elements at specifi c stages of development are 
also often incomplete; even a small proportion of cells escaping recombination may 
result in erroneous interpretation of results. 

 Since some of the niche-defi ning factors, such as SCF, Angiopoieitn1, and 
CXCL12, are nonredundant in function, one refi nement of the above murine models 
would be to defi ne the cellular sources of the above factors within the marrow ME 
by appropriate genetic models in mice. Transgenic mice that utilize short stretches 
of endogenous promoter DNA elements that drive the expression of a fl uorescent 
protein are clearly the easiest model to achieve the former, but this approach has 
serious limitations unless the promoter has been rigorously validated to recapitulate 
the tissue distribution of gene expression in vivo. Although this is often assumed, it 
is not always the case—as has been shown for transgenic mice using progressively 
longer constructs of SCF promoter without capturing the in vivo distribution of SCF 
in any of the constructs [ 54 ,  55 ]. This discrepancy is likely due to the effect of chro-
mosomal elements much farther away than those included in the immediate 
upstream promoter or the importance of intronic regions, noncoding RNAs, RNA 
binding proteins, and other non-promoter elements which together result in the 
 specifi c pattern of expression. 
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 To faithfully reproduce the endogenous pattern of expression for genes such as 
SCF, one can express a fl uorescent protein from the endogenous locus (either by 
replacing the gene or by adding an IRES-fl uorescent protein construct; the former 
will result in fl uorescent protein from one locus in hemizygotes, while homozygotes 
for fl uorescent protein will be essentially gene knockouts. This is, however, a tech-
nically challenging endeavor needing several different knock-in mice that target 
endogenous loci of these factors. A report by Sean Morrison’s group that focused on 
expression of SCF (SCF GFP) across multiple cell types, combined with a second 
report that focused on the expression of DsRed from the CXCL12 locus (CXCL12 
DsRED) [ 56 ,  57 ], indicated that both factors seemed to be expressed at the highest 
level in a perivascular location within MSC and endothelial cells. These observa-
tions are consistent with one prevailing notion that the HSC niche is constituted by 
cells that are endothelial or at the very least perivascular [ 56 ,  57 ]. Tissue-specifi c 
deletion of both SCF and CXCL12 from specifi c populations of cells, including 
MSC, osteoblasts, osteoprogenitors, and endothelial cells, reported concurrently by 
Morrison’s group and by Daniel Link’s group, is in general agreement with this 
hypothesis [ 56 – 58 ]; however, they do suffer from the assumption of promoter speci-
fi city and have to be interpreted with caution for that reason alone.  

4     Stem Cell-Derived Progeny Contribute 
to Niche Regulation 

 Traditionally, it has been thought that the cells that participate in the maintenance 
of the niche are derived from non-stem cell populations. However, data generated 
over the past few decades suggest that the progeny of stem cells play a signifi cant 
role in the regulation of niche function in many different organs [ 59 ]. It has long 
been known that macrophages and T cells play an important role in stem cell func-
tion. T cells are also the only known source of interleukin 3, a critical factor for 
HSC maintenance and differentiation [ 60 ]. Hematopoietic stem cell transplants are 
usually unsuccessful if recipients fail to obtain high donor T-cell chimerism [ 61 ]. 
Recent murine in vivo imaging studies suggest that T regulatory cells are found in 
close association with and are necessary for maintaining allogeneic HSC after 
transplantation [ 62 ]. 

 The monocyte/macrophage also plays a signifi cant role in the regulation of 
hematopoiesis and has long been known to be an important component of the 
Dexter Culture [ 27 ]. A specialized macrophage, also known as the “nurse cell,” is 
an important component of the erythroblast island [ 63 – 65 ]. Osteoclasts, a special-
ized type of macrophage, are critical in Ca+ homeostasis in the bone, which has also 
been implicated in stem cell maintenance [ 66 ]. As illustrated in Fig.  4 , CD68-
positive macrophages have a signifi cant presence in the marrow and have numerous 
cell processes that interact with many cell types, suggesting a crucial role in the 
regulation of hematopoiesis. Furthermore, as shown in the Fig.  5 , many 
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CD68-positive macrophages are shown in close association with CD146-positive 
mesenchymal stromal cells often around vessels, suggesting that they may play a 
signifi cant role in the regulation of the stem cell niche. Since studies to understand 
interactions between stromal cells and macrophages in Dexter cultures were ham-
pered by the heterogeneous nature of this culture system, our lab has used stromal 

  Fig. 4    Panel  a  shows immune histochemistry for CD68 from a normal marrow biopsy. As shown 
in the fi gure, CD68-positive macrophages ( brown cells ) had a prominent presence in the bone mar-
row and interact with numerous other cells types, suggesting a critical role in hematopoiesis. Panel  b  
shows a long-term culture from a transgenic mouse where GFP is under the control of the mono-
cyte/macrophage-specifi c human CD68 promoter. GFP-positive macrophages are prominent in the 
culture, often resembling fi broblasts. They also have numerous cellular processes which are not 
appreciated well under standard phase microscopy and appear to interact with many different 
hematopoietic cell types       

  Fig. 5    Depicts immune histochemistry from a normal marrow biopsy for CD146 (shown in  red  
and marking stromal cells) and CD68 (shown in  brown  and marking macrophages). As shown in 
the fi gure, CD146-positive stromal cells and CD68-positive macrophages appear to have signifi -
cant interactions, suggesting an important regulatory role in hematopoiesis       
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cell lines described previously, Hs5 and Hs27a, to study stromal–monocyte 
 interactions [ 23 ,  39 ,  40 ]. Data from our lab indicate that these stromal cells secrete 
factors that affect monocyte function and that the converse is also true: monocytes 
modulate stromal function. For example, we have demonstrated that monocytes 
stimulated by HS27a, the stromal cell line associated with niche function, secrete 
osteopontin, which downregulates Notch-1 expression on CD34+ cells [ 23 ]. This 
leads to the logical speculation that downregulation of Notch on progenitors can 
limit Jagged-Notch signaling, thereby making CD34+ cells more responsive to dif-
ferentiation signals. Two recent studies from mouse models have also implicated 
macrophages in niche function. In one study, the loss of endosteal lining macro-
phages or “osteomacs” led to the reduction of osteoblasts and HSC trophic cyto-
kines and thus HSC mobilization [ 67 ]. In the other study, CD169+ macrophages 
were found to interact with Nestin+ mesenchymal progenitor cells and promote 
retention of HSC within the marrow. Depletion of macrophages with clodronate 
liposomes led to mobilization of HSC, but in this study, there was no effect on 
osteoblasts [ 68 ].

5         The Niche and Disease 

 Recent murine studies have also suggested that abnormalities in the stromal niche 
can cause disease in the hematopoietic compartment. In these studies, alterations of 
RARγ, Dicer, or SBDS in osteoprogenitors led to the development of myelodys-
plastic/myeloproliferative neoplasms (MDS/MPD) [ 69 ,  70 ]. Transplantation of 
normal hematopoietic cells into the abnormal microenvironment also led to the 
development of disease in transplanted cells [ 70 ]. However, whether this situation 
is clinically relevant in humans is questionable as patients with these hematologic 
malignancies can be cured by hematopoietic stem cell transplantation. Furthermore, 
if an abnormal niche induced abnormalities in donor cells, one would expect a 
much higher incidence of donor-derived MDS/MPD, which is exceedingly rare 
[ 71 ]. However, since monocytes are derived from the abnormal clone and have sig-
nifi cant interactions with stromal cells, it is reasonable to conclude that abnormal 
monocytes contribute to altered niche function. For example, we have previously 
reported that monocytes from patients with MDS fail to respond appropriately to 
stromal signals and upregulate MMP-9 gene expression [ 72 ]. Given the role of 
MMP-9 in facilitating the egress of cells from marrow, it is reasonable to conclude 
that, as the proportion of nonresponsive monocytes increases, levels of MMP-9 
decrease, resulting in hypercellularity. We also determined that the stromal signal 
that induced MMP-9 is most likely MCP-1; however, we have not as yet identifi ed 
the compromised monocyte signaling pathway that fails to respond. Clearly, a bet-
ter delineation of signaling pathways that are responsible for normal responses 
between stromal cells and monocytes, as well as the activities that trigger these 
pathways, are needed.  
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6     HSC Niche as a Functional Concept 

 The ongoing controversy about the precise anatomic location of the HSC niche, the 
cellular components of the niche, and the multiple functional compartments within 
the niche confound some fundamental observations of how the niche might be orga-
nized in higher vertebrates. Importantly, defi ning a specifi c cell type, the osteoblast, 
endothelium, or the MSC, to be “the” niche-defi ning cell would ignore the fact that 
the total number of true stem cells in higher vertebrates, as extrapolated from sto-
chastic models, would be far fewer than the total number of any of these cell types 
[ 73 – 76 ]. Since there is no experimental evidence to suggest that the total number of 
niches within an organism is far in excess of the total number of HSCs, one explana-
tion would be that, within these cell types, subpopulations of specialized niche- 
defi ning osteoblasts, MSC, or endothelium exist. An alternative explanation would 
be that the HSC is not merely a passive player in its interaction with its niche, but also 
actively instructs the microenvironment to be supportive by elaborating the niche-
defi ning factors in appropriate quantities. Such a two-way communication between 
the niche and HSC would accommodate a model in which the niche is not defi ned by 
just one specialized cell type but a combination of cell types that elaborates different 
factors, a combination that could vary with variations of homeostasis, stress, or dis-
ease. Such a model could explain how the HSC niche moves out of the adult bone 
marrow in disease conditions, giving rise to extramedullary hematopoiesis. 

 Finally, although several aspects of human hematopoiesis at the tissue, cellular and 
molecular levels are closely mirrored in the murine system, important differences 
exist between the two organisms that would prompt caution while extrapolating 
murine in vivo data to human physiology, particularly concerning the issue of scale. 
Mouse marrow has little reserve for stress hematopoiesis, relying instead on splenic 
production, particularly for erythropoiesis. Whether or how this compartmentaliza-
tion impacts the location and composition of the HSC niche is purely speculative. 
Since regulation of hematopoiesis requires both stage- and lineage- specifi c controls 
that include both membrane bound and secreted activities, the latter often acting 
through a gradient, it is easy to imagine an ME unit that provides cell–cell contact via 
several receptor–ligand interactions that function to retain “stem cell-ness”, with sub-
sequent daughter cells losing that contact and becoming subject to increasing concen-
trations of signals for commitment and maturation. Examples of such stem cell control 
are abundant in model organisms, including nematodes and fruit fl ies [ 77 ]. The cells 
of mice, man, worms, and fl ies are about the same size, and these organisms share the 
challenge of retaining a stem cell population while satisfying developmental or daily 
demand; yet the magnitude of cell production among these animals is vastly different. 
It is reasonable to speculate that ME units are probably packaged and distributed dif-
ferently to accommodate differences in scale. To date, the composition of signals that 
retain stem cell-ness while permitting stem cell division has not been defi ned.     
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    Abstract     Maintenance, repair and regeneration of adult skeletal muscle are 
 mediated by stem or precursor cells within the muscle. In addition to the satellite 
cell, which is the archetypal muscle stem cell, there are other stem cells within 
 skeletal muscle that can contribute to muscle regeneration under experimental 
 conditions. We describe these different cells within skeletal muscle and evaluate the 
experimental evidence for them being skeletal muscle stem cells. Further studies 
will be needed to determine the roles of different skeletal muscle resident cells to 
repair, maintain and regenerate skeletal muscle.  
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1           Introduction 

 Skeletal muscle is the largest organ within the human body, comprising 30–40 % of 
the body mass [ 1 ] and is essential for movement and posture. Muscle fi bres that 
contain the contractile elements are formed during development by the fusion of 
myoblasts to form multinucleated muscle fi bres, in which the nuclei (myonuclei) 
are postmitotic. Postnatal growth, repair and maintenance of skeletal muscle are 
mediated by satellite cells; however, there are other stem cells within skeletal  muscle 
that are also capable of differentiation into skeletal muscle. In this chapter, we 
review the different stem cells present within adult skeletal muscle and their contri-
bution to skeletal muscle regeneration.  

2     Satellite Cells 

 The classical stem cells within adult skeletal muscle are satellite cells, which were 
fi rst identifi ed by Mauro [ 2 ] and defi ned by their position between the basal lamina 
and sarcolemma of the muscle fi bre. Early work provided evidence that satellite 
cells are the source of new myofi bre nuclei during muscle growth [ 3 ,  4 ] and regen-
eration [ 5 ]. Only recently, with the availability of reliable antibodies [ 6 – 14 ] and 
genetically modifi ed mice [ 15 – 17 ], have satellite cells been established as muscle 
stem cells, able to both contribute to muscle growth [ 18 ,  19 ], regeneration [ 20 ,  21 ] 
and to functionally reconstitute the satellite cell niche [ 22 ,  23 ]. 

 Studies of satellite cells in mice have been facilitated by the relative ease by 
which they may be separated from other cells present within skeletal muscle. 
Isolated muscle fi bres, bearing their complement of satellite cells under the basal 
lamina [ 24 ] enable studies of satellite cells in their niche [ 25 – 27 ]; satellite cells may 
also be physically [ 22 ,  23 ,  28 ] or enzymatically [ 29 ] removed from their niche on 
the fi bre for in vitro or in vivo studies. There are also protocols for satellite cell 
purifi cation from enzymatically disaggregated skeletal muscle either on the basis of 
size and granularity [ 30 ] or using cell-surface satellite cell-specifi c antibodies com-
bined with antibodies against other cell types to enrich for satellite cells [ 31 – 33 ]. 
However, there are caveats in using cell-sorting techniques—the sub-population 
isolated may not be 100 % pure and satellite cells may be activated during the pro-
cedure and thus not express particular markers. In addition, some antibodies used 
for cell sorting are not ideal, e.g. the monoclonal antibody SM/C-2.6 [ 9 ], which is 
frequently used for satellite cell purifi cation [ 10 ,  34 ,  35 ], is not commercially 
 available, nor is the antigen that it recognises known. 

 The term ‘satellite cell’ is often used incorrectly in the literature. By defi nition, a 
satellite cell is a quiescent cell underneath the basal lamina of muscle fi bres. When 
it is no longer under the basal lamina, it is therefore no longer a satellite cell, but 
some studies refer to cells in tissue culture as satellite cells [ 36 ,  37 ]. If the cell is 
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under the basal lamina of the fi bre but has divided and is expressing myogenic 
 regulatory factors such as MyoD, this cell is the progeny of a satellite cell (a 
 myoblast), not a satellite cell [ 27 ]. 

 An important caveat is that not all satellite cells are capable of contributing to 
muscle regeneration [ 23 ,  38 ], suggesting the existence of a ‘stem’ satellite cell sub- 
population [ 33 ] that survives into old age [ 39 ,  40 ]. Whether the ‘stem’ satellite cell 
sub-population really exists, or if satellite cell functional characteristics are stochas-
tic, is still not clear. Despite age-related decrease in satellite cell number [ 40 – 42 ] 
and changes in signalling factors, hormones, cytokines and growth factors that mod-
ulate their function [ 43 ], effi cient muscle regeneration in old age can occur, pro-
vided the local or systemic environment is modulated appropriately [ 39 ,  40 ,  44 ]. 
The extent to which the aged or dystrophic environment [ 45 ] and the satellite cell 
niche itself [ 39 ,  46 ] affect satellite cell function is the focus of much current research 
(reviewed [ 21 ,  47 – 49 ]). 

 Although there is good evidence that satellite cells are required for postnatal 
skeletal muscle regeneration [ 20 ], they lose their regenerative capacity following 
culture [ 30 ], only have a very local effect after intra-muscular injection and do not 
seem to be systemically deliverable, so much work has focussed on other skeletal 
muscle stem cells that might be more appropriate for treating conditions such as 
muscular dystrophies (reviewed [ 50 ,  51 ]). However, other stem cells within skel-
etal muscle have been less intensively studied, largely due to challenges in identi-
fying and purifying them. To complicate matters, the same, or similar, stem cells 
are often given different names or acronyms, e.g. pericytes [ 52 ] and  muscle-derived 
cells (mdcs) [ 53 ], satellite cells and their putative stem cell sub-population, 
muscle stem cells (MuSCs) [ 33 ]. An additional problem in studying different cell 
types is that, if cells have to be expanded in culture, they may change their pheno-
type, so it is always best to study them either in vivo or immediately following their 
direct isolation.  

3     Other Stem Cells Within Skeletal Muscle 

 Stem cells other than satellite cells that have been shown to contribute to skeletal 
muscle regeneration include blood vessel-associated stem cells, such as muscle 
side population (SP) cells, myoendothelial cells (MECs) and pericytes/mesoan-
gioblasts; stem cells of unknown origin, such as muscle-derived stem cells 
(MDSCs), multipotent adult progenitor cells (MAPCs), CD133+ cells, PW1(+)/
Pax7(−) interstitial cells (PICs) and very small embryonic-like stem cells (VSELs). 
But the extent to which these cells contribute to muscle regeneration is often 
slight [ 54 – 56 ] and whether these cells participate in muscle growth, maintenance, 
repair and regeneration in non-experimental conditions often remains unclear 
(Table  1 ).

Adult Stem Cells : Adult Skeletal Muscle Stem Cells 
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3.1        Blood Vessel-Associated Stem Cells 

3.1.1     Side Population Cells 

 Side population (SP) cells were identifi ed by a low Hoechst staining ‘tail’ in their 
FACS profi le [ 57 ]. The ‘tail’ disappears in the presence of a calcium channel 
blocker, verapamil. SP cells have been found in a wide variety of mammalian tis-
sues and in many cases this cell population has been shown to contain multipotent 
stem cells [ 58 ]. Skeletal muscle SP cells express the stem cell marker Sca-1, but no 
myogenic markers and are located outside the basal lamina of muscle fi bres, appar-
ently associated with the vasculature [ 59 ]. The fact that they are present in mice in 
which Pax7, expressed in satellite cells, is knocked out [ 14 ] is compelling evidence 
that they are not derived from satellite cells. 

 Murine muscle SP cells do not differentiate into skeletal muscle in vitro, but after 
co-culture with myogenic cells or on intra-muscular transplantation, they do give 
rise to skeletal muscle [ 54 ,  59 ]. They are also capable of differentiating into haema-
topoietic cells in vitro [ 59 ] and can reconstitute the haematopoietic system of 
lethally irradiated mice [ 60 ]. Skeletal muscle SP cells are systemically deliverable 
to skeletal muscle [ 61 – 63 ], but not to any therapeutically signifi cant levels [ 63 ,  64 ].  

3.1.2     Endothelial/Myoendothelial Cells 

 Myoendothelial cells (MECs), co-expressing both myogenic and endothelial mark-
ers (CD56, CD34 and CD144) have been derived from human (but not mouse) skel-
etal muscle by fl ow cytometry [ 65 ]. However, it has been suggested that mouse 
MDSCs and human MECs are in fact the same, as they have a similar phenotype and 
ability to contribute to muscle regeneration [ 66 ]. Human MECs gave rise to signifi -
cantly more skeletal muscle regeneration following intra-muscular grafting in mice 
than either endothelial cells (CD56−CD34+CD144+) or myoblasts (CD56+). When 
MECs cells were transplanted into infarcted myocardium, they stimulated angio-
genesis, attenuated scar tissue, and promoted proliferation and survival of endoge-
nous cardiomyocytes more effectively than either myoblasts or endothelial cells 
[ 67 ]. However, although blood vessel associated, there is no evidence that myoen-
dothelial cells can transmigrate to skeletal muscle if transplanted systemically.  

3.1.3     Pericytes/Mesoangioblasts 

 Myogenic cells derived from the mouse embryonic dorsal aorta, which co-expressed 
endothelial and myogenic markers, were shown to contribute to skeletal muscle 
growth and regeneration [ 68 ]. These cells, termed mesoangioblasts, are multipotent 
stem cells [ 69 ], able to differentiate into several mesodermal tissues and might be 
the origin of postnatal mesodermal stem cells. Mesoangioblasts have been shown to 
contribute to muscle regeneration and improve the muscle function after intra- 
arterial transplantation into either dystrophic mice [ 70 ] or dogs [ 71 ]. 
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 Pericytes are ALP+ cells located along the blood vessels and may be the adult 
counterpart of embryonic mesoangioblasts. However, unlike mesoangioblasts that 
express endothelial markers, they express pericyte markers such as alkaline phos-
phatase (ALP), NG2 and PDGFR-β [ 52 ]. Pericytes may also be isolated from skel-
etal muscle and other tissues by direct sorting of CD146+ CD34− CD45− CD56− cells 
[ 72 ,  73 ]. Like mesoangioblasts, skeletal muscle-derived pericytes are myogenic and 
can contribute extensively to skeletal muscle regeneration after intra-arterial [ 52 ] 
and intra-muscular [ 53 ] transplantation into dystrophin-defi cient immunodefi cient 
mice. In addition to myogenic differentiation, pericytes can also give rise to many 
other mesenchymal lineages, suggesting a close relationship with mesenchymal 
stem cells (MSCs) [ 52 ,  73 ]. 

 Recent work using genetically modifi ed mice has provided evidence that peri-
cytes, but not endothelial cells, contribute to muscle fi bres and to satellite cells dur-
ing normal postnatal development [ 74 ].   

3.2     Other Skeletal Muscle Stem Cells 

3.2.1     Multipotent Adult Progenitor Cells 

 MAPCs were fi rst isolated from human and mouse adult bone marrow (BM) [ 75 ], 
then from other postnatal tissues such as brain and muscle [ 55 ] and have the poten-
tial to differentiate into cells of all the three germ layers, including skeletal muscle. 
Skeletal muscle-derived MAPCs can be expanded up to 75 population doublings in 
vitro and similar to mouse- and human BM-derived MAPC, muscle MAPCs are 
CD13+, Flk1dim, c-kit−, CD44−, CD45−, MHC class I− and MHC class II−. Human 
and mouse MAPCs were reported to improve ischemic limb function after transplan-
tation intramuscularly to C57BL/6 mice or BALB/c-nu/nu mice after artery ligation 
[ 76 ]. Although they did give rise to donor-derived muscle fi bres, the percentage was 
low, suggesting the positive effects of these cells were most likely via their immuno-
modulatory or trophic effects, e.g. by increasing angiogenesis and endogenous stem 
cell proliferation, than by making a direct contribution to skeletal muscle fi bres.  

3.2.2     Muscle-Derived Stem Cells 

 Cells with stem cell capabilities have been isolated from mouse skeletal muscle on 
the basis of their adhesion and proliferative capabilities. MDSCs or long-term pro-
liferating cells [ 77 ] were purifi ed as a multipotent stem cell from neonatal mouse 
muscle by serial pre-plating, the less adherent cells being MDSCs. These cells 
derived from both mouse [ 77 ,  78 ] and human [ 56 ] contribute to muscle regeneration 
after transplantation into dystrophin-defi cient mdx [the mouse homologue of 
Duchenne muscular dystrophy (DMD)] muscles. However, MDSCs derived from 
human muscle were phenotypically different from mouse MDSCs and gave rise to 
fewer donor-derived dystrophin+ fi bres than did mouse MDSCs. 
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 Mouse MDSCs are non-tumorigenic and can be expanded in vitro up to 300 
population doublings without entering senescence [ 79 ]. Clones of MDSCs express 
myogenic markers (desmin and MyoD) and some stem cell markers such as CD34, 
Sca-1 and Bcl-1 and lack the haematopoietic stem cell marker CD45, c-kit and 
blood lineage markers [ 80 ]. These cells can reconstitute the haematopoietic system 
[ 78 ,  81 ] and elicited signifi cant improvement in cardiac function in comparison to 
myoblasts following transplantation in a mouse cardiac injury model [ 82 ,  83 ]. 
MDSCs exist only in vitro and the cell within skeletal muscle from which they are 
derived is not known.  

3.2.3     PW1(+)/Pax7(−) Interstitial Cells 

 PW1, also known as paternally expressed gene 3 (Peg3), a zinc fi nger protein which 
regulates two key cell-stress pathways, TNF and p53 signalling [ 84 ], is a key regula-
tor of muscle atrophy. PW1 expression initiates in the early embryonic mesoderm 
and is down-regulated in tissues as they differentiate. It was recently suggested that 
PW1 might represent a pan-marker for multiple adult stem cells within mammalian 
tissue [ 85 ]. In mouse skeletal muscle immediately after birth, PW1 expression was 
detected not only on satellite cells but also on some Pax7− interstitial cells, termed 
PICs [ 86 ]. PICs are bipotent in vitro, generating both smooth and skeletal muscle 
and were able contribute to muscle regeneration in vivo within injured host mouse 
muscle [ 86 ]. However, PICs do not seem to be present within adult mouse muscle 
and their human counterparts have not yet been identifi ed.  

3.2.4     CD133+ Cells 

 CD133 is a pentaspan transmembrane glycoprotein (5-transmembrane, 5-TM), 
which specifi cally localises to cellular protrusions. The function of CD133 (also 
known as prominin-1 and AC133) is currently unknown. However, there is great 
interest in this marker, as it is expressed on many different types of stem cell, includ-
ing haematopoietic stem cells [ 87 ], neural stem cells [ 88 ], endothelial progenitor 
cells [ 89 ,  90 ] and very small embryonic-like stem cells (VSELs) [ 91 ,  92 ]. CD133+ 
cells isolated from human skeletal muscle are able to contribute to muscle regenera-
tion after both intra-muscular delivery to injured immunodefi cient mouse muscle 
[ 93 ] and systemic administration to dystrophic immunodefi cient mice [ 94 ]. But, as 
human muscle CD133+ cells were isolated by enzymatic disaggregation, the origin 
of these cells is unclear. As skeletal muscle is heavily vascularised, it is possible that 
the skeletal muscle-derived AC133+ cells isolated by Benchaouir et al. were blood 
borne and the same, or similar to, blood-derived AC133+ cells that can contribute to 
muscle regeneration [ 95 ]. A limitation to the study of these cells is that, although 
there are antibodies that can be used for FACS or MACS isolation [ 94 ], the anatomi-
cal location of these cells within skeletal muscle remains unknown. Skeletal muscle- 
derived CD133+ cells share some cell surface markers, such as CXCR4 and CD34, 
with satellite cells [ 93 ,  94 ] and cultured CD133+ cells express not only myoblast 
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markers but also the smooth muscle marker α-SMA and pericyte markers NG2 and 
PDGFRβ (Meng, unpublished data), suggesting the heterogeneity of this cell popu-
lation. The majority of freshly isolated mouse CD133+ cells are very small in 
size—2–6 μm (Meng and Asfahani, unpublished observations)—a size very similar 
to those reported for VSELs [ 91 ,  92 ,  96 ]. In addition, their robust myogenic poten-
tial and ability to form Pax7+ cells in the satellite cell position [ 93 ] suggests a very 
close relationship of CD133+ with satellite cells, but whether they are a satellite cell 
sub-population, or a precursor of satellite cells, remains to be elucidated. Whether 
CD133+ cells derived from mouse skeletal muscle are equivalent to human CD133+ 
cells remains to be seen.  

3.2.5     VSELs 

 Recently, a population of stem cells termed ‘very small, embryonic-like stem cells’ 
(VSELs) was discovered within many tissues, including skeletal muscle [ 91 ]. These 
cells are approximately 6.5 μm in diameter in the human [ 96 ] (i.e. smaller than red 
blood cells) and can be purifi ed by fl ow cytometry [ 97 ] (reviewed [ 98 ]). VSELs 
express several markers of pluripotent stem cells, including Oct-4, cell surface pro-
tein SSEA-4, Nanog, Sox-2, Rex-1 and Tert [ 99 ] and form embryoid body-like 
spheres in vitro [ 97 ]. VSELs derived from the mouse bone marrow are radiation 
resistant and may be long-term repopulating haematopoietic stem cells [ 100 ] as 
well as differentiating to cardiomyocytes in vitro [ 101 ]. VSELs therefore show 
intriguing similarities to ‘stem’ satellite cells, which are also of small size [ 23 ,  30 ] 
and radiation resistant [ 39 ,  102 ,  103 ]. But their function and relationship to other 
cells within skeletal muscle is at present unknown.   

4     The Relationships Between Stem Cells Resident 
in Skeletal Muscle 

 Some muscle stem cells clearly have close relationships (e.g. pericytes and satellite 
cells, PICs and satellite cells), whereas the hierarchy, if any, between other skeletal 
muscle resident stem cells is not clear. Even if one cell type does not directly give 
rise to another, they may affect each other’s function. The close proximity of  satellite 
cells to blood vessels [ 104 ] will facilitate satellite cell interactions with endothelial 
cells, pericytes and other blood vessel-associated cells [ 105 ,  106 ].  

5     Why Are We Interested in Skeletal Muscle Stem Cells? 

 Interest in skeletal muscle stem cells was initiated because of the possibility of 
using them, or their progeny, to treat muscular dystrophies such as DMD [ 50 ,  107 ]. 
For this purpose, cells derived either from a normal donor or from the patient, 

J. Meng and J.E. Morgan



39

genetically modifi ed to express the defective gene (e.g. dystrophin), could be used. 
Ideally, cells would be able to be systemically delivered to skeletal muscle and 
repair or replace dystrophic muscle fi bres, thus restoring dystrophin expression 
within fi bres that have donor-derived myonuclei. If the donor stem cells also recon-
stituted the skeletal muscle stem cell pool, they could contribute to muscle repair 
and regeneration and restoration of dystrophin protein throughout the lifetime of 
the individual. 

 Donor muscle stem cells might also be a therapeutic option for sarcopenia (the 
age-related loss of skeletal muscle mass and strength). However, the systemic or 
local environment as a result of age or dystrophy-related changes may prevent effi -
cient stem cell function. There is therefore a pressing need to understand the effect 
of age or different muscular dystrophies on the satellite cells themselves and on 
their environment. Modifi cation of pathways that promote muscle stem cell func-
tion could be an alternative means to alleviate the loss of muscle that occurs as a 
result of ageing or muscular dystrophies.  

6     Conclusions 

 In this review, we have summarised the stem cell types within the skeletal muscle 
and the evidence for them being skeletal muscle stem cells. Skeletal muscle con-
tains many stem or precursor cells that can contribute to muscle regeneration under 
experimental conditions, but, apart from satellite cells and pericytes, their contribu-
tion (if any) to ‘normal’ muscle growth, maintenance and repair is not known. 
Further studies will be needed to determine the roles of different skeletal muscle- 
resident cells within both normal and dystrophic muscles and how to augment their 
function to prevent or delay the loss of skeletal muscle fi bres that occurs as a conse-
quence of both age and muscular dystrophies.     
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    Abstract     The adult myocardium harbours a population of resident (endogenous) 
multipotent cardiac stem–progenitor cells. Manipulation of these cells in situ and ex 
vivo has opened new therapeutic avenues for anatomical and functional myocardial 
regeneration. In this chapter we will summarise the identity, potency and location of 
the different cardiac stem–progenitor cells documented thus far in the developing 
through to adult heart. We discuss the origin of cardiac stem–progenitor cells, deter-
mined through genetic lineage-tracing experiments, and methods for deriving them 
from both rodents and human subjects. Ageing and senescence of the cardiac  
stem–progenitor cells determine their function and regenerative capacity. Regulation 
of this parameter will impact the effi cacy of myocardial regenerative therapies. 
Therefore, we discuss the alterations to cardiac stem–progenitor cell activity and 
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potency with physiological remodelling, ageing and disease. Finally, we elucidate 
the clinical potential of these unique cells and the translation of their use, which will 
lead to better approaches to treat or prevent heart failure.  

  Keywords     Cardiac   •   Stem cells   •   Adult stem cells   •   Ageing   •   Regeneration  

  Abbreviations 

   ABCG2    Adenosine triphosphate-binding cassette transporter G2   
  AdvSca1    Adventitial Sca1   
  ALCADIA    AutoLogous human CArdiac-Derived stem cell to treat Ischaemic 

cArdiomyopathy   
  α-MHC    Alpha-myosin heavy chain   
  AMI    Acute myocardial infarction   
  ATP    Adenosine triphosphate   
  5-AZA    5-Azacytidine   
  BAC    Bacterial artifi cial chromosome   
  β-gal    Beta galactosidase   
  bFGF    Basic fi broblast growth factor   
  BMDCs    Bone marrow-derived cells   
  BMP2    Bone morphogenic protein 2   
  CADUCEUS    CArdiosphere-Derived aUtologous Stem CElls to reverse ventric-

Ular dySfunction   
  CD    Cluster of differentiation   
  CDCs    Cardiosphere-derived cells   
  CDKIs    Cyclin-dependant kinase inhibitors   
  cMRI    Cardiac magnetic resonance imaging   
  CPCs    Cardiac progenitor cells   
  Cre    Cre recombinase   
  CS    Cardiospheres   
  CSP    Cardiac side population   
  CXCR4    Chemokine (C-X-C motif) receptor 4   
  DKK-1    Dickkopf WNT signalling pathway inhibitor 1   
  DMSO    Dimethyl sulphoxide   
  DNA    Deoxyribonucleic acid   
  ECM    Extracellular matrix   
  eCSCs    Endogenous cardiac stem cells   
  EGFP    Enhanced green fl uorescent protein   
  EMT    Epithelial-to-mesenchymal transition   
  EPDCs    Epicardial-derived cells   
  ES    Embryonic stem   
  ESCs    Embryonic stem cells   
  FACS    Fluorescence-activated cell sorting   
  FGF4    Fibroblast growth factor 4   
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  FGF8    Fibroblast growth factor 8   
  Flk-1    Fetal liver kinase 1   
  GATA-4    GATA-binding protein 4   
  GFP    Green fl uorescent protein   
  GG2    Glial growth factor 2   
  GMT    Gata4, Mef2c and Tbx5   
  H 2 O 2     Hydrogen peroxide   
  HGF    Hepatocyte growth factor   
  iCMs    iPSC-derived cardiomyocytes   
  IGF-1    Insulin-like growth factor 1   
  IL    Interleukin   
  iPSC    Induced pluripotent stem cell   
  iPSC-CMs    iPSC-derived cardiomyocytes   
  Isl-1    Islet-1   
  ISO    Isoproterenol   
  JNK1    c-Jun N-terminal kinase 1   
  Klf4    Kruppel-like factor 4   
  LA    Left atrium   
  Lin    Lineage   
  LV    Left ventricle   
  LVEF    Left ventricular ejection fraction   
  MACS    Magnetic activated cell sorting   
  MAPK    Mitogen-activated protein kinase   
  MCP-1    Mast cell proteinase-1   
  MDR-1    Multidrug resistance 1   
  MEF2C    Myocyte-specifi c enhancer-binding factor 2C   
  Mer    Modifi ed oestrogen receptor   
  MI    Myocardial infarction   
  miRNAs    Micro-ribonucleic acids   
  neg    Negative   
  Nkx2.5    NK2 homeobox 5   
  NRG-1    Neuregulin   
  O 2     Oxygen   
  Oct-4    Octamer-binding transcription factor-4   
  p16 INK4a     p16 kinase inhibitor 4a   
  p21 Cip1     p21 cyclin-dependent kinase inhibitor 1   
  PDGFrα    Platelet-derived growth factor receptor alpha   
  Pecam-1    Platelet/endothelial cell adhesion molecule 1   
  Pim-1    Proviral integration site 1   
  pos    Positive   
  QT    Q-wave to T-wave interval   
  RA    Right atrium   
  RALDH2    Retinaldehyde dehydrogenase 2   
  RB    Retinoblastoma   
  ROS    Reactive oxygen species   
  RV    Right ventricle   
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  SASP    Senescence-associated secretory phenotype   
  Sca-1    Stem cell antigen 1   
  SCIPIO    Stem Cell Infusion in Patients with Ischaemic cardiOmyopathy   
  SEC    Suspension explant culture   
  Shh    Sonic hedgehog   
  SirT1    Sirtuin 1   
  SMA    Smooth muscle actin   
  Sox-2    Sex determining region Y-box 2   
  SP    Side population   
  SSEA-4    Stage-specifi c embryonic antigen 4   
  STAT3    Signal transducer and activator of transcription 3   
  TAA    Thoracic aortic aneurysm   
  TAD    Thoracic aortic dissection   
  Tbx18    T-box 18   
  Tbx5    T-box 5   
  TERT    Telomerase reverse transcriptase   
  TG    Transgenic   
  TGF-β1    Transforming growth factor beta 1   
  Tβ4    Thymosin beta 4   
  VEGF    Vascular endothelial growth factor   
  VO 2 max     Maximal oxygen consumption   
  VSELs    Very small embryonic-like stem cells   
  vWF    von Willebrand factor   
  Wnt    Wingless-type   
  Wt1    Wilm’s tumour 1   
  ZEG    lacZ/enhanced green fl uorescent protein   

1           The Adult Myocardium as a Self-Renewing Organ 

 For a long time, the cardiovascular research community, focusing on the 
 cardiomyocyte, has treated the adult mammalian heart as a post-mitotic organ with-
out intrinsic regenerative capacity. The prevalent notion was that the >20-fold 
increase in cardiac mass from birth to adulthood and in response to different stimuli 
in the adult heart results exclusively from the enlargement of pre-existing myocytes 
[ 1 – 3 ]. It was accepted that this myocyte hypertrophy, in turn, was uniquely respon-
sible for the initial physiological adaptation and subsequent deterioration of the 
overloaded heart. This belief was based on two generally accepted notions: (a) all 
myocytes in the adult heart, formed during fetal life or shortly thereafter, were ter-
minally differentiated and could not be recalled into the cell cycle [ 4 ,  5 ];  therefore, 
all cardiac myocytes had to be of the same chronological age as the individual [ 6 ]; 
(b) the heart has no intrinsic parenchymal regenerative capacity because it lacks a 
stem–progenitor cell population able to generate new myocytes [ 7 ]. 

 Despite published evidence that this prevalent view was incorrect [ 7 – 13 ], it is still 
debated and remains controversial whether the adult heart, unlike all other organs, is 
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self-renewing and harbours a true population of tissue-specifi c stem–progenitor 
cells. This belief is in part because the new accepted ‘measured’ myocyte turnover of 
the adult heart does not appear to be very robust [ 14 ], and therefore its physiological 
signifi cance has remained in doubt. In this review we will evaluate the literature on 
the identifi cation, location and potential of the stem–progenitor cells resident in the 
adult mammalian heart, including human. We will also assess the clinical applicabil-
ity of these tissue-specifi c, endogenous cardiac stem–progenitor cells (referred to 
hereafter as eCSCs) to repair and regenerate physiologically and functionally signifi -
cant new myocardium.  

2     Identity and Location of Endogenous Cardiac 
Stem–Progenitor Cells 

2.1     c-Kit pos  

 In 2003, our group in collaboration with Piero Anversa identifi ed the fi rst population 
of eCSCs in the adult mammalian rat heart [ 15 ]. These cells express the stem cell 
marker c-kit (c-kit pos ) and are positive for Sca-1 and MDR-1 (ABCG2), yet are nega-
tive for markers of the blood cell lineage, CD31, CD34 and CD45 (described as 
Lin neg ). They are self-renewing, clonogenic and multipotent and exhibit signifi cant 
regenerative potential when injected into the adult rat heart following a myocardial 
infarction (MI), forming new myocytes and vasculature and restoring cardiac func-
tion [ 15 ]. c-kit pos  eCSCs with similar properties to those originally identifi ed in the 
rat have been identifi ed and characterised in the mouse [ 16 ,  17 ], dog [ 18 ], pig [ 19 ] 
and human [ 16 ,  20 – 23 ]. These cells are present at a similar density in all species (~1 
eCSC per 1,000 cardiomyocytes or 45,000 human eCSCs per gram of tissue) [ 24 ]. 
Similar to the rodent heart, the distribution of c-kit pos  eCSCs in the pig and human 
heart varies with cardiac chamber. Arsalan et al. [ 23 ] reported that the left (LA) and 
right (RA) atria harbour signifi cantly more c-kit pos , Lin neg  cells (5 % of mononucle-
ated cells isolated) than the left ventricle (LV, 0.62 %) and this is also true for the pig 
[ 19 ]. These adult-derived c-kit pos  eCSCs are very similar in their characteristics and 
potential to a population of cardiac-specifi c (c-kit pos /Nkx2.5 pos ) cells identifi ed in the 
mouse embryo that differentiate into cardiomyocytes and also smooth muscle cells 
[ 25 ]. Indeed, embryonic cardiac c-kit pos /Nkx2.5 pos  cells possessed the capacity for 
long-term expansion in vitro, clonogenicity and differentiation into both cardiomyo-
cytes and smooth muscle cells from a single cell-derived colony [ 25 ]. 

 The number of total c-kit pos  cardiac cells (lacking any identifi cation/description/
characterisation of the ‘real’ cell with stem properties and regenerative potential 
within this cell cohort) is signifi cantly higher in the neonatal compared to adult heart 
and it has been claimed that neonatal c-kit pos  cardiac cells have robust regenerative 
properties which are lost in the adult cell cohort counterpart [ 26 ,  27 ]. Indeed, in the 
adult heart the total population of cardiac c-kit pos  cells (including the CD45 pos  fraction 
representing cardiac mast cells and CD34 pos  cells representing vascular progenitors; 
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see below) has little cardiomyogenic potential and following cryogenic injury 
(induced by touching a 1 mm diameter copper probe that is equilibrated in liquid 
nitrogen to the apex of the left ventricle) contributes predominantly through revascu-
larisation of the damaged tissue. These cells express Flk-1 and Pecam-1 (CD34), sug-
gesting that they are primarily vascular progenitors and bear more resemblance to the 
bone marrow-derived c-kit pos /Sca-1 pos /Flk-1 pos  cells identifi ed by Fazel and colleagues 
[ 28 ], which following an MI home to the heart and contribute to the revascularisation 
of the infarcted/damaged area by establishing a pro- angiogenic milieu. Importantly, 
the c-kit pos  eCSCs are CD34 negative making them distinguishable from these vascu-
lar progenitor c-kit pos  cells [ 29 ]. Because of these fi ndings, the role of c-kit pos  eCSCs 
in the adult mammalian heart has been questioned [ 30 – 32 ]. c-kit (also known as 
CD117) is a tyrosine kinase type III receptor, which is expressed in several cell types 
and plays a signifi cant role in a variety of cell functions, including identifying haema-
topoietic stem cells while regulating their cell fate [ 33 ]. However, lone c-kit detection/
expression does not identify stem–progenitor cells. Thus, relying on genetic labelling 
of c-kit pos  cells or quantifying c-kit pos  cells within any tissue, including the heart, to 
extrapolate their plasticity or regenerative potential is clearly a major biological and 
practical pitfall that brings data which are either inconclusive at best or non-interpre-
table overall. The latter was also the case for the fi rst erroneous claim that c-kit pos  
eCSCs did not exist in the adult human heart. Indeed, Pouly et al. [ 31 ] investigated 
c-kit-positive cells in endomyocardial, right ventricular (RV) biopsies and right atrial 
appendages of heart transplant recipients 73.5 months post-transplantation. Using 
immunohistochemistry they found that c-kit-positive cells were rare (1/mm 2  atrial tis-
sue and 2.7/mm 2  RV tissue). None of the c-kit-positive cells identifi ed expressed 
Nxk2.5 or CD105, markers of cardiomyocyte and endothelial lineages, respectively; 
however, all of these cells expressed CD45 and tryptase, identifying them as cardiac 
mast cells. It is not surprising that the authors only identifi ed mast cells, as cardiac 
mast cells have previously been reported to account for ~80 % of the total number of 
c-kit pos  cells in the atria [ 19 ]. 

 Finally, c-kit is also expressed on other populations of identifi ed eCSCs such as 
cardiosphere-derived cells from mouse [ 16 ], human [ 16 ,  34 ] and porcine hearts [ 34 ] 
and those identifi ed as side population (SP) and Sca-1 pos  progenitor cells in the 
mouse [ 35 ], as shown in Table  1  and discussed below. Intriguingly, the exact role 
and function of c-kit in the clonogenicity, self-renewal and cardiac regenerative 
potential of eCSCs are yet unknown.

2.2        Sca-1 pos  

 As fi rst described in 2003 [ 36 ], Sca-1 pos  cardiac progenitor cells (CPCs) are resident 
non-myocyte cells from the adult murine heart that express stem cell antigen 1 (Sca- 1). 
While the total Sca-1 CPCs express early cardiac-specifi c factors such as Gata-4 
and MEF2C [ 36 ,  37 ], a fraction of them exhibit stem cell properties of self-renewal 
[ 37 – 39 ]. Sca-1 pos  Lin neg  CPCs are small and round, being ~2–3 μm in length with a 
high nucleus to cytoplasm ratio [ 40 ]. 
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 Isolated Sca-1 pos  CPCs are capable of cardiomyogenic differentiation in vitro 
[ 36 – 39 ,  41 ,  42 ]. After treatment with 5-azacytidine (5-AZA) Sca1 pos  CPCs express 
α-sarcomeric actinin, cardiac troponin, Nkx2.5 and α-MHC [ 36 ]. Furthermore, oxy-
tocin treatment also induces spontaneous contraction and expression of calcium 
transients [ 37 ], which suggests that it is more potent in inducing cardiac differentia-
tion. When Sca-1 pos  Lin neg  CPCs were treated with a cocktail of 5-AZA, TGF-β1 and 
vitamin C, they expressed α-sarcomeric actin and connexion 43 [ 38 ]. Furthermore, 
Sca1 pos  CD31-negative CPCs show cardiomyogenic differentiation when treated 
with 5-AZA, DKK-1, DMSO, BMP2, FGF4 and FGF8 [ 42 ]. Moreover, when co- 
cultured with neonatal rat cardiomyocytes they also went on to express troponin T 
and phospholamban, showing cardiomyogenic maturation [ 42 ]. 

 Sca-1 pos  CPCs exhibit in vivo regenerative potential. When administered intrave-
nously after ischaemic/reperfusion injury, Sca1 pos  CPCs home to the injured myo-
cardium and form new cardiomyocytes [ 36 ]. Cell transplantation of a subpopulation 
of Sca1 pos /CD34-negative CPCs has been shown to attenuate adverse structural 
remodelling with an increase in LV ejection fraction and new cardiomyocyte forma-
tion [ 42 ]. A recent study also found that 4 weeks post-MI, animals injected intra-
myocardial with Sca1 pos  CPCs showed improved cardiac function and increased 
wall thickness in the infarct area, with the infarct area being 28 % of the LV wall 
compared to 40 % in controls [ 41 ]. 

 It is hard to compare the Sca-1 populations like for like as each research group 
isolates their Sca-1 pos  CPCs using different surface markers and techniques and 
report different expression of other cardiac stem–progenitor cells markers, such as 
c-kit [ 35 – 37 ] and PDGFrα [ 39 ]. However, in all these subpopulations, stem cell 
properties and cardiomyocyte differentiation are reported. Importantly Sca1 pos  CPCs 
show predominant in vitro differentiation potential into both endothelial and smooth 
muscle lineages, which is essential for competent heart regeneration. Sca1 pos /CD45-
negative CPCs treated in vitro with VEGF show endothelial differentiation with 
~20 % of cells expressing CD31, vWF and Flk-1 [ 38 ], as well as differentiation into 
smooth muscle, with ~34 % of cells expressing SMA [ 38 ]. Similarly VEGF treat-
ment of Sca1 pos  CD31-negative CPCs induced expression of CD31, vWF and Flk-1 
[ 42 ]. Furthermore, Sca1 pos  cells have also demonstrated ability to differentiate into 
endothelial cells in vivo [ 41 ], which is likely through activation of STAT3 via Pim-1 
signalling pathway [ 43 ]. It is worth noting that there is also a population of Sca1 pos  
vascular progenitor cells which resides within the arterial adventitia (AdvSca1 cells) 
that have been shown to be regulated by sonic hedgehog signalling (Shh) [ 44 ]. 

 It is currently disputed if adult tissue-specifi c stem cells possess true pluripo-
tency; however, Sca1 pos  CPCs have shown capability of differentiation into non- 
cardiac lineages in vitro and in vivo [ 39 ,  41 ]. Interestingly it has been reported that 
the level of Sca-1 expression may actually play a role in their differentiation poten-
tial with Sca-1 high CPCs having a broader differentiation potential, showing osteo-
genic, chondrogenic, smooth muscle, endothelial and cardiac differentiation in 
vitro, than Sca-1 low CPCs [ 41 ]. In vivo teratoma formation assays have also shown 
that while these cells alone do not form tumours, when injected alongside ESCs 
they differentiate into cells of the three germ layers [ 39 ], although this broad devel-
opmental plasticity is yet to be shown in tissue regeneration and repair in vivo. 
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 Although Sca-1 seems to be an ideal marker for isolating resident CPCs, its 
homology hasn’t been confi rmed in any species, other than mouse. This poses a 
problem when translating research to develop human regenerative therapies. Some 
groups have used murine Sca-1 antibodies to isolate homogenous cell populations 
from both fetal and adult human hearts that differentiate into mature cardiomyo-
cytes in vitro after treatment with 5-AZA [ 45 ]. Other groups have suggested that 
Sca1 pos  ‘very small embryonic like stem cells’ (VSELs) in mice are the same popu-
lation that express CD133 in humans [ 46 ]. There is no question that Sca-1 pos  CPCs 
are a potential source of cell for cardiac regeneration, and these cells have signifi -
cant overlap and co-expression with other cardiac stem–progenitor cells, namely 
the c-kit pos  eCSCs (Table  1  and Fig.  1 ). Therefore, what now needs to be determined 
is whether these two cell populations represent different cell types or the same one 
at different developmental/differentiation stages.

2.3        Side Population Cells 

 Side population (SP) cells were fi rst characterised as a primitive population of haema-
topoietic stem cells characterised by their unique ability to effl ux the DNA- binding 
dye, Hoechst 33342 [ 47 ]. SP cells have since been isolated from extra-haematopoietic 
tissues, including bone marrow, skeletal muscle, liver, brain, heart and lung [ 48 ], and 
the ATP-binding cassette transporter (ABCG2, also referred to as MDR-1) has been 
identifi ed as a molecular determinant of the SP phenotype [ 35 ,  49 ]. Hierlihy et al. [ 50 ] 

  Fig. 1    A common cardiac stem–progenitor cell. The expression of markers on cardiac stem– 
progenitor cells is covered in this review, with their potential relationships and potencies. The 
 dashed green arrow  indicates that the commitment of EPDCs to a cardiomyocyte progenitor lin-
eage is contingent upon thymosin-β-4 pre-treatment.  Tβ4  thymosin-beta-4,  EPDCs  epicardially 
derived cells       

 

Adult Cardiac Stem Cells: Identity, Location and Potential



58

fi rst reported that the adult myocardium contained an endogenous cardiac side popula-
tion (CSP) with stem cell-like activity and identifi ed that this Hoechst dye-excluding 
population constituted ~1 % of total cardiac cells in the mouse postnatal heart [ 50 ]. 
These fi ndings were supported by Martin et al. [ 35 ] who also demonstrated that the 
CSP isolated from adult mice could successfully differentiate into α-actinin-positive 
cells when co-cultured with cardiomyocytes from wild-type mice. Transcriptional pro-
fi ling revealed that the CSP exhibits a Sca- 1 pos   , c-kit low , CD34 neg , CD45 neg  phenotype 
and expresses a number of endothelial and haematopoietic transcripts ([ 35 ]; Table  1 ). 
Further interrogation of murine CSP cells revealed that 84 % express the stem cell 
marker, Sca-1, while 75 % express the endothelial marker, CD31. The Sca-1 pos  CD31 neg  
population was subsequently identifi ed as having the greatest cardiomyogenic poten-
tial and was found to represent ~10 % of the total CSP. These fi ndings are in support of 
Wang and colleagues, [ 42 ]. Phenotypic analysis of Sca-1 pos  CD31 neg  CSP revealed that 
they also expressed cardiac- specifi c markers, such as Nkx2.5, GATA4, SMA and des-
min. Furthermore, once subjected to co-culture with primary cardiomyocytes they 
adopt a more mature phenotype expressing α-actinin, troponin I, and connexin-43 and 
undergo spontaneous contraction [ 51 ]. Oyama et al. [ 52 ] demonstrated comparable 
fi ndings using rat neonatal CSP cells utilising oxytocin or trichostatin A, in the absence 
of co-culture, to differentiate CSP cells into beating cardiomyocytes [ 52 ]. The fi rst CSP 
cell transplantation experiments involved direct injection of Sca-1 pos  CD31 neg  cells into 
the infarct region of mice post-MI and this was found to improve LV ejection fraction 
(LVEF) and promote myocardial neo-angiogenesis consequently providing the fi rst 
evidence of CSP cells regenerative potential in vivo [ 42 ]. In addition, Oyama et al. 
found that neonatal CSP cells were able to home to cryoinjured hearts and upon reach-
ing the site of injury form new cardiomyocytes, fi broblasts, endothelial and smooth 
muscle cells [ 52 ].  

2.4     Cardiosphere-Derived Cells 

 The ability of eCSCs to grow in suspension and generate spheres was fi rst 
 demonstrated in the original paper describing the discovery of c-kit pos  eCSCs [ 15 ]. 
Soon after Messina with colleagues [ 16 ] described the isolation of undifferentiated 
cells that grow as ‘clusters’ from postnatal atrial or ventricular human biopsy speci-
mens and murine hearts, that the authors named ‘cardiospheres’ (CS) because they 
resembled the neurospheres formed by neural progenitors [ 16 ,  53 ]. These spheres 
were clonogenic, self-renewing, differentiated into cardiomyocyte, endothelial and 
smooth muscle lineages [ 15 ,  16 ,  54 ]. 

 Cardiosphere-derived cells (CDCs) are putative immature and regenerative cells 
which spontaneously migrate and shed from small pieces of tissue, cultured as pri-
mary explants. Cells collected from the explants are further selected for their spon-
taneous organisation in cardiospheres [ 34 ,  55 ]. CDCs have been isolated successfully 
from various species (rodent, porcine, canine, primate and human) at different 
developmental stages by several groups [ 16 ,  34 ,  54 ,  56 – 58 ]. CDCs represent a 
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mixed cell population, consisting of cells with mostly mesenchymal markers CD105 
and CD90, with a minority of CD34/CD31 endothelial cells [ 16 ,  34 ,  59 ] (Table  1 ). 
c-kit expression was also reported in CDCs isolated from all species, as c-kit pos  
eCSCs were the fi rst population to show CS formation [ 15 ]. However, c-kit expres-
sion within CDCs varies (0.1–30 %) depending on the species, donor age and cul-
turing method [ 34 ,  54 ,  59 – 62 ], being more abundant in neonatal CDCs [ 58 ]. 
Interestingly, 80 % of adult primate CDCs expressed SSEA-4 [ 57 ], but other plu-
ripotent cell markers like Oct4, Sox2 and Klf4 were rare, despite being found in 
neonatal rat [ 59 ] and human CDCs [ 58 ]. CDCs can be successfully isolated from all 
four human heart chambers [ 58 ] and the left ventricles of dog and rhesus monkey 
[ 56 ,  57 ]. However, some locations like human ventricular epicardium were less suc-
cessful [ 62 ], as epicardial progenitor cells need to be activated [ 63 ]. So far, the most 
surgically accessible region in the human hearts, both neonatal and adult, is right 
atrium [ 58 ], which is also an abundant source of c-kit pos  eCSCs [ 64 ]. 

 CDCs derived from human, mouse and rat hearts are clonogenic and self- 
renewing ([ 16 ,  54 ], Table  1 ). Multipotency and differentiation of CDCs into cardio-
myocytes, smooth muscle and endothelial lineages have been demonstrated for 
human, rat, mouse and dog [ 16 ,  38 ,  54 ,  56 ,  59 ]. CDCs derived from primates showed 
differentiation in vivo towards an endothelial CD31 pos  cell lineage [ 57 ]. 

 It has been proposed that the growth of eCSCs in the form of cardiospheres 
 mimics the stem cell niche microenvironment. In a recent study, when cardiospheres 
and monolayer CDCs were injected intramyocardially following MI in mice, only 
cardiosphere- treated mice showed a signifi cant increase in LVEF after 3 weeks [ 60 ]. 
These effects may be due to the higher oxidative stress resistance, as shown by a 
fourfold increased viability of cardiospheres, compared to monolayer cultured cells, 
after H 2 O 2  treatment [ 56 ], and twofold increase in stem cell markers Sox-2, Nanog 
and TERT [ 60 ]. These fi ndings taken together lead to better survival and engraft-
ment of cardiosphere CDCs in vivo [ 56 ,  60 ]. Furthermore, in a mouse model of MI, 
CDCs appeared superior to bone marrow-derived cells or adipose-derived 
 mesenchymal cells [ 65 ]. These fi ndings in small animal models have led to  initiation 
of large animal pre-clinical studies where safety, dose and route of administration 
are determined in the porcine model of MI [ 66 ,  67 ]. 

 Several groups have questioned the concept of CDCs, stating that their unique prop-
erties come from haematopoietic and cardiomyocyte contamination and spheres were 
not clonogenic, but merely formed by clumping of fi broblast-like cells [ 68 ,  69 ]. Their 
concerns were addressed by Davis and colleagues who performed careful studies of 
stem cell characteristics including lineage-tracing experiments on CDCs and showed 
that differences in methodology have led to discrepancy amongst fi ndings [ 54 ].  

2.5     Isl-1 

 A further population of progenitor cells resident in the heart is identifi ed by the 
marker Islet-1 (Isl-1) (Table  1  and Fig.  1 ). This cell type was originally identifi ed in 
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rodent and human postnatal myocardium by Laugwitz et al. in 2005 [ 70 ]. These 
cells are primarily found in the second (anterior) heart fi eld during development, 
contributing to formation of the atria, outfl ow tract and right ventricle, a process 
dependent on Wnt/β-catenin signalling [ 71 ]. Islet-1-positive cells are also involved 
in the development of the proepicardium and endocardium [ 72 ,  73 ]. The neural 
crest also contributes to an Isl-1-expressing cardiac cell population during develop-
ment [ 74 ]. Expression of Isl-1 is involved in the direction of primitive cardiac pro-
genitors to more specifi c lineages of progenitor cells [ 75 ]. Indeed, when Isl-1-positive 
cells are derived from human ESCs, they are capable of generating cells committed 
to cardiomyocyte, smooth muscle or endothelial cell lineages [ 76 ]. 

 The defi nite cardiac origin of these cells, their contribution to cardiac develop-
ment and their multipotency [ 77 ] have been clearly defi ned. Successful derivation 
of Isl-1-positive multipotent cells has been achieved from ESCs [ 75 ,  76 ] or from 
neonatal cardiac tissue [ 70 ], but there is far less evidence of Isl-1-expressing cells 
playing a signifi cant role in adult life. The scarcity of Isl-1-positive cells after 
embryonic development, with very few identifi ed throughout the heart in the 1-day- 
old neonatal rat [ 70 ] or 2- and 6-day neonatal human tissue [ 78 ], argues against a 
major contribution of Isl-1 cells to cardiac cellular homeostasis in adult life. 

 However, there is evidence of an Isl-1-expressing cardiac cell population being 
present in adult cardiac tissue. A few Isl1-positive cells were seen in the adult 
 (11–13 weeks) rat heart, although these were also all cardiac troponin-I positive, 
indicating their cardiomyogenic differentiation [ 79 ]. These cells have also been 
studied in non-physiological situations, where Isl-1-positive cells have been identi-
fi ed in the periphery of an infarct in the mouse heart following pre-treatment with 
thymosin-β-4 [ 80 ]. In addition, Isl-1-positive cells have been obtained in vitro from 
CDCs, which were in turn obtained from cells activated in vivo following myocar-
dial infarction in 9-month-old mice [ 38 ]. On the other hand, Isl-1-positive cells 
have been recently identifi ed in the adult heart as a novel marker of the sinoatrial 
node and do not serve as cardiac stem–progenitor cells [ 81 ].  

2.6     Epicardial-Derived Cells 

 Based on their key roles in cardiac development as the source of endothelial and smooth 
muscle cells in coronary vasculature and adventitial, interstitial fi broblasts [ 82 ] and car-
diomyocytes [ 83 ,  84 ], epicardial-derived progenitor cells (EPDCs) have been suggested 
as a population of cells with possible cardiogenic potential (Table  1  and Fig.  1 ). 

 EPDCs explanted in culture from human right atrial appendages have a fi broblastic 
appearance and adhere to plastic dishes [ 85 ]. Human EPDCs express the mesenchymal 
markers CD44, CD90 and CD105 and the cardiac transcription marker Gata-4, yet are 
negative for Isl-1 and Sca-1 [ 85 ]. In vitro, they undergo spontaneous epithelial to mes-
enchymal transition (EMT), while after infection with an adenovirus vector encoding 
myocardin or after treatment with transforming growth factor β1 (TGF-β1) or bone 
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morphogenetic protein 2 (BMP-2), they obtain characteristics of smooth muscle cells 
but fail to form endothelial cells [ 85 ]. After transplantation into infarcted mouse hearts, 
EPDCs differentiate into endothelial and smooth muscle cells but not cardiomyocytes 
[ 86 ,  87 ]. Nevertheless, they were shown to improve cardiac function, mainly through 
paracrine protection of the surrounding tissue, when transplanted into ischaemic myo-
cardium on their own or combined with cardiomyocyte progenitor cells [ 86 ,  87 ]. It is 
important to note, however, that during cardiac development, EPDCs are generated from 
a subset of epicardial cells which delaminate from the epicardial epithelium and undergo 
EMT, a process which is observed to occur at the atrioventricular junction, in the ven-
tricular epicardium, and in the epicardium at the junction between the ventricles and the 
outfl ow tract, but not in the atrial epicardium [ 83 ]. 

 Adult mouse EPDCs induced to express Wilm’s tumour 1 (Wt1; a key embryonic 
epicardial gene) through pre-treatment (priming) with thymosin β4 (Τβ4), an actin 
monomer binding protein previously shown to restore vascular potential to adult 
EPDCs in infarcted hearts [ 63 ,  88 ], can result in neovascularisation and de novo 
cardiogenesis, after myocardial infarction [ 80 ]. Wt1 pos  EPDCs are positive for Sca-1 
(~80 %) and co-express early cardiac progenitor markers Isl-1, Nkx2.5 and Gata-4, 
but were negative for c-kit [ 80 ]. 

 Identifi cation of another two distinct adult epicardial stem cell populations has been 
reported by a different research team [ 89 ]. One is c-kit pos  and the other is CD34 pos , while 
both subsets are negative for CD45. These cells, found in the subepicardial compartment 
of human epicardium and mesothelial layer of mouse epicardium, display a nonadherent 
phenotype, express early and late cardiomyocyte-specifi c transcription factors and 
acquire an endothelial phenotype in vitro [ 89 ]. In a mouse model of MI, epicardial c-kit-
 pos  cells mediate a regenerative response, by proliferating, migrating toward the site of 
injury and differentiating into myocardial and vascular cells, signifi cantly preventing 
cardiac function impairment and LV remodelling [ 89 ]. This procedure is thought to 
involve EMT as well as activation of embryonic epicardial genes, Tbx18, Wt1 and 
RALDH2. Consistent with Smart et al. [ 80 ] the expression of these genes is signifi cantly 
enhanced after MI, infl uenced by growth factor release in the pericardial fl uid [ 80 ,  90 ]. 

 Due to their similarities in phenotype and differentiation potency, it is argued that 
epicardial c-kit pos  cells and the c-kit neg  EPDCs represent the same cell population at 
different developmental stages, where the former exists in a more undifferentiated 
state and at a later stage loses expression of c-kit and gives rise to EPDCs [ 91 ].   

3     Cardiac Stem–Progenitor Cell Populations as a Whole 

 Considering the variety of eCSC population identities that have been established 
throughout embryonic to postnatal and adult life, the question arises of whether and 
how much these populations may overlap, or whether they may in fact constitute a 
single stem–progenitor cell with a sequence of lineages, which alters in phenotype 
(and perhaps also in their degree of potency) across life (Fig.  1 ).  
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4     Origins of Resident Cardiac Stem–Progenitor Cells 

4.1     ‘Native’ to the Heart Since Development 

 An intriguing question concerning eCSCs resident in the heart is whether they are 
directly descended from lineages which have been present since early development 
or have possibly ‘migrated’ to the heart later in life. A study of Nkx2.5-positive, 
multipotent cardiac stem cells early in development found expression of c-kit in 
~28 % of these cells, which were also negative for CD45, demonstrating that c-kit 
expression marks a major subset of cardiac progenitors during development [ 25 ]. 
Furthermore, Nkx2.5 pos , c-kit pos  cells were more proliferative and less differentiated 
than Nkx2.5 pos , c-kit neg  cells; this correlation was not found with Sca-1 expression 
levels in Nkx2.5 pos  cells [ 25 ]. However, it has not been determined if the adult 
c- kit pos    eCSCs are directly descended from these cells. 

 Lineage tracing of Isl1-expressing and Nkx2.5-expressing cells showed that 
these each contribute to both the fi rst and second heart fi elds during development, 
although Isl1-expressing cells make a smaller contribution to the left ventricle than 
elsewhere in the heart [ 92 ]. 

 Analysis of GFP-positive cells in the embryo of a c-kit-GFP transgenic mouse 
during cardiac development showed a c-kit-expressing population of progenitor 
cells that was resident in the heart and did not migrate from extra-cardiac tissue 
(although a contribution to the c-kit-positive population from extra-cardiac sources 
could not be excluded) and were present in the postnatal period [ 93 ]. These cells 
were also shown to have comparable properties to c-kit pos  eCSCs in adult life in 
terms of proliferation, multipotency and myocardial regenerative capacity [ 93 ].  

4.2     Bone Marrow Origin, May Have Previously Migrated 

 c-kit pos  eCSCs do not express the haematopoietic lineage markers CD45 or CD34. 
Although it has been determined that resident c-kit pos  eCSCs are separate from cir-
culating bone marrow-derived cells, the possibility remains that these eCSCs may 
have previously migrated into the cardiac tissue from another source, such as bone 
marrow, after cardiac development and lost their haematopoietic phenotype. 

 The fi rst fi ndings indicating a regenerative potential in the adult mammalian 
heart were of host cells taking up residence within transplanted cardiac tissue and 
developing into cardiac-specifi c cell types [ 10 ,  94 ]. Subsequent fi ndings were made 
of donor cells’ presence in myocardial tissue in patients following bone marrow 
transplant [ 95 ]. This last study did not identify any donor-derived cardiac-specifi c 
cells, and indeed it appears that these cells’ presence in an infarction does not neces-
sarily indicate cardiac lineage potential [ 27 ]. 

 However, this does not exclude their ability to contribute to the population of 
resident stem–progenitor cells in the adult heart. Indeed, it has been shown that 
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bone marrow-derived cells can replenish the numbers of SP eCSCs following 
infarction [ 96 ]. It should be noted, however, that the regenerative potential of exog-
enous injected stem–progenitor cells post-MI can be signifi cantly affected by the 
source of the cells or the selection of a subpopulation by specifi c phenotype [ 97 ]. 

 It remains possible that these cells provide only a supportive function during the 
eCSC population’s recovery after injury, rather than reconstituting its abilities. An 
investigation of the role of bone marrow-derived c-kit-positive cells in cardiac 
repair post-MI indicated that the vast majority of the c-kit-positive cells in the heart 
post- MI were of bone marrow origin [ 28 ]. However, this study used a model where 
irradiation prior to bone marrow transplant may have eliminated, or rendered dys-
functional, a signifi cant percentage of the resident c-kit pos  eCSCs also. The use of a 
double transgenic model provided strong evidence that the role of exogenous bone 
marrow cells post-MI is to support the endogenous cardiac regenerative capacity 
and that more precise selection of the exogenous bone marrow cells to be trans-
planted increased the effi cacy of this support [ 98 ]. 

 It therefore appears clear that with regard to c-kit pos  eCSCs there is a resident 
population distinct from any circulating bone marrow cells. However, the possi-
bility that circulating bone marrow stem cells take up residency post-development 
and then adopt a specifi c ‘cardiac’ stem–progenitor cell phenotype has not yet 
been conclusively confi rmed or disproved. If the latter were the case, then the 
eCSC pool will largely depend on bone marrow-derived stem cell biology and 
regenerative potential. However, it should be pointed out that eCSCs isolated 
from the adult heart have a phenotype not present (or so far not identifi ed) in the 
bone marrow. Therefore, if the eCSCs originated from the bone marrow, they 
either represent a specifi c and rare bone marrow cell population not yet identifi ed 
or they have resided in the myocardium long enough to have lost the bone marrow 
stem cell-specifi c epitopes.  

4.3     Evidence of Site Specifi city of Stem–Progenitor 
Cells Within the Heart 

 Using genetic lineage-tracing techniques a number of eCSC populations have been 
characterised further to determine the origins, niche and endogenous location within 
the healthy adult mammalian heart. When conducting lineage-tracing studies, it is 
diffi cult to absolutely determine from where a cell has originated as many types of 
cells express the same markers or express them at different time points during 
embryogenesis and postnatal growth. Flk-1, for example, originally thought to be 
associated with haematopoietic and vascular lineages, is also expressed at a stage 
during cardio- and skeletal myocyte development [ 99 ]. Some markers can mark 
cells from a specifi c dermal layer, such as brachyury   , which marks cells from the 
mesoderm [ 99 ]. What these studies do allow us to do is to label a population of cells 
at a specifi c time point to allow us to track them over time [ 26 ,  27 ,  100 ]. 

 The location of a population of c-kit pos  cells in the embryonic and adult heart 
has been assessed using c-kit BAC-EGFP mice [ 26 ,  27 ]. Fluorescent EGFP+ cells 
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were observed in both atrial and ventricular walls at 14.5dpc, with the total num-
ber of EGFP pos  expressing cells increasing as the heart developed, peaking 2–3 
days after birth. After this time numbers rapidly decline with the majority of 
EGFP pos  cells found as mononuclear cells within vascular compartments. 
Co-staining of c-kit pos  cells in 2–3 day postnatal mice shows co-expression with 
CD45 within the epicardial border indicating a haematopoietic lineage, while 
those found in the atrioventricular region express Flk-1 suggesting they are ES 
cell-derived and vascular progenitors [ 26 ]. As adult c-kit pos  eCSCs are CD45 neg , 
the EGFP cells identifi ed by Tallini et al. [ 26 ] cannot be classifi ed at eCSCs and 
have likely migrated from the bone marrow. Furthermore, this study did not char-
acterise the EGFP pos  cells against other markers previously identifi ed in adult 
c-kit pos  eCSCs [ 15 ,  16 ,  19 – 21 ]. 

 A recent study by Chong et al. [ 39 ] found that a population of Sca-1/PDGFrα pos  
eCSCs in the adult heart are found predominantly in the perivascular, adventitial 
niche and through Cre-lineage tracing were found to have a pro-epicardial origin 
[ 39 ]. These fi ndings are in support of Smart et al. [ 80 ] who found that 80 % of 
EPDCs are Sca-1 pos . 

 Studies have shown a change in location and number of eCSCs between the adult 
and embryonic heart [ 39 ,  58 ] which has been implicated in differences in their 
regenerative potential [ 101 ]. 

 MerCreMer-ZEG mice have been used to show if resident stem–progenitor cells 
are responsible for myocyte turnover in the healthy adult and/or in injured myocar-
dium. Transgenic MerCreMer-ZEG mice were treated with tamoxifen to label 80 % 
of cardiomyocytes with GFP while 20 % remain β-galactosidase (β-gal) positive. 
After 1 year of ageing there was no reduction in the percentage of GFP pos  or β-gal pos  
myocytes indicating that no new myocytes had been formed [ 100 ], although another 
study reported a 50 % replacement of myocytes over a human’s lifetime [ 14 ]. After 
Injury by MI or pressure overload, there was a signifi cant decrease in the percentage 
of GFP pos  cardiomyocytes in the border of MI and other remote areas, from 82.5 % 
in sham-operated animals to 67.5 % in MI and 76.6 % in pressure overload animals 
[ 100 ]. This was balanced with an increase in β-gal pos  myocytes of 34 % in MI border 
areas and 30 % in pressure overloaded hearts [ 100 ]. This supports the idea that adult 
stem–progenitor cells do contribute to cardiomyocyte renewal following injury, and 
it is not due to myocyte proliferation.   

5     Derivation of Stem–Progenitor Cells from Cardiac Tissue 

5.1     Obtaining Cardiac Stem–Progenitor Cells 
from Mouse and Rats 

 All of the eCSC populations identifi ed above (c-kit, Sca-1, Isl-1, EPDCs, CDCs, 
SP) have been successfully isolated from rodents [ 15 ,  16 ,  35 ,  36 ,  70 ,  102 ]. The fi rst 
isolation of c-kit pos  eCSCs from adult tissue used enzymatic digestion with selection 
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of the cells of interest using specifi c markers in magnetic activated cell sorting 
(MACS; Miltenyi) or FACS [ 15 ]. A broadly very similar protocol was used to iso-
late Sca-1 pos  eCSCs from mice [ 36 ]. One successful method of isolating eCSCs 
from rodents is by enzymatic digestion through retrograde perfusion of the heart 
(via a cannula placed in the aorta) to remove blood and perfuse digestive enzymes 
through the tissue [ 103 ,  104 ]. 

 The initial isolation of Isl-1 pos  cells was carried out by enzymatic digestion of 
postnatal mouse heart tissue followed by the use of selective culture conditions to 
enrich the Isl1-expressing population [ 70 ]. The isolation of side population cells by 
defi nition involves selection based on dye exclusion, and the method for isolating 
these cells is based around tissue digestion and percoll gradient cell separation, fol-
lowed by FACS analysis and cell selection [ 35 ]. 

 An alternative to the use of complete tissue digestion has been to grow stem cell 
populations from small pieces of tissue explanted in culture to allow the cells to migrate 
out of the tissue and expand in culture for subsequent isolation. This method was used 
to obtain a population of eCSCs for the fi rst generation of cardiosphere generating cells 
[ 16 ]. Optimising the culturing conditions of this technique allows expansion of CDCs 
[ 34 ], and a monolayer of CDCs can be formed for characterisation [ 55 ]. 

 An important consideration when isolating stem cells using the tissue digestion 
method is to allow liberation of eCSCs from deep within myocardium, but without 
damaging these small cell populations, as eCSC surface markers can readily be 
affected by over-digestion [ 105 ]. Combining the advantage of the explant technique 
with the population specifi city of subsequent MACS has been successfully used to 
isolate eCSC populations expressing Sca-1 [ 106 ] and c-kit [ 107 ]. 

 The isolation and expansion in vitro of epicardium-derived progenitor cells 
(EPDCs) have been achieved using essentially an explant technique, which is aug-
mented by the addition of the peptide thymosin-β-4 to activate the otherwise quies-
cent EPDCs and promote their outgrowth [ 102 ].  

5.2     Obtaining Cardiac Stem–Progenitor Cells 
from Human Subjects 

 As stated above the isolation of eCSCs has been performed based mainly on the expres-
sion of surface or transcriptional markers. However, the fi rst successful isolation of 
adult human eCSCs reported undifferentiated cells, growing from explants of postnatal 
atrial/ventricular human biopsy specimens, which were able to form cardiospheres in 
suspension culture [ 16 ]. It was fi rst defi ned that these cardiospheres were composed of 
a heterogenous population of cells (cardiac stem–progenitor cells, differentiating pro-
genitors, spontaneously differentiated cardiomyocytes and vascular cells). 

 The original culture method [ 16 ] was modifi ed to improve effi ciency with the 
resultant fi rst documentation of CDCs [ 34 ]. The human endomyocardial tissue frag-
ments were partially digested enzymatically and then cultured as explants on dishes 
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coated with fi bronectin. After several days a layer of phase-bright cells arose from 
adherent explants, which expressed antigenic characteristics of stem–progenitor 
cells [ 34 ], including Isl-1 and c-kit [ 58 ]. The number of CDCs extracted depends on 
age and sample source [ 58 ], with human CDCs being most abundant during the 
neonatal period and decreasing in number over age. Furthermore, CDCs can also be 
isolated reproducibly from right atrial samples [ 58 ]. 

 In another study, the conditions were established for the isolation and expansion 
of c-kit pos  human eCSCs from small samples of myocardium [ 22 ]. Two methodolo-
gies of isolation were used: the fi rst consisted of the enzymatic dissociation of myo-
cardial samples and the second where samples were cultured by the primary explant 
technique. c-kit pos  eCSCs were sorted with immunobeads (MACS; Miltenyi) and 
plated at low density to obtain multicellular clones from single founder cells. 
Recently, human c-kit pos  eCSCs have been successfully isolated from the left ven-
tricle, the appendages of the right atrium and left atrium by enzymatic digestion 
[ 23 ]. Moreover, the concentration of c-kit pos  human eCSCs was higher in the atria 
than in the ventricle, confi rming previous fi ndings [ 20 ,  21 ,  24 ]. 

 A new culture method that favours clinical translation by reducing the need for 
exogenously added factors to explants has been developed [ 108 ]. This method, 
identifi ed herein as suspension explant culture (SEC), allows for derivation and 
enrichment of migratory human c-kit pos  cells and is based on modifi cations of the 
method originally described by Messina et al. [ 16 ] and later modifi ed by Smith et al. 
[ 34 ]. Human right atrial appendages are placed in a higher volume of media without 
previous enzymatic digestion. This higher volume ensures that the tissue remains 
suspended and does not become adherent to the surfaces of the fl ask, which mini-
mises contact-dependent fi broblast outgrowth. Furthermore, without enzymatic 
digestion, the addition of exogenous enzymes is avoided, which can affect cell char-
acterisations reliant on immunoreactive surface markers [ 108 ]. 

 Despite its homology not being confi rmed in any mammalian species other than 
the mouse Smits et al. have isolated human Sca-1-like cardiac progenitor cells from 
the auricle, from appendix of the atrium that is removed during heart surgery or from 
fetal heart tissue [ 109 ]. It is postulated that the anti-mouse Sca-1 antibody may 
cross-react with an unknown protein, still leading to a homogenous cell population. 

 c-kit pos , Sca-1 pos , MDR-1 pos , CD34 pos , CD45 neg , CD31 neg  EPDCs have been iso-
lated by enzymatic digestion and immunobead sorting from the fetal and adult 
human epicardium [ 91 ], which included the mesothelial layer and the subepicardial 
space containing the adipose tissue. Moreover, treatment of human epicardial 
explants with thymosin beta-4 stimulated extensive outgrowth of Wt1 pos  EPDCs 
cells that differentiated into fi broblast, endothelial and smooth muscle cells [ 63 ].  

5.3     Expansion of Cardiac Stem–Progenitor Cells In Vitro 

 The successful isolation of resident cardiac stem–progenitor cells from heart 
biopsies has allowed us to study their biological characteristics and their 
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application in therapeutic approaches for the repair and regeneration of the 
ischaemic/infarcted heart. In order to obtain a suffi cient amount of cells for use 
in cardiac regenerative therapy, cardiac stem–progenitor cells have to be fi rst 
expanded in vitro. It is generally accepted that a better understanding on how to 
generate large numbers of cells in a short period of time without compromising 
their regenerative quality and differentiation potential is needed. Improper con-
ditions used for cardiac stem–progenitor cell isolation and expansion can 
adversely affect their potential; therefore, modifi cations to the expansion proto-
col may be further developed and optimised. Indeed, it has been shown that over 
a long period of time in culture, rat c-kit pos  eCSCs may upregulate GATA-4 and 
become more committed to the cardiomyocyte lineage, which may be benefi cial 
for prospective therapeutic application. On the other hand, over long-term cul-
ture c-kit pos  eCSCs have shown unwanted adipogenic and skeletal muscle differ-
entiation [ 107 ]. 

 In order to perfect the in vitro expansion protocol for cardiac stem–progenitor 
cells, many factors can be manipulated and studied. Culture media supplemented 
with different growth factors and molecules have led to successful expansion of 
clonal c-kit pos  eCSCs and CDCs without affecting their phenotype, differentia-
tion potential or genomic stability [ 16 ,  19 ,  22 ,  34 ,  58 ,  110 ]. Indeed, clones of pig 
c-kit pos  eCSCs, which have a ~22 h doubling time can be propagated for ~65 
passages and serially subcloned every ten passages without reaching growth 
arrest or senescence or showing any detectable chromosomal alterations [ 19 ]. 
Interestingly, surface modifi cation with amine residues improved c-kit pos  eCSC 
proliferation, expansion rate and attachment ability and improved c-kit expres-
sion maintenance, possibly by modulating the ECM complex and/or MAPK 
signalling [ 111 ]. 

 Several groups have shown independently that low (physiological) oxygen has 
favourable effects on eCSC expansion in vitro. Tang and colleagues showed that 
hypoxic preconditioning in vitro increases chemokine receptor CXCR4 expression 
in human c-kit pos  Lin neg  eCSCs, which consequently increases migration and 
homing of CSCs when introduced into ischaemic myocardium [ 112 ]. Culturing in 
5 % O 2  increased proliferation, and therefore, cell yields, lowered senescence 
marker p16 ink4a  expression and CDCs survived and engrafted better when intro-
duced into ischaemic myocardium after infarction [ 113 ]. When autologous CDCs 
were expanded for use in CADUCEUS clinical trial [ 114 ], ~1/3 of preliminary 
runs revealed abnormal aneuploid karyotype in atmospheric O 2 , whereas in hypoxic 
conditions, numbers of aneuploid cells have dramatically decreased [ 113 ,  115 ]. 
Data from another study revealed that short-term hypoxia leads to increased migra-
tion of human fetal-derived Sca-1-like CPCs, whereas long-term culture in low 
oxygen increased proliferation and the cells decreased expression of IL-8, MCP-1 
and TGF- β1, showing a more pro-infl ammatory phenotype [ 116 ]. Preliminary data 
from our lab show that human and pig c-kit pos  eCSCs show increased proliferation 
and clonogenicity when cultured in low (2 %) O 2 , compared to normoxic 
conditions.   
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6     Alterations to Stem Cell Activity and Potency 
in Aged Tissue or Disease 

6.1     Ageing-Related Changes in Cardiac Stem–Progenitor 
Cells in Animal Models 

 Ageing, an inevitable process of life, poses the largest risk factor for cardiovascu-
lar disease [ 117 ]. Although long-term exposure to known cardiovascular risk fac-
tors strongly drives the development of cardiovascular pathologies, intrinsic 
cardiac ageing is considered to highly infl uence the pathogenesis of heart disease 
[ 118 ]. However, the fi elds of the biology of ageing and cardiovascular disease 
have been studied separately, and only recently their intersection has begun to 
receive the appropriate attention. 

 Over the course of ageing, the heart undergoes a number of anatomical, func-
tional and cellular alterations. Early diastolic left ventricular (LV) fi lling, LV con-
tractility and ejection fraction all decrease during ageing leading to a reduced 
cardiac output [ 119 – 121 ]. In an attempt to compensate for the reduction in cardiac 
output, the myocardium is triggered to increase its muscle mass by undergoing 
hypertrophy, which in the long term results in weakened cardiac function. Ageing of 
the arterial system is exemplifi ed by increased arterial thickening and stiffness, 
luminal enlargement and dysfunctional endothelium with decreased responsiveness 
to stress and injury [ 122 ]. Arterial stiffness contributes to LV pathological hypertro-
phy and stimulates fi broblast proliferation causing myocardial and arterial fi brosis. 
Impaired heart rate is another characteristic of the ageing heart. Loss of sinoatrial 
node cells, together with fi brosis and hypertrophy, slows electric impulse propaga-
tion throughout the heart causing decreased maximum heart rate and arrhythmias 
[ 123 ]. Age-imposed anomalies of the cardiovasculature lead to the onset of a variety 
of age-related pathologies, including ischaemia, hypertension, atherosclerosis, age- 
related macular degeneration and stroke [ 117 ]. 

 One of the hallmarks of cellular ageing is the progressive accumulation of 
 damaged macromolecules such as DNA, proteins and lipids [ 124 ]. These become 
chemically modifi ed by free radicals, which are products of normal cellular metabo-
lism and whose generation is signifi cantly increased with age [ 125 ]. Experimental 
evidence indicates that this is due to mitochondrial dysfunction occurring with age-
ing, leading to reduced respiratory metabolism and increased generation of reactive 
oxygen species (ROS) [ 118 ]. DNA damage leads to cellular dysfunction by altering 
gene expression and protein damage leads to protein misfolding and aggregation in 
the cytoplasm, nucleus and endoplasmic reticulum [ 125 ]. With the passage of time, 
age-related macromolecular oxidative damage leads to gradual loss of normal struc-
ture and function, particularly pronounced in long-lived post-mitotic cells, such as 
neurons and cardiomyocytes. For continuously dividing cells, there is the added 
challenge of telomere erosion and replication-associated DNA mutations that occur 
during the process of cell division [ 126 ]. As the DNA damage increases with age, 
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so does the likelihood of a cell to undergo apoptosis, malignant transformation, 
infl ammation or senescence [ 127 ]. 

 Mammalian ageing has been defi ned as a gradual loss of the capacity to maintain 
tissue homeostasis or to repair tissues after injury or stress [ 124 ]. It is now well 
known that tissue regeneration and homeostasis are controlled by the tissue-specifi c 
stem–progenitor cell compartment present in every tissue [ 128 ,  129 ]. Therefore, it 
is logical to postulate that pathological and patho-physiological conditions associ-
ated with distorted homeostasis and regenerative capacity, such as ageing, underlie 
impairments in the corresponding stem cell pool [ 130 – 132 ]. Indeed in recent years, 
accumulated evidence signifi ed a direct impact of cardiac ageing and pathology on 
eCSC activity and potency [ 13 ,  103 ,  130 ,  131 ,  133 – 136 ]. Outside the cardiac con-
text, there is an already well-established overlap between ageing and stem cell 
impairment, observed in a number of organs and tissues [ 137 – 144 ]. Tissue-specifi c 
stem cells decline with age due to several factors including telomere shortening, 
DNA damage and external infl uences affecting stem cell niche homeostasis [ 130 ]. 
In the heart, ageing is shown to be associated with a eCSC senescent phenotype 
which includes attenuated telomerase activity, telomeric erosion, high incidence of 
telomere-induced dysfunction foci and elevated expression of the cyclin-dependent 
kinase inhibitors (CDKIs) p16 INK4a  and p21 Cip1  [ 103 ,  133 ,  135 ,  136 ,  145 ]. 

 Senescent cells are characterised by impaired proliferation, an altered gene 
expression profi le, resistance to apoptosis and epigenetic modifi cations, as well as 
producing an altered secretome (SASP; senescence-associated secretory pheno-
type) which acts on adjacent as well as distant cells, causing fi brosis, infl amma-
tion and a possible carcinogenic response [ 127 ,  146 – 148 ]. Although a universal 
marker exclusively expressed in senescent cells has not been identifi ed, most 
senescent cells express p16 INK4a , a cyclin-dependent kinase inhibitor and tumour 
suppressor, which is not commonly expressed by quiescent or terminally differen-
tiated cells [ 147 ,  148 ]. p16 INK4a , which becomes progressively expressed with age, 
enforces cell cycle arrest by activating retinoblastoma (RB) tumour-suppressor 
protein [ 142 ,  149 ]. 

 In rats, chronological age leads to telomeric shortening in c-kit pos  eCSCs [ 145 ]. 
However, in the setting of patho-physiological ageing, telomerase-competent 
eCSCs with normal telomerases can still be found in various cardiac regions, which 
have the capacity to migrate to injured zones and generate a healthy progeny partly 
reversing the senescent phenotype and improving cardiac performance [ 145 ]. 

 In 22-month-old mice, c-kit pos  eCSCs show senescence, evidenced through 
impaired proliferation and differentiation potential, p16 INK4a  expression, reduced 
telomerase activity, telomere shortening, senescence and increased apoptosis [ 103 ]. 
Senescent eCSCs become largely unable to generate new functionally competent 
myocytes, compromising cardiomyocyte turnover and favouring the accumulation 
of old poorly contracting cardiomyocytes [ 103 ]. These fi ndings show that cardio-
vascular ageing impairs eCSCs, leading to their decline and dysfunction, which 
leads to the development of cardiac dysfunction and failure. Interestingly, this pro-
gression is altered favourably in IGF-1-TG mice [ 103 ] (see below).  
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6.2     Ageing-Related Observations in Human Cardiac 
Stem–Progenitor Cells 

 Cardiac stem–progenitor cells govern physiologic turnover of the heart by supplying 
the cardiomyocytes and coronary vessels, following wear and tear [ 150 ] and physio-
logical growth/adaptation [ 151 ]. However, eCSCs do not act effectively in response 
to ischaemia and in the diseased (see below) and aged organism context [ 133 ]. The 
ageing process in the human heart is accompanied by progressive ventricular cardio-
myocyte loss and compensatory hypertrophy of remaining cells [ 152 ]. An important 
question that needs to be addressed is: Does the heart age because of stem–progenitor 
cell exhaustion or functional failure due to senescence-associated changes? 

 A recent study by Bergmann and colleagues using radiocarbon 14 dating found 
that ~50 % of cardiomyocytes are replaced during the average human life span [ 14 ]. 
Much higher levels of myocyte turnover were estimated in another study, where the 
whole myocyte pool was shown to be replaced 11 times in men and 15 times in 
women during life, with the rates progressively increasing with age [ 135 ]. Therefore, 
according to this study it’s unlikely that the numbers of eCSCs is declining with age. 
Indeed, studies in aged animals and humans showed a twofold increase in c-kit pos  
eCSCs in aged and diseased hearts, but among these, ~60–70 % were p16 ink4a  posi-
tive, identifying them as putative senescent [ 103 ,  133 ]. 

 Several studies have compared numbers and properties of eCSCs obtained from 
different aged human hearts. A study by Mishra and colleagues found that c-kit pos  
eCSC numbers were highest in neonatal human hearts, but fell almost three times 
between ages 2 and 13 [ 58 ]. Proliferation rate was found to be highest in fetal  cardiac 
progenitors [ 153 ] and neonatal-derived eCSCs and started to decline as age pro-
gressed to 13 years [ 58 ]. The ability to differentiate in vitro into the three cardiac 
lineages was similar in neonatal and young eCSCs, and robust functional improve-
ments were present when young eCSCs were injected into infarcted rat hearts, com-
pared to injection with adult fi broblasts [ 58 ]. In another study, fetal-derived eCSCs 
showed enhanced formation of endothelial networks, but less smooth muscle cells 
compared to adult c-kit pos  eCSCs [ 153 ]. In turn, adult-derived c-kit pos  eCSCs showed 
more mature cardiomyocyte phenotype by electrophysiological measurements 
[ 153 ]. Moreover, differentiation into myocytes, smooth muscle cells and endothelial 
cells was similar between c-kit pos  eCSCs isolated from young donor and old explanted 
hearts, but eCSCs isolated from old hearts had a lower migratory capacity [ 136 ]. 

 Recently, a comparison study was carried out between c-kit pos  eCSCs obtained 
from donor and explanted hearts during transplantation, in an attempt to assess the 
properties of c-kit pos  eCSCs upon ageing. It was demonstrated that age and severe 
heart failure are the two main determinants of human eCSC decline, as shown by up 
to 25 % shortening of telomeres and twofold enhanced expression of senescent 
markers p16 INK4a  and p21 Cip1  [ 136 ]. Moreover, human c-kit pos  eCSCs obtained from 
explanted, diseased hearts showed ~3 times lower growth kinetics and clonogenic-
ity, compared with c-kit pos  eCSCs obtained from donor hearts. However, it was still 
possible to expand them in vitro and obtain a signifi cant number of cells, which 
could be used for autologous regenerative therapy if needed. Worthy of noting that 
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in clonally expanded cells from aged and diseased hearts, the levels of senescent 
markers were low and similar to the cells derived from donor hearts [ 136 ]. This is in 
agreement with our fi ndings that single-derived c-kit pos  eCSC clones obtained from 
young and old mouse and human hearts were indistinguishable by their gene expres-
sion, proliferation, sub-clonogenicity and differentiation potential, supporting the 
hypothesis that eCSC ageing is a stochastic process, affecting only the ‘aged/senes-
cent’ eCSCs and not the whole eCSC cohort ([ 64 ]; Ellison et al. unpublished data). 

 Taken collectively, evidence indicates that in the aged and diseased heart, the 
apparent increase in eCSC numbers does not compensate effectively for cardiomyo-
cyte loss during ageing and disease, due to telomere attrition and, therefore, 
increased senescence of the eCSC pool and, consequently, their differentiated progeny. 
If eCSC ageing is itself an important determinant of cardiac ageing, then it may be 
possible to treat age-related diseases by developing strategies (see below) to pre-
vent, attenuate or even reverse eCSC ageing and senescence.  

6.3     Potentiated Stem Cell Activity with Physiological 
Cardiac Growth and Adaptation 

 In response to stress (hypoxia, exercise, work overload), a proportion of the resident 
eCSCs are rapidly activated, multiply and generate new muscle and vascular cells, 
contributing to physiological cardiac remodelling [ 154 ]. We have recently shown 
that physiological stress, such as the increased cardiac workload that accompanies 
exercise training, can stimulate c-kit pos  eCSC proliferation and differentiation 
in vivo leading to new cardiomyocyte formation and angiogenesis, which in 
 conjunction with cardiomyocyte hypertrophy contributes to increased myocardial 
mass and enhanced cardiac function [ 151 ]. Specifi cally, we found that rats that 
underwent treadmill running at 85–90 % of maximal exercising capacity (VO 2 max ) 
for 30 min/day, 4 days/week, almost doubled their number of c-kit pos  eCSCs at 2 
weeks, and this eCSC activation was governed by the growth factors neuroregulin 
and IGF-1, which were upregulated in the exercise stressed myocardium [ 151 ]. 
Similarly, swimming exercise has been found to signifi cantly increase the number 
of c-kit pos  eCSCs isolated from the hearts of swim trained mice (~8 % of small car-
diac cells isolated), compared to sedentary controls (1.5 %) [ 154 ].  

6.4     Potentiated Cardiac Stem–Progenitor Cell Activity 
in the Acute Injury Setting 

 In comparison to chronic heart disease which develops over a long period of time, 
acute damage such as an acute myocardial infarction (MI; ischaemia) develops very 
rapidly, leading to segmental loss of myocardium. In response to MI, resident 
Sca1 pos /CD31 neg  eCSCs signifi cantly increase in number in the LV 7 days post-MI 
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[ 42 ]. Furthermore, 1 and 2 weeks after MI there is an increase in the number of 
CDCs generated from tissue explants, with the largest fraction within these CDCs 
being the Sca1 pos /CD45 neg  subpopulation [ 38 ]. However this increase is attenuated 4 
weeks post-MI back to baseline [ 38 ]. A study by Mouquet et al. [ 96 ] observed a 
decrease in cardiac SP cells upon permanent coronary occlusion, followed by recon-
stitution of this population to normal levels through self-proliferation and homing 
of bone marrow-derived cells (BMDCs) [ 96 ]. 

 Although eCSCs can respond to myocardial infarction and segmental tissue loss with 
an expansion in cell number and differentiation into new cardiomyocytes and vascula-
ture [ 8 ,  13 ], the response is insuffi cient to recover and replace the damaged tissue and 
restore cardiac function. In addition to this, the new cardiomyocytes that are formed are 
not fully matured resulting in small myocytes with reduced contractile power [ 19 ]. 

 Recently, Emmert et al. [ 155 ] documented that the number of cardiac SP and c-kit pos  
eCSCs was signifi cantly elevated in the atria and ventricles samples isolated from 
ischaemic, compared to non-ischaemic human hearts [ 155 ]. The response of eCSCs 
to MI is much more potent in models of acute infarction compared to chronic damage. 
Urbanek and colleagues [ 13 ] reported that the increase in the number of telomerase-
competent dividing c-kit pos  eCSCs was greater in patients with acute infarction (28 %) 
than those with chronic infarctions (14 %) or controls (1.5 %). Mitotic index of these 
cells increased 29-fold in acute damage and 14-fold in chronic damage. Differentiation 
of these cells into the three main myocardial lineages (cardiomyocytes, smooth 
 muscle and endothelial) was 85- and 25-fold greater in acute and chronic infarcts, 
respectively. Cells expressing senescence markers (p16 Ink4a  and p53) were more abun-
dant in chronic damage (40 %) than acute (18 %), and  apoptosis was greater in the 
chronic group. These studies indicate that the response of eCSCs is more potent in an 
acute damage setting than a chronic setting, with an increased expansion of more 
functional, less senescent eCSCs that show enhanced differentiation potential. 

 In a model that more closely resembles tissue wear and tear, we have previously 
shown that an acute β-adrenergic overload, thorough injection of isoproterenol 
(ISO; 5 mg kg −1 ), in the rat leads to acute cardiac failure with diffuse myocardial 
damage killing up to 10 % of the cardiomyocytes, in the presence of a patent coro-
nary circulation [ 104 ]. The c-kit pos  eCSCs are resistant to the noxious effects of this 
acute hyperadrenergic state and rapidly become activated, proliferate and increase 
in number peaking 1–3 days after the ISO-induced damage [ 104 ]. Furthermore, 
through their activation and ensuing differentiation into cardiomyocytes, c-kit pos  
eCSCs participate in the spontaneous regenerative response of the myocardium and 
restoration of cardiac function over 28 days ([ 150 ]; Ellison et al. unpublished data).  

6.5     Alterations/Decline in Cardiac Stem–Progenitor 
Cells in Chronic Disease 

 The effect of ageing on eCSC number has been discussed above; however, ageing is 
often associated with chronic heart disease, which in general stimulates an 
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expansion in eCSC number [ 13 ,  156 – 160 ]. Increased numbers of eCSCs have been 
reported in thoracic aortic aneurysm (TAA) and thoracic aortic dissection (TAD) 
tissue, compared to healthy control aortic tissue [ 156 ] and in hearts from patients 
with ischaemic cardiomyopathy, compared to controls [ 157 ]. 

 The type of disease and treatment also appears to play a role in determining the 
degree of eCSC expansion. Itzhaki-Alfi a et al. [ 110 ] isolated and cultured small car-
diac cells from patients with valvular disease, hypertension, pulmonary hypertension 
and atrial dilation. They found that c-kit pos  eCSCs that were multipotent and able to 
contribute to myocardial regeneration in all four cardiac chambers were similar in 
number for all pathologies except those suffering from hypertension, for which the 
percent number of c-kit pos  eCSCs obtained was 10 % higher (23 %) than normoten-
sive patients (13 %), and this increased to 31 % in patients with end-stage heart 
failure [ 110 ]. Gambini et al. [ 161 ] also reported that the number of c-kit pos  eCSCs 
isolated from right atrial appendages was increased in patients undergoing beta 
blocker treatment and statins and those with pulmonary hypertension. Interestingly, 
smoking, atrial fi brillation and a history of MI were signifi cantly associated with an 
impairment of c-kit pos  eCSC proliferation [ 161 ]. Furthermore, Kubo et al. [ 162 ] 
reported that the number of c-kit pos  eCSCs is increased in patients with advanced 
heart failure requiring transplantation [ 162 ]. In contrast, Cesselli et al. [ 136 ] found 
that the number of c-kit pos , Lin neg  eCSCs was threefold higher in the atria of hearts 
from healthy donors than patients with chronic heart failure (ischaemic, hypertrophic 
and idiopathic dilated cardiomyopathy or valvular defects and acromegaly). 

 As with aged patients, congenital heart disease also stimulates eCSC expansion 
in children [ 159 ,  160 ]. Sato et al. [ 160 ] found that c-kit pos  eCSC number was fi ve-
fold greater in the hearts of children with congenital heart disease than in controls 
and that the number of c-kit pos  CSCs detected was positively correlated to the per-
cent number of apoptotic myocytes found [ 160 ]. Similarly, Rupp et al. [ 159 ] found 
that the percent number of c-kit pos , tryptase neg , CD45 neg  eCSCs in the hearts of chil-
dren with pressure overloaded right ventricles (0.84 % of cardiac myocyte depleted 
small cells) and dilated cardiomyopathy (0.22 %) was greater than in the hearts of 
children after transplantation (0.15 %). 

 Although it appears eCSCs are more abundant in the diseased heart compared to 
age-matched controls, as discussed above, a higher proportion of these eCSCs are 
senescent and dysfunctional [ 13 ,  133 ,  136 ].   

7     Clinical Potential and Future Directions 

7.1     Paracrine/Autocrine Repair and Regenerative 
Effects of Cellular Therapy 

 The identifi cation of endogenous repair mechanisms in the neonatal to adult heart, 
where the eCSCs play a central role, has raised the question of whether endogenous 
cardiac repair and regeneration may be realised therapeutically. 
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 Over the past decade, regenerative myocardial therapies have focused largely on 
bone marrow-derived cells (BMDCs) as contenders for cardiac repair and have thus 
far presented mixed results [ 162 – 164 ]. Many clinical trials have demonstrated 
improved cardiac function following BMDC transplantation; however, in most 
cases this has been marginal at best. A recent systematic review reported an overall 
improvement in LVEF of 3.96 % and a 4.03 % reduction in infarct size [ 165 ]. The 
underlying mechanism by which BMDCs promote regeneration is still extensively 
debated; however, it is now widely accepted that BMDCs secrete growth factors and 
cytokines positively contributing to the local regenerative milieu. Indeed, BMDCs 
act primarily through this paracrine mechanism, which in turn stimulates cardiac 
repair processes through enhanced angiogenesis, myocyte survival, decreased apop-
tosis and fi brosis and activation of endogenous eCSCs with ensuing new myocyte 
formation [ 7 ,  98 ,  166 – 168 ]. In support of this, MSCs have been shown to exude a 
broad array of cytokines, chemokines and growth factors, which may be implicated 
in cardiac repair [ 169 ]. Studies have also demonstrated that BMDC-associated para-
crine factors are capable of stimulating cardioprotective effects via regulation of 
cardiac miRNAs [ 170 ]. Furthermore, BMDC conditioned media were found to 
improve cardiac function in rats post-MI [ 171 ]. 

 While the scientifi c debate on BMDCs mode of action continues, experimental 
studies have nevertheless highlighted their potential as a source of autologous cells 
for therapeutic application due to their accessibility, ease of propagation and repara-
tive capabilities [ 172 ].  

7.2     Autologous Cardiac Stem–Progenitor Cell Transplantation 

 The identifi cation of eCSCs in the adult heart has been a turning point in the quest 
to develop therapeutic strategies for cardiac regeneration. Initial experiments inves-
tigating the transplantation of autologous c-kit pos  eCSCs found that intracoronary 
administration stimulated functional regeneration post-MI in rats [ 173 ]. Although 
eCSC experimental studies are still in their infancy we have already witnessed the 
initiation of the fi rst clinical trials investigating the effects of delivering autologous 
eCSCs to humans. 

 The SCIPIO clinical trial, the fi rst man to investigate c-kit pos  eCSCs, reported 
that 16 patients with ischaemic cardiomyopathy received intracoronary infusions of 
0.5–1 × 10 6  c-kit pos , autologous eCSCs, and compared to controls these patients ben-
efi ted from an 8- and 12-unit increase in LVEF, 4 and 12 months after infusion, 
respectively [ 174 ]. A subset of seven patients was subject to cMRI analysis, which 
confi rmed that the infarct region had signifi cantly decreased in size up to 12 months 
following c-kit pos  eCSC transplantation [ 174 ]. 

 Despite the lack of information on many biological aspects of the in vitro 
expanded CDCs, phase I clinical trial CADUCEUS was performed in humans. In 
this trial, 17 patients with an LVEF ranging between 25 and 45 % were intracoronary 
injected with 25 × 10 6  CD105 pos , autologous CDCs and cMRI analysis revealed a 
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12 % decrease in infarct size, compared with controls, and viable myocardial mass 
increased by 13 g from baseline after 12 months; however no change in LVEF was 
noted following transplantation [ 114 ]. 

 Recently, the ALCADIA clinical trial was initiated, which will focus on a hybrid 
biotherapy approach for treating chronic ischaemic cardiomyopathy. This transla-
tional study is focusing on the safety and effi cacy of autologous clonally amplifi ed 
CSCs, which have shown to be enriched for embryonic stem cell markers and have 
mesenchymal cell characteristics [ 175 ]. This trial is also investigating cell therapy 
with the controlled release of basic fi broblast growth factor (bFGF) from a gelatin 
hydrogel sheet. 

 While this innovative work has proved promising in the respect that transplanta-
tion of autologous CSCs has not resulted in any adverse health effects, we now 
await further studies which focus on the effi cacy of eCSC-based therapies and com-
pare these to results obtained with BMDCs. However, many questions relating to 
eCSC basic biology still remain unanswered, particularly their long-term effective-
ness and regenerative potential. It is imperative that such issues be addressed quickly 
if the full potential of these cells is to be realised, manipulated and applied clini-
cally. This information should become available before the start of clinical trials, 
because it can be better obtained in the laboratory and with experimental animal 
models before posing patients at risk. 

 The advent of induced pluripotent stem cell (iPSC) technology in recent years 
has provided another potential source of autologous cells for myocardial repair 
[ 176 ]. To date, functional cardiomyocytes have been successfully generated from 
iPSCs in vitro [ 177 ] and have been highlighted as an inexhaustible source of cardio-
vascular cells. Functional characterisation of iPSC-derived cardiomyocytes (iPSC- 
CMs) has been conducted using molecular and electrophysiological techniques in 
order to verify their cardiomyocyte-like phenotype and a number of studies have 
shown effective modelling of cardiovascular diseases, such as long-QT syndrome 
using iPSC-CMs [ 178 ,  179 ]. In moving iPSC knowledge towards the clinic, a major 
breakthrough came when Ieda et al. identifi ed a triage of transcription factors, 
Gata4, Mef2c and Tbx5 (GMT), which together are capable of directly reprogram-
ming mouse fi broblasts towards a cardiomyocyte fate (iCMs) [ 180 ]. This strategy 
has since been applied in vivo with successful reprogramming of native murine 
cardiac fi broblasts to cardiomyocyte-like cells by local delivery of GMT after coro-
nary ligation [ 181 ]. Of note, these strategies have only been performed in murine 
models and have yet to be proven in humans. While a multitude of techniques for 
generating iPSCs have been developed in recent years, there are currently a number 
of limitations concerning the safety and effi ciency of iPSCs for use in regenerative 
therapies and until we are able to generate iPSCs free from foreign chemical or 
genomic elements on a much larger scale we will need to look towards alternative 
sources for treatment of cardiovascular injury. 

 While autologous eCSCs undoubtedly hold great promise for cardiac repair their 
isolation and expansion prior to cell transplantation can be complex, time- consuming 
and costly. This has raised the question of whether it may be advantageous to target 
the activation and regenerative capacity of the resident eCSCs to reconstitute dam-
aged myocardium in the absence of cell therapy.  
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7.3     Autologous Regeneration Without Cell Transplantation 

 In an attempt to move towards cell-free, protein-based therapies, various growth 
factors and cytokines have been identifi ed as potential candidates for therapeutic 
cardiac regeneration and as this list expands so too does our awareness of growth 
factor-mediated regenerative potential. Vascular endothelial factor (VEGF) is one 
such factor, which has been identifi ed as central in promoting neo-vascularisation 
post-MI [ 182 ]. Initially phase II clinical trials suggested that limited functional ben-
efi ts were observed upon direct administration of VEGF post-MI [ 183 ]. However, 
this is now known to be due to the short half-life of VEGF and goes some way to 
demonstrate how important initial experimental studies are when designing clinical 
trials. Recent studies have focused on delivering VEGF in combination with various 
scaffolds and have achieved much greater success in stimulating angiogenesis and 
restoring cardiac function [ 184 ,  185 ]. 

 Neuregulin 1 (NRG-1) is another key factor implicated in stimulating cardiac 
repair and regeneration [ 151 ,  186 ]. An Ig domain containing form of NRG-1β, also 
known as glial growth factor 2 (GG2), has been shown to improve LVEF and remod-
elling in pigs post-MI, compared to controls [ 187 ]. It is thought that NRG-1 imparts 
functional benefi ts by activating and increasing c-kit pos  eCSC proliferation [ 151 ], 
inducing cardiomyocyte replacement [ 188 ], protecting cardiomyocytes from apop-
tosis and improving mitochondrial function [ 187 ]. 

 Insulin growth factor 1 (IGF-1) and hepatocyte growth factor (HGF) are also 
promising targets. IGF-1 acts as an intermediate of several growth hormone 
responses and modulates multiple signalling cascades, resulting in a potent prolif-
erative signal that blocks apoptosis and stimulates growth in many different cells 
and organs [ 189 ]. Paradoxically, experimental evidence shows that reduced IGF-1 
signalling in animals is associated with life span extension, rendering an unclear 
image of this factor’s potential [ 190 ]. Experimental studies have begun to unravel 
the complex function of IGF-1 with skeletal muscle-restricted expression of IGF-1 
found to increase bone marrow and local stem cell pools, providing evidence for its 
dramatic effects on muscle mass in vivo [ 191 ]. Comparable fi ndings have been 
reported in the heart with cardiac overexpression of IGF-1 found to increase the 
abundance of c-kit pos /Sca-1 pos  SP cells in the bone marrow and CD34 pos  SP cells in 
the heart [ 192 ].    In addition, IGF-1 was found to mediate the release of cytokines 
involved in activating these SP cells, therefore promoting crosstalk between the 
heart and bone marrow and leading to an enrichment of capillaries in response to 
injury [ 193 ]. Kawaguchi et al. demonstrated that c-kit pos  GATA-4 high  eCSCs exert a 
paracrine effect when co-cultured with rat cardiomyocytes, enhancing their survival 
and contractility through induction of the IGF signalling pathway [ 194 ]. Cardiac 
overexpression of IGF-1 led to restoration of cardiac function in post-infarcted 
mice, which was facilitated by modulated infl ammatory response, increased anti- 
apoptotic signalling and increased proliferative activity in the ventricular tissue 
[ 192 ]. Furthermore, IGF-1 overexpression reduced c-kit pos  eCSC and cardiomyo-
cyte senescence and death by enhancing telomerase activity in eCSCs and younger 
cardiomyocytes and conferring protection from telomeric shortening, oxidative 
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injury, growth arrest and apoptosis [ 103 ]. It is suggested that the beneficial 
paracrine mechanism of IGF-1 in the heart acts via JNK1/SirT1 signalling [ 195 ], 
through interference with ROS generation and oxidative DNA damage reversal by 
homologous recombination [ 196 ,  197 ]. Elucidating these mechanistic roles for 
IGF-1 will play an important part in understanding how to stimulate endogenous 
regeneration in a clinical setting. 

 HGF and its associated receptor c-met were primarily identifi ed as mediators of 
liver regeneration [ 198 ]. However, since its initial discovery, HGF has been linked 
to various tissues and has been reported to have mitogenic and anti-apoptotic capa-
bilities [ 199 ]. Nakamura et al. [ 200 ] have provided evidence of the role of endoge-
nous HGF in cardioprotection by identifying the expression of both HGF and c-met 
in cardiomyocytes and demonstrated that plasma levels of HGF rapidly increase in 
response to ischaemia/reperfusion injury. Neutralisation of HGF in vivo has shown 
to result in the progression of cardiac dysfunction while administration of exoge-
nous HGF has shown to reduce apoptosis, decrease the infarct size and stimulate an 
improvement in cardiac function, compared with controls [ 200 ,  201 ]. A number of 
experimental studies have targeted HGF for myocardial regeneration and have 
shown that HGF is capable of stimulating migration, proliferation and differentia-
tion of eCSCs [ 19 ,  202 ]. To date in vivo evidence of HGF myocardial regeneration 
has largely been achieved using adult stem cells overexpressing HGF; for example, 
Zhu et al. [ 203 ] investigated the effects of transplantation of human adipose tissue- 
derived stem cells overexpressing HGF in a rat model of AMI and reported an 
increased LVEF along with marked improvements in fi brosis and angiogenesis after 
28 days [ 203 ]. Recent advances in gene therapy have led to the fi rst human clinical 
trials investigating the feasibility of delivering HGF to patients with severe coronary 
artery disease. Yang et al. were able to confi rm the safety of delivering HGF using 
an adenoviral vector delivery system; however, this study provided little evidence 
on the effi cacy of HGF in promoting functional cardiac regeneration [ 204 ]. 

 We have recently tested the regenerative effects of intracoronary administration 
of IGF-1 and HGF, in doses ranging from 0.5 to 2 μg HGF and 2 to 8 μg IGF-1, just 
below the site of left anterior descendent occlusion, 30 min after AMI during coro-
nary reperfusion in the pig. This growth factor cocktail triggers a regenerative 
response from the c-kit pos  eCSCs, which is potent and able to produce anatomically, 
histologically and physiologically signifi cant regeneration of the damaged myocar-
dium without the need for cell transplantation [ 19 ]. IGF-1 and HGF induced eCSC 
migration, proliferation and functional cardiomyogenic and microvasculature dif-
ferentiation. Furthermore, IGF-1/HGF, in a dose-dependent manner, improved car-
diomyocyte survival and reduced fi brosis and cardiomyocyte reactive hypertrophy. 
Interestingly, the effects of a single administration of IGF-1/HGF are still measur-
able 2 months after its application, suggesting the existence of a feedback loop trig-
gered by the external stimuli that activates the production of growth and survival 
factors by the targeted cells, which explains the persistence and long duration of the 
regenerative myocardial response. These histological changes were correlated with 
a reduced infarct size and an improved ventricular segmental contractility and ejec-
tion fraction at the end of the follow-up assessed by cMRI [ 19 ]. 
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 Finally, Smart et al. [ 80 ] showed in the adult infarcted mice heart that Wt1 pos  
EPDCs through pre-treatment (priming) with thymosin β4 (Τβ4) proliferated and, 
following migration to the peri-infarct and border regions, induced expression of 
vascular and cardiomyocyte proteins, giving rise to neovascularisation and structur-
ally and functionally competent cardiomyocytes. These fi ndings add signifi cant 
knowledge on the cardiogenic potential of the EPDCs in the adult heart; however, it 
must be noted that Tβ4 activation only caused a very low number of EPDCs (<1 % 
of the total activated EPDCs) to differentiate into cardiomyocytes, marking this 
approach as ineffi cient and placing EPDCs far from being applicable in resident 
cell-based therapy in human cardiac disease. 

 Taken together these fi ndings highlight the potential for utilising growth factors 
and cytokines as non-invasive strategies for cardiac regeneration and may lead the way 
to a therapy which is ‘off-the-shelf’, affordable, readily available and compatible with 
current clinical standard of care for AMI. Signifi cant progress in understanding the 
mobilisation, proliferation and differentiation of eCSCs has been made in recent years. 
Nevertheless, we still require a more comprehensive understanding of eCSC biology, 
in particular in terms of their long-term effectiveness and regenerative potential, in 
order to derive maximal potential from these cells in a clinical setting. Elucidating 
factors that stimulate eCSCs and regulate their fate and maturation will facilitate the 
identifi cation of therapeutic solutions for cardiac regeneration and enable us to develop 
effective, non-invasive strategies for myocardial regeneration in the future.      
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    Abstract     Underlying mechanisms leading to pituitary plasticity by which the 
gland adapts the number of hormone-producing cell to the continuously changing 
physiological requirements are still poorly understood. Adult stem cells were shown 
to direct homeostatic cell maintenance, regeneration, and functional plasticity in 
several organs and tissues. Only recently potential stem cells were identifi ed and 
phenotypically characterized in adult pituitary. Multiple possible stem/progenitor 
cell candidates were proposed, but different studies have been only partially recon-
ciled. Here, we critically analyzed the reports addressing the identifi cation of adult 
pituitary stem cells, trying, when possible, to reunite the results of the different 
studies. Nonetheless, in light of the still non-complete characterization of these 
cells, some discrepancies among the published studies are still apparent. Importantly, 
long-term in vitro self-renewal, a defi ning feature of stem cells, remains to be 
unequivocally demonstrated. Finally, the potential role of adult pituitary stem (or 
progenitor) cells in pituitary adenoma development will be discussed.  
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  MP    Main population   
  PASCs    Pituitary adenoma stem-like cells   
  Sca1    Stem cell antigen 1   
  SMA    Smooth muscle actin   
  SP    Side population   
  TIC    Tumor-initiating cells   

1           Introduction 

 The existence of stem-like/progenitor cell population was hypothesized since 1969 
in studies in which the transplantation of undifferentiated (chromophobe) pituitary 
cells in hypophysectomized rats was reported, to originate differentiated (hormone- 
producing) pituitary cells [ 1 ]. 

 Moreover, indirect evidence of the presence of multipotent cells within pituitary 
was obtained by the adaptive responsiveness of pituitary to both physiological and 
pathological conditions. 

 In vertebrates pituitary develops from the most anterior part of the anterior neural 
ridge [ 2 ]. During early development oral and neural ectoderms are located in close 
proximity: differentiating signals start from neural ectoderm to oral ectoderm that 
invaginates in the Rathke’s pouch. Subsequently, Rathke’s pouch forms a closed 
epithelial structure separating from the oral ectoderm, giving rise to anterior pitu-
itary, which is composed of several types of specialized endocrine cells able to 
produce and release the different hypophyseal hormones, namely, GH (somato-
trophs), prolactin (lactotrophs), TSH (thyrotrophs), POMC (corticotrophs), and LH/
FSH (gonadotrophs). On the other hand, from neural ectoderm originate the infun-
dibulum and the pituitary neural lobe containing hypothalamic neuron terminal and 
releasing vasopressin and oxytocin [ 3 ]. 

 Several studies analyzing cell proliferation and differentiation within Rathke’s 
pouch identifi ed two levels of regulation of stem/progenitor cell activity involving 
embryogenesis and postnatal days. In mouse embryo, between days 11.5 and 18.5, 
pituitary cells shift from mainly proliferating to differentiating populations, while 
proliferating cells can be observed only around the ridge of the Rathke’s pouch, 
named marginal zone [ 4 ]. Marginal zone (also defi ned as the cleft separating ante-
rior and intermediate pituitary lobes) has been indeed identifi ed as putative “stem 
cell niche” in pituitary [ 5 ]. Functional and morphological evidence supports the 
assumption that cells located in this region could actually represent stem cells. For 
example, cells in marginal zone do not express secretory granules, as differentiated 
pituitary cells, and are characterized by reduced endoplasmic reticulum, by abun-
dance of free ribosomes and polysomes, and by the expression of potential stem cell 
markers, such as Sox2 [ 3 ]. Importantly, while during pituitary organogenesis prolif-
erating Sox2-expressing cells are readily observed throughout the gland, after 
development they are mainly localized within the marginal zone. 

 In the adulthood, pituitary proliferating cells are highly reduced in number, 
and, concomitantly, the number of differentiated cells increases. While all 
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hormone- producing cell types are already developed at birth, pituitary is not com-
pletely formed yet and, in rodents, its growth and maturation continue for a few 
weeks in postnatal period [ 6 ]. It was shown that terminally differentiated hor-
mone-secreting cells during this period can reenter the cell cycle to increase a 
given hormone- producing population cell number, although current evidence pro-
poses that the increase in pituitary cell number is mainly derived from a popula-
tion of so-called “transient-amplifying cells” derived from differentiation of cells 
in the stem compartment that migrate into pituitary parenchyma where they start 
to actively proliferate [ 7 ]. 

 The continuous generation of “transient-amplifying cells” from stem cells would 
also represent the mechanism by which, in normal conditions, the whole adult pitu-
itary cell compartment is completely renewed every 5–8 weeks [ 3 ,  8 ,  9 ]. In fact, in 
“basal” conditions, in the absence of hypothalamic or other hormonal stimuli, most 
of these cells undergo apoptosis commitment, limiting the proliferation activity to 
the replacement of dying cells. Nevertheless, in several physiological conditions 
(growth, puberty, pregnancy, lactation), in which a general reorganization of pitu-
itary structure and cell composition is required, the activity of these cells can largely 
increase [ 8 ,  9 ]. For example, after adrenalectomy or orchiectomy a great surge in the 
number of corticotroph or gonadotroph cells occurs in adult pituitary [ 10 ,  11 ]. In a 
more physiological setting, lactotroph number increases several folds during preg-
nancy and lactation to adapt the prolactin secretion required in those conditions [ 12 ]. 

 Still three mechanisms can account for adult pituitary plasticity: (1) differenti-
ated (hormone-producing) cells enter mitosis [ 13 ]; (2) transdifferentiation of dif-
ferentiated cell populations [ 14 ]; and (3) recruitment of putative adult pituitary 
stem/progenitor cells [ 15 ]. 

 The fi rst two mechanisms, mitotic activation of differentiated/hormone- 
producing pituitary cells and transdifferentiation from a different pituitary cell type 
(mostly conversion of somatotrophs in lactotrophs), are believed to represent only a 
minor way of pituitary plasticity. In fact, hormonally null cells comprise more than 
90 % of mitotic events observed during adrenalectomy, and only after few weeks 
differentiate corticotroph cells are generated (for review, see [ 16 ,  17 ]). Similarly, 
genetic lineage trace experiments demonstrated that new prolactin-secreting cells, 
developed in response to estrogens (for example, during pregnancy), rarely derive 
from differentiated somatotroph cells [ 18 ], but, again, mainly derive from a self- 
limiting wave of proliferation of the nonhormonal pool of pituitary cells [ 12 ]. Thus, 
most of basal pituitary cell turnover and cell lineage changes, occurring as dynamic 
adaptation in physiological or pathological conditions, are driven by recruitment of 
pituitary cell subpopulation endowed with stem/progenitor cell characteristics [ 15 ]. 

 In the past years, a large effort was dedicated to the search of putative pituitary 
stem or progenitor cells, and only in recent years convincing data were produced to 
sustain this hypothesis, opening a completely novel and rapidly growing fi eld of 
research. In fact, the defi nitive demonstration of pituitary stem cells may have sig-
nifi cant clinical impact, for example, in adult-onset hypopituitarism in the context 
of regenerative medicine [ 19 ], as proposed for pancreatic β-cells in type I diabetes 
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or, more importantly, for pituitary tumors, in light of the cancer stem cell theory of 
tumor development [ 20 ]. 

 Several cell populations in adult pituitary showing phenotypes and biological 
activity resembling those of stem cells (i.e., undifferentiated cells expressing stem-
ness markers, able to self-renew, residing in specifi c areas of each tissue named 
“niches,” endowed of resistance to drugs or toxins due to high activity of DNA 
repair mechanisms and ABC transporters, and importantly to generate all the cell 
populations in a given organ or tissue [ 21 ]) were identifi ed in studies mainly involving 
murine models, but a defi nitive consensus about the characteristics of these cells has 
not been reached so far. 

 In the following paragraphs are reported the more relevant studies aimed to 
defi ne adult pituitary stem cells, trying to highlight both differences and concor-
dances among the features of the cell populations proposed. 

 In Table  1  are reported the main genes involved in the putative pituitary stem cell 
activity.

2        Side Population 

 Increased activity of ABC transporters has been the fi rst stem-like cell feature 
exploited to identify the presence of this cell subpopulation in mouse pituitary. The 
activity of ABC transporters causes the extrusion of potential toxicants from the 
cells, representing a defi ning characteristic of stem cells granting their survival and 
protection against genotoxic insults for all the life span of an organism. In fact, due 
to their prolonged survival stem cells are exposed to continuous environmental inju-
ries that require the development of effi cient defensive systems, including DNA 
repair mechanisms and extruding pumps [ 22 ]. This characteristic was applied to 
identify stem cells in different tissues as the cell population able to extrude fl uores-
cent dyes, such as Hoechst 33342, from the cytosol. Importantly, these cells can be 
visualized by FACS analysis as a “side population” (SP) forming a small “streak” 
separated from the main population (MP) that retains the dye [ 23 ]. 

 SP cells have been identifi ed in adult pituitary in mouse and dog, although with 
some difference in the phenotype among the species [ 24 ,  25 ]. 

 SP cells comprise about 1.5 % of 3–8 weeks old mouse anterior pituitary cells. 
These cells are characterized by the overexpression of several stem cell-associated 
markers (nestin, Sca1, Nanog, CD133, Oct-4) and molecular effectors of self- 
renewal (Notch, Wnt, Shh) [ 24 ,  26 ], while in a small percentage (5.8 % of total SP) 
a phenotype resembling folliculo-stellate (FS) cells was detected [ 24 ]. Conversely, 
all these markers were not (or minimally) expressed in the pituitary MP [ 24 ]. 

 SP cells are clonogenic, growing as non-adherent spheres (named following their 
origin as pituispheres) [ 24 ], a feature that, when retained after serial passages, is an 
index of active self-renewal characterizing the growth of stem/progenitor cells of 
multiple tissues [ 27 ,  28 ]. Spherogenesis activity was restricted to a subgroup of the 
cells in pituitary SP, representing about 0.02 % of the seeded anterior pituitary cells. 
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   Table 1    Summary    of some of the main genes potentially involved in pituitary stem cells and 
progenitors activity and/or their differentiation (see the text for references)   

 Gene name  Protein encoded  Main characteristic 

  Transcriptions factors (TF)  
  Sox2   SRY-related HMG box TF  General stem cell marker; it is expressed in 

cells in the pituitary marginal zone 
  Sox9   SRY-related HMG box TF  Marker of the transition between pituitary 

stem cells/progenitors and transit- 
amplifying cells 

  Prop1   Paired-like homeodomain 
TF (Prophet of Pit1) 

 It is expressed in pituitary marginal zone by 
pituitary progenitors 

  Pouf1f1(Pit1)   POU homeodomain TF  It is involved in the differentiation of cells of 
somato-lactotroph and thyrotroph 
lineages 

  Octa4 (Pou5f1)   POU homeodomain TF  Expressed in stem cells of several tissue 
  Nanog   Homeobox TF  Involved in maintaining stem cell pluripo-

tency and self-renewal 
  Hes1   Basic helix-loop-helix TF  Notch direct downstream target and effector; 

it is a repressor of cell cycle inhibitors, 
expressed in S/G 2 /M/G 1 , but not in G 0  

  Cell cycle regulators  
  Bmi1   BMI1 polycomb ring fi nger 

oncogene 
 Regulates cell cycle inhibitor genes in stem 

cells from several tissues 
  Cdk4   Cyclin-dependent kinase 4  Involved in cell cycle G 1  phase progression 
  Intermediate fi lament proteins  
  Nestin   Type VI intermediate 

fi lament protein 
 It is expressed in pituitary marginal zone as 

well as in progenitors from several tissues 
  GFAP   Glial fi brillary acidic protein 

(intermediate fi lament 
protein) 

 It is expressed in folliculo-stellate cells 

  Cytokeratin 8 
(Krt8)  

 Keratin-containing 
intermediate fi lament 
protein 

 Expressed in pituitary marginal zone in 
adulthood, but not detected in SP 

  Receptors, adhesion and cell surface proteins, and other genes  
  E-cadherin 

(Cdh1)  
 Calcium-dependent adhesion 

molecule (type 1 
transmembrane protein) 

 It is involved in transition from proliferation 
to differentiation during EMT 

  CD90   Thy1 or CD90 (cell surface 
protein) 

 Marker of a variety of stem cells 

  CXCR4   Chemokine CXC-motif 
receptor 4 

 It is the receptor for the chemokine CXCL12 
expressed by multiple stem cells or 
progenitors, including pituitary SP 

  Gfra2   GDNF receptor α 2  Stem cell marker in testis and ovary; it is 
expressed in pituitary marginal zone by 
the “GPS” cells 

  Prom1   Prominin1 (CD133)  It is expressed by multiple stem cells or 
progenitors, including pituitary SP 

  S100β   S100 calcium binding 
protein β 

 Marker of pituitary folliculostellate cells 

  Sca1   Stem cell antigen 1  It is expressed in SP cells and pericytes 
  Notch1    Notch 1     Transmembrane receptor involved in 

progenitor differentiation in CNS  
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This small cell population was phenotypically characterized as the cells that express 
Oct-4, CD133, and components of the Notch, Wnt, and Shh pathways, while did not 
contain pituitary hormones. This pattern of expression represents a molecular pic-
ture largely shared by SP cells in several tissues [ 24 ]. 

 The differences in the clonogenicity among SP cells fostered a more detailed 
analysis of SP cells. In these studies two cell subpopulations were selected, accord-
ingly to the level of expression of the stem cell antigen 1 (Sca1) that, conversely, was 
minimally expressed in the MP cells. In particular, it was proposed that SP cells 
expressing Sca1 at low level (named non-Sca1 high  fraction) and representing about 
40 % of the SP compose the putative adult pituitary progenitor population. In fact, 
differently from MP cells and the SP cells expressing high levels of Sca1 (Sca1 high  
population), non-Sca1 high  cells grow as pituispheres (at least for a limited number of 
passages) and are able to differentiate in the pituitary hormone-secreting cell types. 
As compared to the Sca1 high  SP cells, non-Sca1 high  cells overexpress (up 25-fold 
more) most of the transcription factors controlling pituitary development (Hesx1, 
Prop1, Pax6, Lhx3, Lhx4, OTX2, PITX1, and PITX2), inhibitors of apoptosis, and 
components of MAP kinase, Wnt, and Notch pathways [ 29 ]. In particular, the activa-
tion of Notch pathway maintains stem cells in undifferentiated status [ 19 ], playing a 
relevant role in the stem cells proliferation being modulated by growth factors com-
monly used to select stem cells in vitro (EGF, bFGF, and LIF) [ 29 ]. Interestingly 
non-Sca1 high  cells co-express pituitary transcription factors normally identifi ed at dif-
ferent stages during pituitary development [ 19 ], suggesting that this population is 
heterogeneous including both stem-like cells and more  differentiated progenitors [ 3 ]. 

 Sox2 and Sox9 were also detected only in non-Sca1 high  cells (about 50 % and 
30 %, respectively) but were virtually absent in Sca1 high  cells, while nestin, as well 
as OCT4 and Bmi-1, was equally detected in the two populations [ 29 ], suggesting 
that these markers (representing protein involved in self-renewal of stem cells) are 
not specifi c for pituitary stem cells. The majority of the cells in pituispheres derived 
from non-Sca1 high  cells co-express Sox2 and nestin [ 30 ]. This observation suggests 
that self-renewal activity mainly rests in Sox2-expressing cells (representing 50 % 
of the non-Sca1 high  population). After differentiation in hormone-producing cells, 
Sox2 expression ceased, confi rming the specifi city of the expression of this tran-
scription factor in putative pituitary stem cells. Importantly, in agreement with other 
studies [ 30 ], Sox2 +  cells were identifi ed in small number in proximity of the pitu-
itary stem cell niche (the marginal zone around the cleft) [ 5 ]. However, clusters of 
Sox2 +  cells are also scattered within the anterior pituitary parenchyma [ 24 ,  30 – 32 ], 
being suggestive of the existence of multiple niches [ 5 ]. On the other hand, the high 
level of expression of nestin in Sca1 high  cells is in agreement with data showing that 
nestin is also expressed in non-endocrine pituitary cells, including folliculo-stellate 
(FS) cells and pericytes that, as a consequence, were interpreted as subsets of the 
Sca1 high  cell component. Indeed, microarray analysis showed that Sca1 high  cells also 
express S100β and several angiogenesis-related genes, and thus, in consideration of 
the recognized role of Sca1 in endothelial development [ 33 ], it was proposed that 
these cells may represent a subset of FS cells and/or endothelial progenitors rather 
than pituitary progenitors [ 29 ].  
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3     SOX2 + /SOX9 –  Cells 

 In agreement with the studies on pituitary SP, using different approaches, several 
other studies focused on Sox2 as a marker for putative pituitary stem cells. Sox2, a 
transcription factor of the high mobility group (HMG) family, is a reasonable can-
didate to identify these subpopulations since it is expressed at high levels in 
embryos, playing a relevant role in CNS development [ 34 ], while it is downregu-
lated during cell differentiation. Thus, it was proposed that, in adulthood, only stem 
cells retain Sox2 expression. Importantly, Sox2 is also required for normal pituitary 
development [ 35 ]. 

 In murine postnatal pituitary, the pattern of Sox2 expression is similar to that of 
developing embryonic gland, being localized in about 3 % of the postnatal anterior 
pituitary cells localized in the marginal zone between anterior and intermediate lobe 
and occasionally scattered throughout the adenohypophysis [ 29 ,  30 ,  36 ]. Sox2 +  
cells often co-express E-cadherin, suggesting that epithelial to mesenchymal transi-
tion might be required to Sox2-expressing cells to become rapidly dividing and 
differentiate [ 30 ]. In postnatal pituitary, Sox2 +  cells were also reported to express 
PROP1, a transcription factor involved in pituitary organogenesis, but their number 
rapidly decreases at postnatal day 15, suggesting that a signifi cant qualitative transi-
tion occurs during this early phase of development [ 36 ]. As far as the meaning of the 
Sox2 +  cells scattered throughout the anterior pituitary parenchyma, it was hypoth-
esized either a transition to a “niche-independent” state or that supporting cells, 
such as FS, could represent a sort of diffuse “mini-niche”. 

 In the adult, Sox2-expressing cells represent less than 5 % of total anterior lobe 
cell population, but, differently from embryonic cells, only 1 % of the Sox2 +  cells 
do not express Sox9, another transcription factor involved in embryo development 
for sex determination and later for chondrogenesis [ 37 ,  38 ]. Sox9 is also involved in 
pituitary development, but its expression in Rathke’s pouch occurs much later than 
Sox2. Indeed, there is a temporal modifi cation in the expression of these transcrip-
tion factors during embryogenesis, with a progression during development from a 
Sox2 + /Sox9 –  phenotype to a double positivity and only a minority of the cells remain 
Sox2 + /Sox9 – . Similar, but quantitatively different, results were obtained by SP stud-
ies [ 29 ] (see above), with non-Sca1 high  cells also being Sox2 + , and only a low per-
centage of these cells was reported to be also Sox9 positive [ 30 ]. Importantly, in 
BrdU labeling experiments, Sox2 + /Sox9 +  cells were showed to retain a signifi cant 
proliferation rate, suggesting that this population may represent transit-amplifying 
cells. In fact, the proliferation wave observed in pituitary shortly after birth is mainly 
represented by Sox2 + /Sox9 +  cells. Conversely, Sox2 + /Sox9 –  showed persistence of 
the staining during label-retaining experiments [ 30 ], an index of slow cell division 
activity, as often observed in adult stem cells. This    observation suggests that, in 
adult pituitaries, Sox2 + /Sox9 –  cells represent the reserve of quiescent multipotent 
cells for organ maintenance, evolving into Sox2 + /Sox9 +  cells in case of tissue loss 
or in response to physiological adaptive requirements [ 3 ]. 

 This hierarchical order in pituitary stem cells was confi rmed in vitro. Pituispheres 
generated in vitro by potential postnatal murine pituitary stem cells using selective 
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culture conditions (medium containing growth factors without fetal calf serum, 
FCS) are composed by cells showing Sox2 + /Sox9 –  phenotype, while Sox9 expres-
sion occurs only after at least 1 week in culture [ 30 ]. FACS analysis of Sox2 +  cells 
isolated from pituitaries of Sox2-EGFP mice [ 39 ] confi rmed that Sox2 expression is 
required for the formation of spheres that originated only from GFP-positive cells 
[ 17 ]. However, it was not possible to propagate these spheres for more than two 
passages, suggesting that these Sox2 +  cells could represent multipotent progenitors 
rather than “real” stem cells, for which at least fi ve in vitro passages are considered 
a defi ning requirement [ 15 ]. Alternatively, the in vitro culture conditions used might 
still lack some relevant factors required to retain stemness [ 3 ]. Again, in agreement 
with SP studies [ 29 ], Sox2 +  cells within pituispheres express also E-cadherin and 
are completely hormone negative [ 30 ]. However, co-expression of Sca1 was also 
reported [ 30 ], an observation discordant with the characteristics identifi ed in the 
stem/progenitor cells within SP (non-Sca1 high  phenotype) [ 29 ]. 

 Prolonged (1 week) in vitro culture of Sox2 +  cells induced, besides Sox9, also 
the expression of nestin and S100, while Sca1 is downregulated, but no spontaneous 
differentiation (for pituitary hormone expression) occurred. The shift to a medium 
containing FCS, as reported for stem cell cultures from several tissues, caused the 
disaggregation of spheres and the adherence of the cells to the culture substrate 
inducing a FS-like phenotype. To obtain endocrine differentiation this pituitary cell 
population has to be cultured as cellular aggregates on matrigel without growth fac-
tors [ 30 ]. In these latter experimental conditions all the pituitary hormones were 
detected with, sometime, the expression of multiple hormones in same sphere, con-
fi rming the multipotentiality of these cells. Altogether these observations allowed 
the proposal of Sox2 + /E-cadherin + /Sox9 – /S100 –  as putative pituitary stem/progeni-
tor cells, while Sox2 + /Sox9 + /S100 + /E-cadherin –  cells could represent FS cells with 
transit-amplifying properties, already committed to differentiation [ 17 ]. 

 More recently, a substantial evidence for the role of Sox2 +  cells as stem cell 
component was demonstrated in a transgenic mouse model of pituitary regeneration 
[ 40 ,  41 ]. To conditionally destroy selective pituitary cell types (i.e., GH- or prolactin- 
secreting cells) a transgene was constructed to have a conditional expression of 
diphtheria toxin receptor driven by the promoters for GH (GHCre/iDTR mice) [ 40 ] 
or PRL (PRLCre/iDTR mice) [ 41 ]: the expression of the toxin receptor leads to the 
disruption of the cells after activation induced by administration of diphtheria toxin, 
thus representing a model of selective adult pituitary cell ablation. The treatment of 
GHCre/iDTR mice for 3 days with diphtheria toxin causes, 1 week later, the oblit-
eration of about 90 % of the GH cells. In these conditions a rapid surge of Sox2-
expressing cells, as well as of FS cells, was detected. In situ analysis showed that 
Sox2 +  cell expansion occurred mainly in the marginal layer. Concomitantly, double 
labeled Sox2/GH cells appeared throughout the gland. These data clearly support 
the regenerative potential of adult pituitary and that Sox2 +  cells represent a main 
component of the subpopulation endowed with this activity. Similar results were 
obtained in the PRL-ablation model [ 41 ]. Throughout the regeneration period (2–6 
weeks), Sox2 + , as well as double Sox2 + /PRL + , cells continue to be more abundant 
than in pituitaries of control mice. Moreover, surviving or newborn lactotrophs 
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increase their proliferative activity, and bi-hormonal PRL + /GH +  cells become 
 detectable, suggesting somatotroph to lactotroph transdifferentiation [ 41 ]. 

 In conclusion, these studies provided a signifi cant evidence that adult pituitary is 
able to regenerate both somatotroph and lactotroph compartments after destruction, 
through the activation of Sox2 +  adult stem cells [ 40 ,  41 ].  

4     Nestin-Expressing Cells 

    Similarly to studies in other tissues, the possible existence of stem cells in pituitary 
relies on the identifi cation of stem markers in subpopulations of cells in adult tis-
sues, and nestin is one of the most commonly studied. In rat pituitary, nestin-
expressing cells were identifi ed all over the gland [ 42 ], mainly within the marginal 
zone lining the cleft, the possible pituitary stem cell niche [ 15 ]. These cells do not 
show features of hormone-secreting nor FS cells, but in vitro cultures, established 
from nestin-expressing cells, demonstrated characteristics of cells possessing a 
mesenchymal phenotype [ 42 ]. 

 Using transgenic mice expressing nestin-GFP fl uorescent cells, this cell popula-
tion was detected in the Rathke’s pouch in mouse embryos, but fl uorescence was 
also detected in high number of cells in postnatal pituitary, mainly localized in the 
proximity of the cleft and showing Sox2 co-expression [ 43 ]. 

 Cell lineage studies using nestin-Cre mice, in which the progeny of nestin- 
expressing cells are permanently GFP positive, demonstrated that about 2 % of fl uo-
rescent cells are located in the pituitary of newborn mice, but this percentage 
increases up to 20 % in adults [ 43 ]. While nestin-expressing cells can originate all 
pituitary endocrine cells, they are heterogeneous for Pit1 expression, suggesting 
that only a subpopulation of nestin-expressing cells could represent pituitary pro-
genitors. However, the discrepancy between the lower percentage of nestin-positive 
cells in embryos than in adult endocrine cells allows to hypothesize that adult pitu-
itary stem cells may be formed by a different pool of cells with respect to the embry-
onic progenitors. In agreement with this hypothesis it was demonstrated that 
nestin-expressing cells originate from the differentiation of Sox2 +  embryonic pro-
genitors [ 30 ], possibly representing “transient-amplifying” population from which 
endocrine cells may derive. 

 Nestin-GFP cells were reported to be clonogenic in vitro and, when grown in 
“differentiation culture medium” (additioned with FCS or high concentration of 
cAMP induced by forskolin treatment), initially co-express nestin and Sox2 and, 
after time, differentiate in cells expressing all pituitary hormones [ 43 ]. 

 A similar observation was obtained in autoptic human pituitary specimens. 
Nestin-expressing cells identifi ed in the perivascular space of pituitary capillaries 
did not express pituitary hormones or FS and endothelial cell markers (as also dem-
onstrated in rat and mouse pituitaries [ 42 ,  43 ]). Conversely, nestin was co-expressed 
with smooth muscle actin (SMA), suggesting a possible differentiation in pericytes. 
Human nestin +  pituitary cells grown on fi broblast feeder layer allowed the 
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identifi cation of the existence of two independent populations, of which the fi rst 
was characterized as differentiated pericytes (phenotypically nestin +  and SMA + ) 
and the second (only nestin + ) was proposed as human pituitary progenitor cells 
accordingly to self-renewal ability (spherogenesis) and differentiative potential 
(induction of prolactin expression in the presence of high cAMP levels) [ 44 ]. 
However, since a direct derivation of colonies from nestin +  human cells was still not 
reported and long-term self-renewal never evaluated, further studies are required to 
defi nitively confi rm these data. 

 Although nestin-GFP cells having a clonogenic pattern of growth in vitro do not 
express Sca1, nestin expression was identifi ed in non-Sca1 high  pituitary SP [ 29 ]. 
This discrepancy may depend on the different timings of analysis (soon after explant 
for the SP or after few days of in vitro culture in the nestin-GFP experiments), pos-
sibly confi rming that progenitors express differential markers at various develop-
ment stages. 

 However, recent studies, raising the possibility that ectopic expression of the 
nestin transgene may occur in a group of cells in the Rathke’s pouch [ 45 ], cast 
doubts on the interpretation of these data. In fact, ectopic activity in the embryonic 
pituitary and, as observed with the nestin-GFP transgene in Rathke’s pouch pro-
genitors, would cause a signifi cant staining in postnatal anterior pituitary cells that 
however does not refl ect the actual expression in adult pituitary. Since nestin +  cells 
mainly divide after birth, it was proposed that these cells are quiescent progenitors 
required for the initial wave of pituitary cell proliferation occurring after birth, and 
to maintain pituitary function in adults, but not the cells responsible of embryonic 
pituitary development. In particular, to defi ne nestin-expressing cells as actual stem 
cells, it would be required to show exclusive co-localization of Cre and nestin [ 45 ]. 
In any case, from these studies it was hypothesized that nestin is expressed by dif-
ferent cell populations during pituitary development and in the adulthood, all 
labeled by nestin-GFP and including both stem/progenitor cells (Sox2 +  and 
LHX3 + ), supportive (FS) cells, or vascular progenitors. In this line, it is to note that 
nestin is expressed in both pituitary SP groups, classifi ed as non-Sca1 high  (believed 
to represent pituitary progenitors) and Sca1 high  (interpreted as vascular-endothelial 
progenitors) [ 29 ]. 

 Thus, to date no defi nitive evidence has been provided about different studies on 
nestin +  putative pituitary stem/progenitor cell origin, and further studies will be 
required to establish their role in pituitary development.  

5     GFRα2-PROP1-Stem Cells 

 Another potential stem-like cell population in rat adult pituitary was identifi ed 
according to the expression of GFRα2, the GDNF co-receptor (altogether with the 
tyrosine kinase receptor c-Ret) [ 31 ]. 

 GFRα2-expressing cells represent about 0.9 % of all pituitary cells, as expected 
for adult stem cells [ 31 ]. All these cells also express E-cadherin, β-catenin, and 
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stem cell markers such as OCT4 and SSEA4, about 90 % of them express Sox2 and 
Sox9, and about 50 % is S100 + . On the contrary, nestin was not detected in these 
cells, at odds with the studies described above [ 29 ,  42 ,  43 ]. Interestingly, GFRα2-
expressing cells also express PROP1, a transcription factor required to induce pitu-
itary progenitors to differentiate in Pit1-positive cells [ 46 ]. In embryos, Sox2 
co-localizes with PROP1 (but not with Pit1), while about 10 % of the cells express 
both PROP1 and Pit1. In adults, differentiation commitment makes hormone-
expressing cells retaining Pit1 but not PROP1 [ 47 ]. This complex phenotype 
(expression of Sox9 and S100, co-localization of GFRα2 and PROP1) allowed the 
hypothesis that GFRα2-PROP1-stem (GPS) cells may represent transit-amplifying 
cells committed to differentiation rather than multipotent stem cells [ 17 ], very 
similar to the Sox2 + /Sox9 +  described by Fauquier [ 30 ], which retain the short-term 
ability to form spheres. GPS cell niche was identifi ed in the periluminal zone in 
both rodents and humans, in which GPS cells are organized in an oriented manner, 
as single cell layer bordering the cleft [ 31 ]. Thus, the most concordant evidence 
from all the studies looking for pituitary stem cells is that the region of the cleft 
could represent pituitary niche. 

 Neurturin, a GFRα2 ligand, is expressed in anterior pituitary but not in the niche, 
suggesting that the secretion of this growth factor may regulate the activity of the 
GPS cells and their directional migration from the niche to the anterior pituitary 
[ 31 ]. GPS cells, isolated by FACS sorting, generate spheroids when grown in the 
absence of FCS, also without the addition of EGF and bFGF, growth factors com-
monly used to select stem cells, while neurturin, likely acting on GFRα2, increased 
the sphere-forming effi ciency, producing a trophic effect on the survival of these 
cells [ 31 ]. The pituispheres express OCT4, E-cadherin, and PROP1 and, when dis-
sociated, can differentiate in cells expressing all pituitary hormones and/or β-III- 
tubulin (a neuronal marker), when grown in monolayer onto collagen IV- or 
poly- l -lysine-coated plates. The expression of pituitary hormones required the 
incubation in specifi c media, each one able to induce the expression of one pituitary 
hormone. Differentiated cells showed a downregulation of GFRα2, OCT-4, and 
PROP1 expression and cell growth arrest [ 31 ]. More recently, cells expressing the 
same phenotype as rat GPS cells were identifi ed in human pituitary, further supporting 
the relevance of this subpopulation as putative adult pituitary stem cells [ 48 ].  

6     Pituitary Colony-Forming Cells/Folliculo-Stellate Cells 

 A different approach to identify stem/progenitor cells from adult pituitary was the 
colony-forming assay: pituitary cells isolated from Rathke’s pouch can clonally 
expand in vitro as colonies, representing 0.2 % of the total pituitary cell number 
[ 49 ]. Not surprisingly, some of these embryonic clones are multipotent and give 
origin to all pituitary hormonal cell types, both in vitro and in vivo, after hypotha-
lamic transplantation in hypophysectomized rats [ 50 ,  51 ]. More recently, pituitary 
colony-forming cells were shown to belong to the FS compartment accordingly to 
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their ability to internalize the fl uorescent dipeptide β-Ala-Lys-Nε-AMCA [ 52 ]. It 
was calculated that about 12 % of mouse pituitary FS cells (phenotypically charac-
terized as S100 +  and GFAP + ) was clonogenic and in about 40 % of the cells also 
Sca1 was expressed. Within the colonies formed, few GH- or prolactin-expressing 
cells were detected, suggesting the differentiation from pluripotent progenitors [ 49 ]. 

 Using a more sophisticated in vivo approach, about 3.3 % of the colony-forming 
FS cells was demonstrated to be able to differentiate in GH-expressing cells [ 53 ]. It 
was also detected that the FS cell marker S100β was expressed in 80 % of the Sox2 +  
pituitary cells, identifi ed as putative pituitary stem cells (see above), and that after 
in vitro treatment with retinoic acid and bFGF, a small number of them can differ-
entiate in Pit1-expressing or GH-secreting cells [ 54 ]. 

 These studies provided evidence that FS are composed of several subpopula-
tions, also comprising putative pituitary progenitors [ 53 ]. Conversely, other cells 
within this population may overlap, at least phenotypically, with the Sca1 high  SP 
(high expression of S100 and Sca1) [ 29 ]. Importantly, the clonogenic population is 
localized in the marginal zone of the pituitary cleft (the marginal zone between 
intermediate and anterior lobes), the proposed pituitary stem cell niche [ 55 ]. Thus, 
some postnatal pituitary FS cells exhibit stem cell-associated features such as the in 
vitro expansion as adherent colonies. However, given the limited differentiation 
capacity observed (mostly somatotrophs), these cells were interpreted as already 
committed progenitor cells.  

7     Adult Pituitary Stem Cells and Tumor Development: 
The Role of Cancer Stem Cells 

 According to the current view of carcinogenesis, tumors possess a heterogeneous 
cell type patterning, including a large number of “tumor NON-initiating cells” (or 
“differentiated tumor cells”) constituting the tumor mass, and a small fraction of 
phenotypically distinct “tumor-initiating cells” (TIC), comprising the so-called 
“cancer stem cells” (CSCs). Similarly to what was observed in normal tissues, these 
tumor cell populations are biologically distinct as (1) slowly dividing stem cells 
(CSCs) from which all the other tumor cells are originated, (2) precursor cells (rap-
idly dividing) and transit-amplifying cells, and (3) differentiated cells that form the 
mass of the tumoral tissue [ 56 ]. 

 In this model, CSCs are named after their ability to develop tumors (in the 
same way by which normal stem cells are responsible of organ development) and 
do not necessarily represent the malignant transformation of stem cells. In fact, 
different theories were provided on this issue including some evidence in support 
of the actual origin of CSCs from the oncogenic transformation of normal stem 
cells and other data demonstrating the possibility of a redifferentiation/dedifferen-
tiation of committed progenitors or differentiated cells; likely both mechanisms 
can be active, in different conditions, to give origin of CSCs [ 57 ]. Independently 
from their origin, CSCs may arise from normal stem or progenitor cells by 
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alterations of proto- oncogenes that, as a result of accumulative oncogenic events, 
may grant a deregulated self-renewal ability to transform normal cells into CSCs. 
On the other hand, cancer development and progression may derive from modifi -
cation of the microenvironment surrounding the stem cells (for example, the 
niche), leading to loss of extrinsic proliferation control of normal stem cells or 
progenitors, and the development of CSCs. Several genes and intracellular signal-
ing pathways, representing important regulators of normal stem cell self-renewal 
and proliferation, are deregulated in cancer: Sox2, Notch1, Hedgehog, Wnt, and 
nestin, among others [ 58 ,  59 ]. 

 Many biological features of normal stem cells are retained in CSCs: long life 
span, including the capacity of self-renewal, the expression of common markers, the 
possibility to differentiate into different cell types, and the strong resistance to che-
motherapeutic drugs. The high self-renewal activity renders CSCs, differently from 
all other tumor cells, to be capable of a potentially unlimited proliferation activity 
that allows the maintenance and expansion of the tumor, although they themselves 
are often slow growing. Conversely, differentiated tumor cells proliferate at high 
rate, but for a limited number of divisions. Thus, CSCs represent a reservoir of 
tumor cells necessary to sustain tumor development. In light of CSC theory, a recon-
sideration of pharmacological approaches for tumors is ongoing, since the elimina-
tion of the differentiated and rapidly dividing tumor cells, as occurring with the 
classical chemotherapeutic agents, could fail to obtain a successful long-term dis-
ease remission if CSCs are not eliminated. Most of the currently used cytotoxic 
drugs are not able to affect the survival of undifferentiated and slow proliferating 
CSCs that, surviving to the treatment, represent a cell reservoir able to rapidly 
repopulate the tumor. Drug resistance of CSCs was ascribed to the expression at 
high levels of DNA repair enzyme that can elude genotoxic effects of antitumoral 
drugs, and of ABC-family transporters that can pump chemotherapeutic agents out 
of the cell. For these and other cellular properties, distinct from the rest of tumor cell 
populations CSCs often escape the traditional cancer therapy that becomes insuffi -
cient to clear up the “tumor-initiating cells” from the organism [ 60 ]. 

 Recent studies focused on the role of CSCs in pituitary tumor development. 
 Mice bearing mutations that alter pituitary β-catenin proteolysis, leading to con-

stitutive activation of the WNT/β-catenin pathway (obtained by crossing a Hesx1- 
CRE knock-in strain to a β-catenin strain that produces degradation-resistant 
β-catenin mutant, upon recombination), spontaneously develop tumors histologi-
cally and phenotypically resembling the human adamantinomatous craniopharyn-
giomas [ 61 ]. Importantly, pituitary tumorigenesis in these mice was dependent on 
the selective expression of the β-catenin mutant in pituitary cells endowed with 
progenitor/stem cells features. These cells were described as Sox2 +  and colony-
forming cells, both characteristics proposed for adult pituitary stem cells (see 
above). In these trangenic mice, Sox2 +  cells were increased in number and showed 
a higher proliferation rate than the  w.t.  counterpart. Importantly, when cultured in 
vitro these cells showed a long-lasting (at least eight passages) clonogenic activity 
[ 61 ], clearly indicating a powerful, likely deregulated, self-renewal activity [ 15 ]. 
Moreover, in this study, a signifi cant support to the origin of CSC from oncogenic 
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transformed normal adult stem cells was provided, since the expression of the same 
proteolysis-resistant β-catenin isoform in differentiated pituitary cells was not 
tumorigenic [ 61 ]. Accordingly, it was reported that a novel mutation in  SOX2  gene 
did not impair transactivation or DNA binding, but failed to repress β-catenin- 
mediated target activation, resulting in WNT/β-catenin increased activity [ 62 ]. 
Thus, the β-catenin pathway, normally involved in the control of the balance 
between self-renewal and differentiation of stem cells, is inactivated in normal adult 
pituitary, and when this downregulation does not occur sustained progenitor prolif-
eration is induced, leading, eventually, to tumor development [ 63 ]. Moreover, mice, 
in which a conditional deletion of the tumor suppressor retinoblastoma gene is 
induced, developed silent corticotroph pituitary adenomas originating from Pax7 +  
progenitors. In normal pituitary Pax7 +  cells are located in the Rathke’s pouch cleft 
and derive from nestin +  progenitors, not only in mice but also in primate pituitaries 
and were identifi ed in both human functioning and silent ACTH-secreting adeno-
mas, although a direct involvement of CSC in these tumors was not studied [ 64 ]. 

 Another recent study showed the expression of GPS cell markers in human 
adamantinomatous craniopharyngiomas suggesting a common origin from these 
putative adult pituitary stem cells, with the only difference in the lack of expression 
of GFR2α that was interpreted as a way of deregulation of growth in the tumor 
cells [ 48 ]. 

 Thus, although this is a still open issue, several evidence supports that, at least as 
far as some pituitary tumor is concerned, CSC might originate from genetic or epi-
genetic alterations in adult pituitary stem cells or progenitors. 

 Much less clear are the role of CSCs in pituitary adenoma development and the 
origin of these cells from normal adult pituitary stem cells. Although still debated, 
a growing bulk of evidence is now supporting the role of CSC as tumor-initiating 
cells also in benign tumors [ 20 ]. 

 To date, molecular and cellular determinants of pituitary adenoma pathogenesis 
are still largely unknown [ 65 ], and although not defi nitively proved, the hypothesis 
that the formation of CSC subpopulation from stem or progenitor cells may also 
cause the formation of pituitary adenomas is currently under investigation. 

 Several indirect evidence was provided. For example, it was shown that CXCR4, 
a chemokine receptor identifi ed as a marker in several stem cell populations [ 66 ] 
including pituitary stem/progenitors during development and in SP cells in adult-
hood [ 5 ], is expressed in subpopulations of human normal pituitary (about 30 % of 
the cells) with its expression shared by subpopulations of GH-, prolactin-, and 
ACTH-secreting cells, strongly suggesting a lineage derivation from common pre-
cursor cells [ 67 ]. In several CXCR4 +  cells also its ligand (CXCL12) was expressed, 
suggesting a possible autocrine/paracrine mechanism of activation, and also a few 
CXCR4 + /hormone negative cells, scattered throughout the anterior pituitary, were 
identifi ed [ 67 ]. Although the co-expression of CXCR4/CXCL12 with stemness 
marker (Sox2, nestin) was not evaluated in these studies, it could be hypothesized 
that these hormone negative cells could be pituitary stem cells (see before). CXCR4 
and CXCL12 expression was also analyzed in a large series of human secreting and 
nonfunctioning) pituitary adenomas, and both molecules were found highly 
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overexpressed, with all tumoral cells positive for both CXCR4 and CXCL12. 
Moreover, in vitro studies showed that CXCL12 activation is a mitogen for human 
pituitary adenoma cells [ 67 ]. Thus, it was proposed that putative CSCs for human 
pituitary adenomas may derive from CXCR4 + /CXCL12 +  cells in normal pituitary 
and that, due to the proliferative advantage granted by the autocrine activation of 
CXCR4 via the constitutive CXCL12 secretion, these cells could be one of the cell 
populations that clonally expand during pituitary tumorigenesis [ 68 ]. 

 In another study, the expression of stem cell/progenitor markers (Sox2, nestin, 
Lhx3), but not pituitary hormones, was identifi ed in cells composing hyperplastic 
pituitary nodules developed in nestin-GFP/Rb +/–  mice. Moreover, in adult mice, the 
tumors contained twofold more nestin/Sox2-expressing cells than normal tissues, 
although the real nature of these masses was not really characterized [ 43 ]. 

 However, to date, only one study formally analyzed the possible role of CSCs in 
human pituitary adenomas pathogenesis [ 69 ]. In this study, putative CSCs, called 
“pituitary adenoma stem-like cells” (PASCs), were obtained from one GH-secreting 
and one clinically nonfunctioning human pituitary adenomas, culturing dispersed 
postsurgical specimens in stem cell permissive medium (DMEM/F12, enriched 
with B27 supplement, bFGF, and EGF). After 1 week in vitro, few pituitary ade-
noma cells generated spheroids that were able to generate secondary spheres [ 69 ]. 
Spheroid cells were nestin and CD133 (prominin-1) positive but did not release GH, 
when the single GH-secreting adenoma was analyzed. Quantitative RT-PCR analy-
sis performed in one PASC spheroid culture showed high expression of stem cell- 
associated genes (CD90, OCT-4, Musashi-1, NOTCH4, JAG2, and DLL-1). 
Conversely, culturing the cells in differentiation medium (containing FCS, without 
growth factors) several neural markers were induced (β-tubulin III, GFAP). Cells 
from dissociated spheroids, cultured for 2 weeks in differentiation medium (addi-
tioned with FCS, but devoid of growth factors), were able to release pituitary hor-
mones in response to hypothalamic peptides [ 69 ]. In particular, the cells derived 
from the GH-secreting tumor did not express GH or LH before differentiation, but 
these hormones were detected in signifi cant amounts after treatment with GHRH 
and GnRH, respectively, in differentiation medium. On the contrary, undifferenti-
ated cells released PRL and TSH in response to PRL-releasing peptide and TRH, 
while the secretory activity was reduced after differentiation. This unexpected result 
allowed to hypothesize that in the spheroids generated by PASCs are also present 
differentiated cells originated by spontaneous differentiation also in stem- permissive 
culture conditions [ 69 ]. 

 However, although phenotype characterization was still not completely defi ned 
and totally convincing, the most important evidence shown in this study was that 
spheroid-derived cells (1 × 10 4  cells), but not the adherent/differentiated cells 
(1 × 10 5 ), were able to reproduce the tumors when implanted into the forebrain of 
immunodefi cient mice, since in vivo tumorigenicity is still the best feature to defi ne 
bona fi de CSCs. After 6 months from the transplant, tumor cells were harvested and 
dissociated giving rise to new spheroids that again were tumorigenic when rein-
jected into the brain of the NOD/SCID mice. Cell masses were immunopositive to 
human antigens, and some of them also expressed human GH [ 69 ]. 
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 While to date this is the best evidence about the existence of CSC in pituitary 
adenomas, inconclusive answers and few inconsistencies are still present (see [ 20 ]), 
and in particular, since only two human tumors were analyzed, the reproduction of 
these data from more specimens is required to defi nitely prove the CSC existence in 
pituitary adenomas, as well as their derivation from adult pituitary stem cells.  

8     Conclusions and Future Perspectives 

 In this chapter we report the main studies proposing the existence of multipotent 
stem/progenitor cells in adult pituitary and the possibility that a deregulation of the 
activity of these cells may result in pituitary tumor development. Although not all 
the studies are completely concordant, several features, including Sox2 expression, 
SP nature, and a niche-like confi guration, seem to characterize the phenotype of 
these cells in all the studies to date available. The main limit of almost all the evi-
dence reported to characterize pituitary stem cells is that they are performed in 
murine models. A necessary step ahead will be the reproduction of these conclu-
sions in human tissues. 

 The role of stem/progenitor cells in adult pituitary cell homeostasis, regeneration 
after injury, genetic endocrine defi cits, and tumor pathogenesis will have signifi cant 
clinical relevance, and the possibility of isolation and functional analysis of this cell 
population will provide important information to defi ne these issues. Importantly, 
the characterization of pituitary stem/progenitor cells could also allow a better 
understanding of the biological basis of some pituitary pathologies including hypo-
pituitarism and adenoma tumorigenesis also allowing the identifi cation of potential 
novel pharmacological targets for pituitary tumors.     
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Abstract The ear develops through the transformation of embryonic ectoderm into 
the labyrinth and, through a stepwise molecular restriction of cell fate options, into 
cells neurosensory cells (hair cells, neurons) and non-neurosensory cells. Hair cells 
can degenerate because of age, ototoxic drugs, acoustic trauma or genetic predispo-
sition. Two principle approaches have been developed to restore hair cells that do 
not regenerate: a cell-based therapy and a gene-based therapy. One approach reca-
pitulates developmental steps to transform embryonic stem cells into hair cells. 
Alternatively, gene therapy uses the molecular basis of hair cell development to 
transform remaining cells into hair cells. We review the molecular basis of normal 
neurosensory development, the state of cell and gene-based approaches, and 
indicate future improvements to increase the yield from either adult stem cells or 
embryonic- or adult-induced pluripotent stem cells (ES and iPS).

Keywords Hair cells •Age-related hearing loss • Regeneration • Hearing restoration
• Gene therapy
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Abbreviations

Abcg2 ATP-binding cassette sub-family G member 2
Ascl1 Achaete-scute complex homolog 1
Atoh1 Atonal homolog 1
bHLH Basic helix–loop–helix transcription factors
Bmp Bone morphogenetic protein
Cdk Cyclin-dependent kinase
Cki Cyclin-dependent kinase inhibitors
Delta Delta-like (Dll)
Dicer1 Dicer 1, ribonuclease type III
E2f E2F transcription factor
EGF Epidermal growth factor
Eya1 Eyes absent homolog 1
FACS Fluorescence-activated cell sorting
Fgf Fibroblast growth factor
Foxg1 Forkhead box G1
Gata3 GATA-binding protein 3
Gdp Guanosine diphosphate
GER Greater epithelial ridge
GFP Green fluorescent protein
Hes Hairy and enhancer of split
Hey Hairy/enhancer-of-split related with YRPW motif
iPS cells Induced pluripotent stem cells
Jag1 Jagged 1
Kcc4 Solute carrier family 12 (potassium/chloride transporter), member 7
Kir4.1 Potassium inwardly rectifying channel, subfamily J, member 10
Klf4 Kruppel-like factor 4
LCC Light coat and circling
LER Lesser epithelial ridge
Lgr5 Leucine-rich repeat containing G protein-coupled receptor 5
Lmo4 LIM domain only 4
Lmx1a LIM homeobox transcription factor 1 alpha
Mib Mind bomb
miR Micro RNA
Nanog Nanog homeobox
Neur Neuralized
Neurod1 Neurogenic differentiation 1
Neurog1 Neurogenin 1, a proneural transcription factor
Nicd Notch intracellular domain
N-Myc v-myc Avian myelocytomatosis viral oncogene neuroblastoma-derived 

homolog
Nop1 Nasal and otic placode 1
NSCs Neural stem cells
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OC Organ of Corti
OCSCs Organ of Corti stem cells
Oct4 aka Pou5f1, POU class 5 homeobox 1
p21 Cyclin-dependent kinase inhibitor 1A (Cdkn1a)
p27 Cyclin-dependent kinase inhibitor 1B (Cdkn1b)
p53 Tumor protein p53
p75 Nerve growth factor receptor (TNFR superfamily, member 16)
Pax2 Paired box gene 2
pRb Retinoblastoma protein
Prox1 Prospero homeobox 1
Rbpj Recombination signal-binding protein for immunoglobulin kappa J region
Shh Sonic hedghog
Six1 Sine oculis-related homeobox 1
Sox2 SRY (sex-determining region Y)-box 2
Swi/Snf SWI/SNF-related, matrix-associated, actin-dependent regulator of 

chromatin, subfamily a, member 1
Tbx1 T-box 1
Wnt Wingless-related MMTV integration site
YSB Yellow submarine

1  Introduction

Like all vertebrate neurons, the ear develops from a population of ectodermal cells 
that undergo otic placode transformation and clonal expansion through differential 
proliferation. The cells derived from this proliferating population are transformed 
from an epidermal to an inner ear progenitor cell, followed by progressive restric-
tion in their multipotency to become the non-sensory and neurosensory cells of the 
ear (Fig. 1). Non-sensory cells of the ear continue the transformation of the flat otic
placode, past the otic vesicle, into the complex labyrinth. The adult mammalian ear 
consists of three semicircular canals interconnected by the utricle, the saccular 
recess, and the cochlear duct with the sensory organ of Corti (OC). This ear laby-
rinth consists mostly of non-sensory cells and is needed to direct physical stimula-
tion associated with hearing; angular and linear acceleration of vestibular sensation 
to the specific endorgans. This allows the ear to decode gravity-related stimuli (utri-
cle and saccule), head shaking (three canal cristae), and various aspects of sound 
(organ of Corti).

In mammals, neurosensory precursors form all the sensory neurons of the ear 
first, followed by the formation of the sensory epithelia consisting of the clonally 
related hair cells and supporting cells (Fig. 1). For this review, we concentrate on the 
molecular basis of neurosensory cell formation. These cells are lost in various forms 
of neurosensory hearing loss. We will define critical molecular steps in the transfor-
mation of neurosensory precursors into neurosensory cells that can restore hearing 
and vestibular sensation. To achieve this goal, various strategies aiming at the 
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Fig. 1 In mice development of the inner ear begins at approximately E8 with the induction of 
ectodermal cells adjacent to the hindbrain, the otic placode. Wnt, Shh, and Fgf diffuse from the
neural tube and hindbrain to induce the formation of the placode. Upon induction, the previously 
defined ectodermal cells become neuroectoderm-otic placode cells. At this stage, otic placode cells 
are relatively undefined and small in number. At this point, proto-oncogene levels are high and 
proliferation is rampant, with no differentiation occurring. During this time of rapid proliferation 
comes growth and morphological development, that is, the invagination of the newly forming oto-
cyst, polarization of the axes, and eventually the tightly controlled three-dimensional shaping of the 
inner ear, occurring around E10. Further along the development of the inner ear, the cell cycle is
likely lengthening. This may result from reduced levels of proto-oncogenes and increased levels of 
tumor suppressor. This shifting in the balance results in a reduced rate of proliferation and increased 
cell cycle exit, as such, differentiation begins. During this timeframe, some degree of asymmetric 
division occurs, with the production of neurons and neurosensory precursor cells or otocyst stem 
cells from otocyst stem cells. At this point, these neurons may be destined for targeting specific 
portions of the ear and are subsequently defined as either inferior (blue) or superior (green) vestibular 
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regeneration of sensory hair cells are currently employed (summary in Fig. 2). 
These include (1) the transplantation of stem cells into the damaged organ of Corti 
(OC) to restore lost hair cells (see Sect. 4), (2) the direct conversion of supporting
cells into hair cells via gene delivery of hair cell-specific transcription factors (see 
Sect. 6) and (3) manipulation of the cell cycle (see Sect. 7.2) and (4) stimulation of 
putative endogenous stem/progenitor cells (Fig. 2). These various approaches will 
be detailed in the following sections.

In the ear, there is variable evidence of the clonal relationship of sensory neurons 
and hair cells indicating that at least three populations of neurosensory cells are set 
aside early in development: (a) a population giving rise to only neurons through the 
upregulation of the bHLH transcription factor Neurog1; (b) a bifunctional popula-
tion giving rise to first neurons, followed by hair cells; and (c) a third population 
giving rise only to hair cells [1, 2]. As it turns out, mammals are unique among 
vertebrates in that they cannot spontaneously regenerate lost hair cells. Hair cell loss 
can be a consequence of loud sound, exposure to ototoxic drugs, genetic predisposi-
tion, and/or as a result of aging. This leaves mostly elderly people without basic 
communication with the environment they have become accustomed to over their 
lifetime. Vestibular hair cell loss, slightly later in onset, adds to this problem by 
causing various ataxias that result in increased frequency of falling. In fact, this 
ataxia-related problem coincides with a time when bone healing is compromised 
through a number of negative indicators, particularly in postmenopausal women. 
Given that about half of people over the age of 70 will suffer from some form of
hearing deficit [3], hearing deficit is the most common sensory disorder facing the 
fast growing population of elderly worldwide. Finding a durable solution to the 
problem of age-dependent hearing and vestibular hair cell loss is urgently needed. 
Currently, only electrical devices can be used to generate signals that stimulate the 
remaining primary neurons in the ear to restore some resemblance of hearing [4]. 
Vestibular implants are even less developed with no clear indication of when they 
will be ready.

Using animal models, attempts are currently made to bring the insights gained 
from other sensory systems to the ear. In fact, notable success has been reported 
(mostly with cell but also gene-based therapies) in another sensory system, the ret-
ina. One major approach relates to technical adaptation of existing cell-based therapy
protocols to generate hair cells either out of ear-derived adult stem cells, embryonic 
stem cells, or iPS cells. The basic idea of this approach is to take transformable cells 

Fig. 1 (continued) ganglion neurons or cochlear (red ) ganglion neurons. These cells are typically 
marked by their sequential responses to bHLH transcriptions Neurog1 and NeuroD1. Cells that 
remain in the cell cycle or are otherwise unresponsive to these proneural genes will later form other 
neurosensory cells in the ear. Neurosensory precursor cells that have not yet undergone differentia-
tion into neurons will form the sensory components of the inner ear, consisting of hair cells and 
supporting cells. Identical to the balance between neurons and glial cells, hair cells and supporting 
cells form due to the presence of Atoh1 and the repression of hair cell fate through the Delta/Notch 
system, respectively. Once again, neither proper neuronal formation nor sensory formation can 
occur in the disruption of balance between proliferation and differentiation.Modified after [183]
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Fig. 2 Strategies for mammalian hair cell regeneration. (a) Replacement of lost hair cells (HC) by
implantation and differentiation of exogenous stem cells. (b) Transdifferentiation of remaining 
supporting cells (SC) into HC by gene therapy forcing the expression of the HC inducer Atoh1. (c) 
Induction of asymmetric SC division by targeted inhibition of cell cycle inhibitors, e.g., p27Kip1. 
(d) Induction of dedifferentiation in SCs by an exogeneous trigger allowing to asymmetric cell 
division and subsequent redifferentiation
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in the Petri dish and transform through specific treatments into whatever cells are 
needed, mostly following known molecular steps of development [5]. These treat-
ments can reprogram existing cells into neurosensory precursors to generate hair 
cells. The ultimate goal is to insert such stably transformed hair cells into the topo-
graphically correct position, so they can tie into the mechanical stimuli generated by 
frequency-specific sound waves to transduce sound into electrical signals. Regrown
nerve fibers can conduct the information to the brain for processing [6–8].

A second approach is to transform in situ remaining cells into hair cells by over-
expressing, with viral vectors, genes that play a crucial role in normal development 
of hair cells or elicit the remaining potential of supporting cells to transdifferentiate 
[9]. Such therapeutic approaches work well in embryos, newborns, and juveniles,
but have had limited effect on older ears where the replacement of hair cells is most 
needed. The progressive reduction in the ability of experimental animals to respond 
to this treatment will require additional work to prepare the remaining cells to 
respond properly to gene therapy [10, 11], possibly by reinitiating stem cell-like 
conditions in cells through induced proliferation [12] and upregulation of stem cell- 
inducing genes such as Sox2 [13]. Indeed, it is possible that recently reported suc-
cess to transform some supporting cells into outer hair cells will be limited to 
younger stages [9].

Both the cell- and gene-based therapies are still in search of the appropriate 
molecular sequence to induce a stem cell-like behavior of remaining ear cells in 
vivo or to set up the in vitro conditions to differentiate, with higher efficiency and 
homogeneity, stem cells into hair cells. Below, we will highlight some of the 
sequences of gene expressions known during development. We will also indicate 
how this information may be combined with the knowledge on iPS cells to enhance 
the outcome of either approach.

2  The Otic Placode as a Transformer of Ectoderm  
into Otic Stem Cells

2.1  Generalized Markers of Stem Cells: Oct4, Sox2, N-Myc

The work of many people culminated in the Nobel prize winning 2006 paper that
showed once and for all that reprogramming of general cells into pluripotent stem 
cells (iPS cells) is possible with just four factors, Oct4, Sox2, Klf4, and c-Myc [14]. 
More recent work has narrowed down those factors and further refined the technical 
approach to induce pluripotency in cells. Using a sophisticated single cell gene 
expression analysis, a recent paper identified two distinct phases in this transforma-
tion process: a first phase in which stochastic upregulation of genes happens without 
any clear prediction of the outcome [15] and a second phase characterized by the 
upregulation of Sox2. After Sox2 expression is achieved, cells are transformed into
iPS cells and these cells can then be initiated to differentiate into various other cell 
types in a deterministic way by exposing them to specific transcription factors. 
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Obviously, this specific case of transforming cells into iPS cells followed by directed 
differentiation can be sidestepped, and direct transformation of one cell type into 
another is possible using micro-RNA. For example, expression of micro-RNA 9 and
124 alone in fibroblasts suffices to transform them at a low rate into neurons [16], 
which can be significantly enhanced using neuron specifying bHLH transcription 
factors. Unfortunately, it is unclear if this approach will also work in iPS cells, 
where miRs other than miR-124 are expressed. For example, a highly conserved
miR-183 is expressed in hair cells during development across phyla [17] that is 
essential for normal hair cell development [18]. This miR may, in part, define the
molecular context within which other transcription factors can act to generate hair 
cells [8]. No matter the starting point, an approach that generates pluripotent stem 
cells out of embryonic or adult stem cells, or induces pluripotent stem cells or even 
directly transforms existing cell types into the required cell type (the basis of all 
attempts in cell-based regenerative medicine today [19]), can benefit from miRs.
Following this induced pluripotency are attempts to direct the differentiation into 
the needed cell type ready for cell transplantation [5].

How do these insights relate to ear development? The stepwise transformation of 
general ectoderm into general placodal ectoderm and eventually otic placodes has 
been described in some detail, including the emerging hierarchy of gene interac-
tions [20, 21]. Obviously, not all genes have yet been identified and how they cross- 
regulate each other requires further experimental verification; nevertheless, both 
general markers and otic placode-specific markers have been identified and they 
seem to be fairly conserved across vertebrates [22]. This indicates an ancient con-
served developmental module that is functionally meaningful.

Within this molecular network are the so-called Yamanaka factors. For example, 
Oct4 has been identified in the otic placode of zebrafish [1] and Sox2 [23] as well 
as N-Myc [24] have been functionally characterized in neurosensory development 
of mutant mice. Only a transient early expression exists for c-Myc [25]. Klf4 has not 
been functionally characterized in ear development [20] although it appears to be a 
non-differentially regulated gene during development [13]. As previously suggested 
[1], several factors act together to antagonize Bmp and Wnt signaling while at the 
same time increasing Fgf signaling [20]. Cooperation of these factors results in the 
sustained expression of Six1/4 and Eya1/2, essential genes for neurosensory devel-
opment [26, 27]. Transient expression changes of Fgf signaling followed by altera-
tion of Wnt signaling appear to be necessary to stabilize expression of genes needed 
to specify the otic placode, the Pax2/8 and Eya1/Six1 genes. Co-expression of
Pax2/8 with Eya1/Six1 and Gata3 seems to consolidate the otic placode fate, but
how they interact and regulate downstream genes is not completely clear [28]. 
Ultimately, Sox2 needs to be co-expressed with Pax2 and Eya1/Six1 to induce
expression of genes associated with neurosensory precursors such as Sox2 [23] and 
the downstream proneural bHLH genes that execute neurosensory differentiation.

Genes expressed in the otic placode can be grouped as follows: (1) Genes that
result in limited or no neurosensory development at all when knocked out, (2) genes
that lead only to loss of neurons and hair cells in the cochlea, and (3) genes that 
disturb overall development with limited and largely indirect effects on neurosen-
sory development. A further subdivision is into genes that are only transiently 
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expressed in contrast to long-term expressed genes. Obviously, the transiently 
expressed genes, while certainly important for early placode and otocyst formation, 
are difficult to use at later stages. Many of these transient genes that belong to the 
Wnt, Fgf, Shh, and BMP signaling pathways impact the overall ear development in 
varying degrees and neurosensory development by setting up gene expression asso-
ciated with neurosensory precursor fate commitment [20]. Obviously, genes in the 
first category with long-term expression are the most relevant for an understanding 
of the molecular basis of all neurosensory development, whereas those in the second 
category are particularly important for cochlear development. However, it should be 
pointed out that it may be that in some genes, the existing mutations may not reveal 
the full phenotype due to delayed recombination or effects prior to the gene being 
deleted. For example, Pax2-cre-mediated recombination of the miR generating
enzyme Dicer1 leads to formation of patches of hair cells in the cochlear duct [18], 
whereas Foxg1-cre-induced recombination of the same enzyme leads to loss all of 
hair cells and neurons in the entire cochlea duct [29].

Genes with long lasting expressions and specific effects on all or subsets of neu-
rosensory cells are Eya1/Six1, Pax2/8, Gata3, and Sox2. Null mutants of Eya1/Six1
lack most or all neurosensory formation in a dose-dependent manner [30]. More 
recent work indicates that this may come about by interacting with the SWI/SNF 
chromatin-remodeling complex and by binding with Sox2 to the promoter region of
neurosensory decision-making genes of the bHLH type [27]. The effect of Pax2 has
long been described in ear defects [20]. However, different groups reported different 
overall effects in the cochlea neurosensory development, possibly related to mouse 
strains and redundancy of signaling with Pax8 [21]. In fact, Pax8 is in mice expressed 
prior to Pax2 in the otic placode but also disappears before Pax2 is expressed. As a
consequence, Pax8 cannot rescue Pax2, but Pax2 can compensate for loss of Pax8,
which has no embryonic phenotype on its own [21]. Mice null for both Pax2 and 8
do not develop an ear past an otocyst stage [21]. Similar effects have been reported 
in chickens after the removal of Pax2. Since chickens have no Pax8 gene, this also
confirms the interpretation of redundancy of both genes in mammalian ear develop-
ment [31]. Indeed, a hypomorph of Pax2 shows a graduated defect of neurosensory
development of the organ of Corti, suggesting that Pax2 is acting in a dosage- and
timing-dependent fashion at various stages in both early and late development [32] 
much like Eya1/Six1 [30].

Gata3 is another early expressed gene that has also a lasting expression. Going
beyond the obvious massive effects on all neurosensory development [33], but in 
particular of the cochlea [34], requires delayed deletion of Gata3 in specific cell
types to fully assess its function. However, the simple fact that haploinsufficiency 
suffices in humans to cause deafness [35], indicates the importance of this gene with 
early, but also long-term expression. Data in other developing systems suggest that 
Pax2/8 may regulate Gata3 expression [36], but this has not yet been assessed in 
the ear. Unfortunately, data on conditional deletion of hair cells result in dedifferen-
tiation of the organ of Corti and also in a loss of Gata3 expression [37]. For regen-
eration to be successful it might be necessary to restore Gata3, Sox2, Eya1/Six1,
and Pax2 expression prior to either cell or gene therapy to prime otic epithelial cells
covering the former organ of Corti for the intended regeneration.
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While these genes have a dose- and/or time-dependent preferential effect on 
cochlear neurosensory development, Sox2 has a more pervasive effect on all neuro-
sensory precursors [23, 38]. Even incomplete loss as in a hypomorph of Sox2 is
incompatible with neurosensory precursor formation. Sox2 has a sophisticated
interaction with downstream genes such as the bHLH gene Atoh1. Sox2 is required
for Atoh1 expression but will also be downregulated upon expression of Atoh1 in 
hair cells [39], possibly through methylation of nasal and otic placode-specific 
enhancer elements [13].

Other genes important for normal neurosensory development are related to the 
Delta/Notch signaling. This signaling system may not be essential for very early 
prosensory definition but is required for neurosensory specification and maturation 
[40]. A more detailed analysis of the Delta/Notch system is provided below. For 
now, it is important to note that expression of certain genes of the Delta/Notch sig-
naling pathway are necessary for continued proliferation of neurosensory precur-
sors and affect the level of Sox2 expression [41].

Consistent with this function, Jag1 misexpression can induce competent non- 
sensory cells of the ear to assume a prosensory fate [42]. Adopting alternate fates of 
such cells seems to be suppressed normally by the action of factors limiting the pro-
neurosensory capacity such as Lmx1a [43, 44], Tbx1 [45], and Lmo4 [46]. Numerous 
other factors may fall into the category of proneurosensory-promoting factors based 
on their expression pattern such as Islet1 [47], but no detailed data exist on mutant 
mice to substantiate these suggestions yet. Other factors that have been proposed to 
play a role in neurosensory differentiation such as Prox1 [48] have later been shown 
in null mutant not to be as important as suggested based on expression data [49].

Jag1 and Sox2 are important factors for proliferating pro-neurosensory precur-
sors. They do so by regulating other genes that are necessary to expand the neuro-
sensory precursor population to the full complement of cells needed for function. First 
among those are genes needed for proliferation control such as N-Myc and l-Myc 
[24, 50], Foxg1 [51], cyclin kinases and their inhibitors [52], and pocket proteins 
[53] such as pRb [54]. Obviously, the regulation of the proliferation of proneurosen-
sory cells with proto-oncogenes and tumor suppressors will have to be tightly con-
trolled (Fig. 3). Loss of one or more regulators of proliferation of a given family of 

Fig. 3 (continued)  number of pathways, including the Wnt/β-CATENIN pathway, TGF-β or BMP/
SMAD, Fgf/Erk1-2, and the Shh/Smo pathways. In short, the Fgfs ligands diffuse to their receptors 
which bind the Fgfs at the surface of the cell and signal through second messengers, the RAS
intracellular pathway to influence Myc signaling. The Bmps signal through the SMAD pathway
intracellularly to act indirectly on Myc function. Shh which binds with Patched and interacts with 
Smoothened at the cell surface influences Myc. Lastly, B-Catenin is constitutively active in the
presence of Wnt through disinhibition of B-Catenin breakdown. Together, Myc is an integral node 
integrating both upstream and downstream pathways. Furthermore, the downstream regulation by 
Myc shows the highly complex, interconnected, and essential balance between proliferation and 
differentiation. The larger circle represents the cell as a whole, while the smaller circle is the 
nucleus. Arrows indicate upregulation, while blunted lines represent blocking. Dashed lines repre-
sent a reduction to endogenous protein levels. Red indicates pathways favoring differentiation, 
blue indicates pathways favoring proliferation. Modified after [183]
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Fig. 3 In the presence of nearby neurons, Jag1 binds to Notch1, gamma-secretase is free to cleave 
the Notch IntraCellular Domain (NICD). NICD translocates to the nucleus to form a complex with 
RBPJ to positively regulate the transcription of the neurogenic Hes/Hey family of bHLH transcrip-
tion factors. Hes/Hes in combination with E-proteins inhibit binding to the E-box and promote 
binding to the N-Box, resulting in shifting the balance from differentiation of neurons to differen-
tiation of glial cells within the system. In the absence of Delta/Notch signaling and Hes/Hey tran-
scription factors, proneural bHLH transcription factors bind to E-proteins to promote the formations 
of neurons. However, in the system exists a balance not only between glial cell fate and neuronal 
cell fate but there is also a balance between proliferation and differentiation. Retinoblastoma
(pRB) in its unphosphorylated state binds the E2F family members. When pRB is bound to E2F,
cells cannot pass the G1/S checkpoint, exit the cell cycle, and undergo differentiation either into
neurons or glial cells as described above. However, both cyclins and the IDs can free E2F from
pRB allowing E2F to bind to S-phase promoting genes and allowing the cell to continue to DNA
replication. ID, or Inhibitor of Differentiation and DNA binding, had an additional function that 
promotes proliferation; ID can directly bind proneural bHLH transcription factors and inhibit their 
binding to the promoter regions of target genes. This inhibits differentiation and promotes prolif-
eration, illustration of the tight regulation, and importance of the balance between proliferation and 
differentiation. On the other hand, the cyclin-dependent kinase inhibitors (CDKIs) inhibit the 
CDKs, resulting in net proliferation. Upstream of the IDs, cyclins, E2Fs, and CDKIs is Myc.
The proto-oncogene Myc is an important node in this pathway, as illustrated by the many develop-
mental defects and tumorigenetic defects caused by Myc deregulation. MYC is regulated by a
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factors leads to predictable changes in the number of cells. Among the least 
 understood aspects of ear development is the connection between cell cycle exit of 
neurosensory precursor cells and initiation of differentiation at the molecular level 
basis [55, 56]. This important aspect will be discussed below in the context of hair 
cell-specific differentiation, an essential step to generate a functional organ of Corti.

3  Lineage Restriction and Fate Determination  
of Neurosensory Precursors

3.1  Determining Neurons, Hair Cells, and Mixed Clones: 
Neurog1, Neurod1, Atoh1 Interactions

Proliferating neurosensory precursor cells eventually exit the cell cycle and initiate 
differentiation into neurosensory cells such as inner ear neurons, hair cells, and sup-
porting cells around hair cells. The best characterized candidates mediating directly 
the neurosensory cell fate decisions are basic helix–loop–helix proteins such as the 
proneural Neurog1, Neurod1, and Atoh1 for neurosensory cells and Hes/Hey genes 
for supporting cells. The proneural bHLH transcription factors form an interacting 
network whereby Neurog1 and Atoh1 regulate the expression of Neurod1 in neu-
rons and hair cells, whereas Neurod1 in turn limits the expression of Neurog1 in 
neurons and of Atoh1 in hair cells [57]. Null mutations have contributed to our 
understanding of the functional importance of these genes in neuron and hair cell 
development. As it turns out, loss of Neurog1 eliminates all neuron development 
from the otocyst [58], whereas loss of Atoh1 eliminates all hair cell differentiation 
[59]. In addition, loss of Neurog1 affects hair cell formation in two ways: it causes 
not only loss in some neurosensory areas but also gain in non-sensory areas [60].

Unfortunately, the case of Neurod1 adds to this complexity. While initially 
thought of as a simple gene downstream of Neurog1 [58] to maintain neurons [61], 
follow-up work painted a different picture [57, 62]. Neurod1 suppresses Atoh1 in 
differentiating neurons and in the absence of Neurod1, these neurons express more 
profoundly Atoh1 and turn these cells into hair cells inside the inner ear ganglion 
[57]. Neurod1 expression in hair cells requires Atoh1 for upregulation [63], but the 
level of expression in hair cells is increased after Neurog1 loss [60]. Similar to neu-
rons, loss of Neurod1 also affects hair cell development. However, instead of turn-
ing neurons into hair cells as in ganglia, it turns outer hair cell-like cells into inner 
hair cell-like cells [57]. The simplest explanation for these interactions is that all 
three proneural factors interact within a given neurosensory precursor (Fig. 4) to 
define the outcome of bifunctional cells as either neurons or hair cells [1, 2]. 
However, how big this bifunctional population is in embryos and how much it 
changes as  development progresses, remains unclear [6, 64].
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3.2  Separating Hair Cells from Supporting Cells:  
Delta/Notch; Hes, Hey Factors

In addition to the proneural class of bHLH genes, the ear requires, like all other 
developing neuronal systems, the expression of the class of neurogenic genes down-
stream to the Delta/Notch signal. Given its profound function in ear development,
we will provide an in depth analysis of its expression and function.

3.2.1  Notch Basic Aspects: Receptors and Ligands

The Notch signaling pathway controls tissue formation and homeostasis during 
embryonic and adult life. It achieves this through local cell-to-cell interactions that 
occur via Notch receptors, of which there are four in mammals (Notch1–4). Notch 
ligands are the Delta-like (Dll1, 3, and 4) and Jagged (Jag1 and Jag2) proteins [65]. 
Notch receptor proteins are first glycosylated by the GDP-fucose protein O-fucosyl-
transferase 1 and three b1,3-GlcNAc-transferases (lunatic fringe, manic fringe, and
radical fringe), which are necessary for the generation of functional receptors and 
can impact their response to the ligands [66].

During maturation and trafficking to the cell surface membrane, Notch receptors 
undergo proteolytic cleavage by furin at site 1 (S1), which converts the Notch poly-
peptide into a heterodimer, composed of the Notch extracellular domain and the 
Notch transmembrane/intracellular domains [67]. A wide range of Notch ligands 

Fig. 4 Various basic helix–loop–helix proteins form complex interactions in a given cell. Data in 
mice and flies suggest that all proneural factors compete for the E-proteins to form heterodimers
for proper binding. However, E-proteins can also interact with Hes/Hey factors and the inhibitors 
of DNA binding (Ids). In essence, the binding properties and frequency of the binding partners will 
determine whether a cell is differentiating as a neuron/hair cell, a supporting/glial cell, or is con-
tinuing proliferation as a prosensory precursor
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bind to and activate the Notch receptor. The activity of Notch receptors and ligands 
are also regulated by endocytic trafficking, which can be modulated by various 
ubiquitin ligases, such as Mind bomb (Mib) and Neuralized (Neur) [68]. Upon 
ligand activation of the Notch receptors on neighboring cells, Notch receptors are 
cleaved by ADAM family metalloproteases at site 2 (S2). The truncated transmem-
brane/intracellular domains are subjected to further proteolytic events by presenilin
proteases complex known as γ-secretase (Fig. 5).

3.2.2  Activation of the Notch Receptor by Its Ligands

The cleaved intracellular domain of the Notch receptor (NICD) is released from the 
cell membrane and translocated to the nucleus, where it combines with the 

Fig. 5 The core canonical signal transduction pathway of Notch-dependent cellular processes is 
shown. Notch receptor and ligands are transmembrane proteins. The ligand-induced activation of 
Notch signaling is regulated by endocytic trafficking, which can be modulated by the different 
ubiquitin ligases, such as Mind bomb and Neuralized. The proneural genes Mash1, Ngn2, and
Math1 induce expression of Notch ligands such as Dll1, which activate Notch signaling in neigh-
boring cells. Upon activation, the notch intracellular domain (NICD) is released from the trans-
membrane region after successive proteolytic cleavages and transferred into the nucleus, where it 
will associate with RBPj and MAM to form a transcriptional complex and activate the expression
of the Notch target genes such as Hes1 and Hes5. The Hes genes in turn, repress proneural gene 
expression. The Notch receptor is glycosylated in the ER and the Golgi complex. Both ligand and
receptor are regulated by endocytosis
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DNA-binding protein RBPj/CBF-1 and other transcriptional co-activators, such as
Mam, to bind and activate downstream target genes [65]. The best characterized 
Notch targets are the Hes and related Hey genes, which encode a family of basic 
helix–loop–helix (bHLH) transcriptional repressors [69, 70]. The Hes/Hey proteins 
inhibit transcription of their target genes, such as Ascl1/Mash1, Atoh1, and 
Neurogenins, preventing undifferentiated progenitor cells from progressing toward 
more differentiated states (Fig. 4) except for a continued differentiation as support-
ing cells [71].

3.2.3  Notch Transcriptional Targets

Different outputs of Notch signaling pathway can lead to the transcription of spe-
cific target genes that often differs between cell types and tissues. The most 
expressed and best characterized Notch target genes encode bHLH proteins of the 
Hes/Hey family that are transcriptional repressors [70, 72]. The transcriptional 
activity of the Hes/Hey genes is dynamic, temporally and spatially regulated as the 
expression of the corresponding mRNAs can be detected as early as 30 min after
Notch activation and their encoded proteins are thought to be rapidly degraded [70, 
73]. One major function of the Hes/Hey transcription factors is to repress the pro-
neural factors of the Achaete-scute, Atoh, and Neurogenin family of bHLH tran-
scriptional activators, possibly by competing for a set of bHLH factors (Figs. 3, 4, 
and 5) needed to form heterodimers for proneural bHLH gene signaling [1]. In 
addition, the Hes proteins have been shown to repress their own transcription [74], 
resulting in oscillatory expression in neural progenitor cells [75]. The Hes/Hey 
genes are not the only targets of Notch activation. In many tissues the loss of func-
tion of Hes/Hey genes has not been shown to correlate with the phenotypes of the 
loss of Notch activity suggesting additional target genes [76]. It has been reported 
that in cell types in which the Notch activation enhances proliferation, Myc and 
CyclinD act as direct target genes of Notch [77, 78]. In cell types where Notch pro-
motes exit from the cell cycle and differentiation, cyclin-dependent kinase inhibi-
tors (from the Cdnk1-family) such as p21Cip1 (Cdkn1a) and p27Kip1 (Cdkn1b) act 
as targets of Notch activation [79, 80].

3.2.4  Notch Pathway in Inner Ear Sensory Patterning

The inner ear regionalization is the result of consecutive inductive signals emanat-
ing from neighboring tissues. Several lines of evidence support that the Notch1/Jag1 
signaling initially helps specifying sensory versus non-sensory epithelium within 
the ear, building the limits by a lateral inductive mechanism [1, 81–85]. Subsequently, 
the Notch1/Jag2-Dll1 pathway inhibits hair cell differentiation and establishes a
mosaic of cell fate by a lateral inhibition mechanism [85–87].

Among the many ligands (Table 1) Delta-like1 (Dll1), Delta-like3 (Dll3), Jag1 
and Jag2, and the Notch receptors Notch1 and Notch3 expressed in the inner ear
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[85, 88–93], Notch1 and Jag1 are expressed in patterns consistent with a role in otic 
prosensory specification. Although they are, together with Lfng, initially expressed 
in more diffuse patterns in the otic cup, each relocates to areas within the developing 
prosensory regions [81, 94–96]. Jag1 expression is first localized to the prosensory 
domain, while later on, its expression is confined to the supporting cell subtypes.

Recent results have provided new data regarding the role for Notch signaling in
the specification of prosensory domains. In particular, analysis of inner ears from 
mice in which Jag1 has been specifically deleted at the early otocyst stage using a 
Foxg1-dependent Cre-expressing mouse line, reveals that most of the vestibular 
organs, with the exception of the saccular maculae, are absent, and within the 
cochlea, a reduced number of mis-patterned hair cells are restricted to apical por-
tions of the cochlear duct [41, 97, 98]. Moreover, misexpression of Jag1 can induce 
ectopic sensory epithelia formation [42].

Consistent with this essential need of this signaling pathway, deletion of RBPj, a
transcriptional repressor that is required for Notch function [99], has been reported 
to lead to a complete absence of all vestibular epithelia while the sensory epithelium 
in the cochlea is restricted to the most apical area [100]. However, other data sug-
gest that the initial prosensory formation may progress up to a point in the absence 
of RBPj but that prosensory formation is only transient [40] becoming rapidly 
destabilized. Consistent with the later data, inhibition of γ-secretase activity, a com-
ponent of the Notch signaling pathway, is needed for maintenance but not initial 
formation of prosensory formation in the chick otocyst [101]. Conversely, overex-
pression of an activated form of chicken Notch1, cNotch1-intracellular domain 
(NICD), in non-sensory regions of the chick otocyst leads to the formation of ecto-
pic sensory patches [87]. All these results are consistent with a role for Jag1- 
dependent Notch activation in early steps of the specification of prosensory domains 
throughout the ear including the cochlear duct.

Additional factors are required for sensory specification in the cochlear system, 
since all these mutants showed only a reduction instead of a complete loss of the 
sensory hair cell area. In contrast, inner ear deletion of Notch1, by the use of Foxg1- 
Cre line as a driver, resulted in an overproduction of hair cells in both the vestibular 
and cochlear epithelia [98]. The mechanism for this effect is most likely related to 

Table 1 Notch receptors and ligands expression in the developing mouse inner ear

Notch pathway protein Expression patterns References

Notch1 Prosensory area and supporting cells [80, 85, 86]
Notch2 Outside the sensory epithelia [89]
Notch3 Epithelium of the otic vesicle [88]
Notch4 Outside the sensory epithelia [89]
Dll1 Hair cells [90, 92]
Dll3 Hair cells [93]
Dll4 Not determined –
Jag1 Prosensory area and supporting cells [41, 86]
Jag2 Hair cells [85, 98]
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the role of Notch signaling in the determination of individual cell fates within 
prosensory domains by a lateral inhibition mechanism. Consistent with a role of 
Notch in cell fate specification in the inner ear sensory epithelium, nuclear localiza-
tion of NICD, Hes1, Hes5, and Jag1 expression are detected in supporting cells, 
while Jag2 and Dll1 expressions are restricted to the hair cells [81, 83, 94, 102].

Null mutations for Jag2, Hes1, Hes5, and/or Dll1 in mouse embryos and mind
bomb (E3 ubiquitin involved in ubiquitinylation and endocytosis of Delta required 
for Notch function) in zebrafish embryos result in overproduction of hair cells at the 
expense of supporting cells, indicating that Notch signaling regulates sensory cell 
fate specification by a mechanism of lateral inhibition [85, 86, 91, 94]. Thus, Jag2/
Dll1 ligands induce the activation of Notch pathway and Hes5 in adjacent cells that
inhibits hair cell fate determination. Notch activity is then required for sensory 
development to first, make cells competent to form a prosensory patch conferring 
them a prosensory identity and, subsequently, inhibit hair cell differentiation and 
establish a regular sensory mosaic pattern of hair cells and supporting cells [87]. 
This interpretation parallels interpretations derived from Sox2 manipulations that
indicates the need to molecularly define neurosensory precursors/stem cells [13, 39].

The mechanism by which Notch activation can play dual roles for early steps of 
prosensory specification and later functions in lateral inhibition aspects to sort out 
supporting cells and hair cells is not clear. These two distinct functions are likely to 
require other downstream effectors for converting Notch activation into distinct 
transcriptional outputs. The Hes-related genes, Hey1 and Hey2, are expressed in the
developing cochlea and treatment of cochlear explant cultures identified Hes and 
Hey factors as downstream effectors of the prosensory Jag1 signal in the cochlea 
[103]. Another study showed that the expression of Hey2 overlaps with that of Hes1
and Hes5 [104]. The patterning defects observed in Hes1 or Hes5 null mutant mice 
[105] were increased in Hes1 and Hey2, and Hes5 and Hey2 compound mutants
suggesting cooperative functions of Hes/Hey genes to regulate the complex pattern-
ing in the mammalian cochlea [71, 106]. Co-expression of Hes and Hey factors, 
each regulated by different means, is important to avoid differentiation of support-
ing cells that express transiently Atoh1 [60, 107] into hair cells [71]. Unfortunately 
it is unclear how much of a co-expression of Atoh1 and downstream effectors of the 
Delta/Notch signaling happens in early neurosensory specification. The fact that at 
least some specification of hair cell precursors can occur without the RBPj-mediated
Delta/Notch signaling leaves open that this signal pathway plays only a crucial, but 
nevertheless secondary role in the initial neurosensory specification [40].

4  Stem Cells in the Adult Ear, Their Identification,  
and Localization

While nonmammalian species can repair their damaged inner ear sensory epithelia, 
neither the hair cells nor the neurons have the potential to regenerate in the 
 mammalian cochlea [108, 109]. In avians and lower vertebrates, supporting cells 
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can be triggered by dying hair cells to replace them by either proliferating or 
transdifferentiating modes [110]. Similar to birds [111], mammalian supporting 
cells may share a common cell progenitor with hair cells during development. 
However, supporting cells of the mammalian organ of Corti fail to show any regen-
erative response to hair cell loss either via direct transdifferentiation or mitosis 
[112]. The vestibular organ (including the utricle, the saccule, and the cristae ampul-
laris) is also a mechanosensory structure located in the inner ear that conveys infor-
mation on position and gravitational acceleration. In contrast to the cochlea, limited 
regeneration of hair cells has been observed in the vestibular sensory epithelia in 
guinea pigs following ototoxic drug treatment at different time-points [113] or after 
hair cells have been eliminated by molecular means in neonatal animals [114, 115].

A study on the murine utricle has confirmed evidence that vestibular sensory hair 
cells can spontaneously regenerate after ototoxic drug exposure. A large number of 
immature hair cells could be seen as early as 2 weeks after the lesion. However,
neither the regenerated cell numbers nor their morphological appearance was nor-
mal [116]. Recently, a population of putative stem cells (about 0.025 % of the cells
within the utricle) have been isolated from the adult mouse utricle [117], and a 
subset of them proliferate and form cellular spheres in culture. Moreover, these 
spheres were shown to contain multipotent stem cells with the ability to give rise to 
hair cell and supporting-like cells under differentiating culture conditions and when 
transplanted into a permissive environment, such as the developing chick otocyst.

Following the first isolation of vestibular stem cells, many studies were con-
ducted to check whether similar cells are present in the mouse cochlea. Using a 
similar culture procedure, sphere-forming cells with the capacity to generate hair 
cell and supporting-like cells were isolated from the neonatal cochlea of mice [118, 
119]. However, this population of stem/progenitor cells cannot be isolated from the 
mouse cochlea beyond the third week of age [118]. This decline in the sphere form-
ing capacity of cells derived from the cochlear epithelium could indicate that these 
stem/progenitor cell types either cease to exist or to a loss of their stem/progenitor 
properties in the adult cochlea. Indeed, a recent expression study using immunocy-
tochemistry and qPCR (Fig. 6) revealed a decrease in the expression levels of Sox2
and Jagged1, two known potent stem cell markers from the mature cochlea [120]. 
This implies intrinsic changes leading to a loss of stem/progenitor properties with 
maturation.

It remains open what the potential structural “niches” are and which stem cells 
can reside and maintain their identity in the inner ear environment. Previous studies 
with postnatal rat cochlea have proposed the lesser epithelial ridge (LER) and

Fig. 6 (continued) of Sox2 and Jagged1 quantified by qRT-PCR (a) in the adult cochlea, their 
pattern of expression is almost similar as in the P3 cochlea. In the adult cochlea, Abcg2 is down-
regulated in the supporting cells within the sensory area, while its expression is upregulated in the 
medial (i.e., inner sulcus) and lateral regions (i.e., Hensen’s cells) of the sensory area. In addition, 
Abcg2 colocalized with GFAP within the interdental cells in the apical portion of the adult cochlea.
IHC inner hair cell, OHCs outer hair cells, DCs Deiter’s cells, HeCs Hensen’s cells, IDCs interden-
tal cells, IRC inner rod cell, ORC outer rod cell, BC border cell, IPC inner phalange cell, IS inner 
sulcus, GER greater epithelial ridge, BM basilar membrane
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Fig. 6 Expression of some stem/progenitor markers in the postnatal day-3 (P3) and adult mouse 
cochlear epithelia. (a) Differential expression of Sox2, Jagged1, GFAP, Nestin, and Abcg2.
Transcripts were quantified by qRT-PCR, and data were analyzed using the 2-DCt method. GAPDH
was used as endogenous housekeeping control gene. Gene expression is represented as 2 106- ´DCt  
on a log10 scale. Error bars indicate standard deviations. Asterisks indicate differences in the 2-DCt  
between P3 and adult stages (student’s T-test; P ≤0.05). Real-time RT-PCR analysis revealed a
significant transcript declines by approximately 18 % for Sox2 and 12 % for Jagged1 in the
cochlear epithelia between P3 and adult (P ≤0.05). Although insignificant, the GFAP was the only
gene that showed a slight increased transcript expression in the adult cochlea when compared to 
the P3 cochlea. (b) Schematic summary of the expression patterns of Sox2, Jagged1, GFAP,
Nestin, and Abcg2 within P3 and adult cochlear epithelia. Despite the decrease in the expression
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greater epithelial ridge (GER), located respectively laterally and medially to the
organ of Corti as two potential “niches” for hair cell progenitors [121, 122]. These 
studies demonstrated that isolated LER and GER cells proliferate and form spheres
when grown in vitro in the presence of EGF and differentiate hair cell-like and
supporting-like cells when co-cultured with utricular mesenchymal cells. This 
hypothesis was supported by a demonstration that both of these cochlear epithelium 
locations (i.e., LER and GER) can give rise to ectopic hair cells when forced to
express Atoh1 [123, 124]. However, these transient embryonic cells disappear in the 
adult cochlea.

An interesting population of tissue-specific stem cells was isolated from cochleae 
of 9–11-week-old human fetuses [64, 125]. These human fetal progenitor cells were 
capable of undergoing long-term in vitro expansion (i.e., for at least up to 1 year) 
and kept the potential to differentiate into hair cells-like and neuron-like cells that 
displayed electrophysiological properties similar to those of developing cochlear 
hair cells and auditory neurons in vivo.

Also relevant are the nestin-positive neural stem/progenitors isolated from the 
adult guinea pig and human spiral ganglia [126]. These stem/progenitor cells formed 
spheres and differentiate in vitro into neurons that express neurotrophin receptors 
(i.e., TrkB and TrKC). These findings suggest that the mammalian auditory nerve 
has the capability for self-renewal and replacement.

An unexpected source of adult stem cells was reported within the mouse inner 
ear as being bone marrow-derived cells that may constitutively exist in the adult 
cochlea [127, 128]. The results of these studies suggest that mesenchymal cells in 
the adult inner ear continuously form from bone marrow and are replaced slowly 
over a period of months. However, the majority of these stem cells within the inner
ear differentiate into fibrocytes or resident/infiltrating macrophages. Still, these 
cells raise the intriguing possibility whether they could be receptive to exogenous 
signals that may induce hair cell replacement in the injured adult cochlea.

It has also been hypothesized that hair cell progenitor cells in early postnatal 
cochlea might in fact be the supporting cells themselves, as it has been shown that 
supporting cells isolated from neonatal mouse cochlea can proliferate and give a 
rise to both hair cell and supporting-like cells [129]. We will develop these findings 
with more details in the next paragraphs.

5  Markers for Adult Stem Cells of the Organ of Corti: 
Isolation/Sorting Through FACS

Data from different groups suggested that hair cell stem/progenitor cells in the 
postnatal period might in fact be the supporting cells, as it has been shown that 
isolated supporting cells from postnatal mice can proliferate and transdifferentiate 
into hair cell-like cells in vitro [119, 129]. For instance, White et al. [129] used a 
transgenic mouse expressing GFP under control of the Cdkn1b (p27Kip1) promoter 
to isolate the supporting cell population from postnatal mouse cochleae by 
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fluorescence-activated cell sorting (FACS). When these cells were co-cultured with
periotic mesenchyme, a subset was able to reenter the cell cycle and give rise to 
daughter cells that expressed some hair cell markers. This suggests that some iso-
lated/sorted postnatal mammalian supporting cells can divide and transdifferentiate 
into hair cell-like cells by both mitotic and non-mitotic events. In addition, the same 
study reported that supporting cells isolated from P14 mouse generated a low num-
ber of cells transdifferentiating into hair cells as compared to cultures of supporting 
cells isolated from neonatal mice. This decrease in the capacity of supporting cells 
to transdifferentiate into hair cells under culture conditions was associated with the 
inability of supporting cells isolated from P14 mouse cochleae to downregulate the 
p27Kip1 at this stage of maturation and beyond.

Interestingly, an Abcg2-expressing side population (SP) of progenitor cells has
been identified within the supporting cells in the P3 mouse cochlea and can be iso-
lated by FACS based on their ability to exclude Hoechst dye [119]. These FACS- 
isolated cells can divide and express markers of stem/progenitor cells such as 
Abcg2, a determinant of the SP phenotype, and Musashi1, a neural stem/progenitor
cell marker (Fig. 6). Further, these cells can give rise to hair cell-like cells under 
certain culture conditions. However, both purified neonatal cochlear supporting 
cells from p27Kip1-GFP and those isolated through a side population analysis dis-
played a very limited capacity for self-renewal. This contrasts with the supporting 
cells isolated from bird inner ear sensory tissue that can be propagated for extended 
periods in a monolayer culture [130]. Altogether, these studies suggest that dissoci-
ated supporting cells from the early postnatal mammalian cochlea behave as hair 
cell progenitor cells in vitro, but the phenotypic identity of the supporting cell sub-
type that retains stem/progenitor features is unknown. Recent studies from different
groups have taken advantage of cell surface markers routinely used to characterize 
hematopoietic cells to fractionate the organ of Corti by FACS into different single 
cell populations [8, 131–133]. These studies demonstrate differences in the prolif-
erative ability of different populations, but more significantly show that the sub-
populations vary significantly in their ability to produce hair cells in sphere 
cultures.

Of interest, Sinkkonen [131] used a battery of cell surface markers (CD271,
CD326, and CD146) to prospectively identify and purify different non-sensory cell
populations from the neonatal mouse cochlea and to determine their capacity to 
proliferate and form hair cells. In this study, four different non-sensory cell popula-
tions have been isolated and shown to display proliferative potential, but only lesser 
epithelial ridge (LER) and supporting cells robustly give rise to hair cell marker-
positive cells. These results suggest that cochlear supporting cells and cells of the 
LER area show robust potential to dedifferentiate, proliferate, and differentiate epi-
thelial cell patches harboring hair cell- and supporting cell-like cells.

Indeed, two recent papers [132, 133] have used the expression of the Wnt- 
responsive receptor Lgr5 to prospectively identify, characterize and purify subpopu-
lations of supporting cells from the mouse cochlea. In culture, these Lgr5-positive 
cells displayed progenitor cell ability, formed clonal colonies, and gave rise to myo-
sin VIIa positive hair cells, which display additional hair cell-specific markers when 
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compared to other purified supporting cell populations. Together, these data indicate 
that Lgr5, a Wnt target gene, marks Wnt-regulated sensory progenitor cells in the 
postnatal cochlea.

The identification of a potent-dividing supporting cell population and a neces-
sary triggering signal that can activate this division are an important step in estab-
lishing the identity of cell populations for mammalian inner ear replacement or 
repair. Certainly, figuring out the role of the Delta/Notch signaling pathway not only 
in the initiation of supporting cell differentiation and suppression of neurosensory 
cell fate needs to be expanded to understand its role in supporting proliferation of 
neurosensory precursor cells. Below we will expand on this issue.

6  Direct Transformation of Supporting Cells to Hair Cells:  
A Viable Strategy for the Cochlea?

From the above it follows that supporting cells are turned away from a hair cell or 
general neurosensory differentiation mostly through the activation of Delta/Notch 
downstream effects of the Hes/Hey family of bHLH genes. In fact, even limited 
expression of Atoh1 reported in supporting cells [60] can be counteracted by Hes/
Hey to maintain a supporting cell differentiation during normal development [60, 
71, 107]. This suggests that not only simple distribution of various transcription 
factors but their quantitative mix is important for the cell fate decision making pro-
cess. Simply speaking, it will be the sustained expression of either a proneural 
bHLH factor or neurosensory bHLH factor that will in the end determine the future 
fate of a precursor cell. What remains unclear is how long co-existence of both fac-
tors last and at which level co-expression can be sustained. Also unclear is for how 
long the initial decision making process can be reverted through elevated expression 
of the opposing bHLH factor. Recent data suggest that in mice this may last until
about 4 weeks of age [9]. This theoretical framework is important to understand the 
initial success and the apparent limitations of Atoh1 replacement therapy or Delta- 
Notch suppressor approaches, detailed below.

6.1  Success with Atoh1 Gene Therapy and Its Limitations

Shortly after the mutational analysis demonstrated that Atoh1 was an essential gene 
for hair cell differentiation [59], Atoh1 transfection showed that embryonic inner 
ear cells can be converted to hair cells [123]. In fact, more recent data have dramati-
cally expanded this initial finding but also indicated its limitations. For example, 
almost the entire developing ear can be converted into a mosaic of hair cells/sup-
porting cells using an inducible overexpression of Atoh1 [134]. However, such hair 
cells have a limited viability. Furthermore, neither induction of hair cells nor induc-
tion of proliferation of supporting cells using Atoh1 is possible in older postnatal 
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mice [135]. Some transformation of supporting cells seems to be possible under 
very limited circumstances with this approach in older animals [136] but certainly 
not after the organ of Corti has dedifferentiated due to the absence of hair cell- 
mediated signals [11]. Since the latter will be the likely situation in humans with 
variable time delays after hair cell loss-related neurosensory deafness, it is unclear 
how the embryonic and early neonatal success with Atoh1 therapy can be expanded 
to the nearly completely degenerated organ of Corti in the elderly, possibly after 
years of loss of hair cells.

More recent data indicate that indeed there is a limited expression of Atoh1 in the 
adult organ of Corti [60] and this expression is apparently used to drive transdiffer-
entiation of supporting cells by inhibiting γ-secretase [9]. Unfortunately, the most 
profound effects in terms of hearing restoration coincided in these experiments with 
areas that showed no supporting cell transformation. How long these transformed 
cells remain and how long after loss of hair cells this approach will work is unclear.

Obviously, the work on hair cell loss in mind bomb mutants where all supporting 
cells turn into hair cells [94] suggests that simple conversion of the remaining cells 
of the organ of Corti after hair cells have been lost will not suffice to restore hearing. 
Therefore, attempts should be made to initiate proliferation of the remaining cells 
before conversion. It is entirely possible that postmitotic cells will be easier to be 
reprogrammed with proper molecular treatment into hair cells. While conceptually 
appealing, the attempts to initiate proliferation in the adult cochlea deprived of all 
hair cells has not been very successful as yet [10]. Only limited attempts have been 
made to use more powerful stimulators of proliferation such as the various tumor 
suppressor or proto-oncogenes expressed in the developing ear-like knocking-out of 
retinoblastoma [54, 137, 138], N-Myc [50, 55] or combining these approaches with 
knocking down of cyclin kinase inhibitors such as p21 [52] and other factors. 
Obviously, controlled and transient overexpression of proto-oncogenes would be 
easier to shut down to initiate secure differentiation of postmitotic cells with gene 
therapy. Future work certainly should explore the possibility to use inducible, tran-
sient expression of N-Myc to safely initiate proliferation in the ear [50].

6.2  Can Hair Cells Survive Long Term Without Supporting 
Cells? The Need for Proliferation Prior to Attempts  
of In Vivo Transformation

As stated above, proliferation is not only essential to restore potentially reprogram-
mable cells in the fully degenerated cochlea but also is essential for any attempt to 
transform supporting cells into hair cells. Data on the zebrafish mind bomb muta-
tion show clearly that hair cells that form without supporting cells are not main-
tained and degenerate fast [94]. This insight puts a limitation on any attempt to 
simply convert remaining supporting cells after hair cell loss into hair cells. 
Obviously, such hair cells, deprived of supporting cells, will not have the desired 
long-term viability. Therefore, it would be important to initiate proliferation prior to 
attempts to transform with molecular treatment the supporting cells into hair cells.
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In conclusion, no matter the starting point in terms of remaining degree of differ-
entiation of supporting cells, it will be essential to initiate proliferation of remaining 
cells in the organ of Corti before attempts are initiated to transform remaining cells 
into hair cells. In fact, it is possible that the newly postmitotic cells, in particular when 
induced to express prosensory markers such as Sox2, Eya1/Six1, Gata3, and Pax2, are
less committed to a specific phenotype. These cells may be more likely to be repro-
grammed molecularly into a specific type of neurosensory cell using the information 
partially outlined above on early development of the organ of Corti [28, 139].

7  Turning Back the Clock of Differentiation: Adult 
Induction of Stem Cell Properties In Situ  
Using Molecular Therapy

As outlined above and inferred from a loss in regenerative potential, stem cells seem 
to disappear in the OC in mice during postnatal maturation. At this time, it remains 
undetermined what kind of stemness exists in the OC, whether (1) the adult OC 
harbors true stem/progenitors cells in a dormant state or if (2) such stem/progenitor
cell properties may potentially be induced by dedifferentiation of differentiated sup-
porting cells by exogenous stimuli. This “true oxymoron” of inner ear stem cells has 
been discussed in a recent review [140].

In the adult auditory sensory epithelium of nonmammalian vertebrates, transdif-
ferentiation of supporting cells with or without proliferation can replace lost hair 
cells. This regenerative potential is lost in the mammalian cochlea. A central ques-
tion around the pursuit to regenerate hair cells in the OC therefore is how endoge-
nous cells in the mammalian auditory epithelium may be stimulated to regain the 
regenerative potential observed in the nonmammalian counterparts. From the two 
concepts of stemness as described above arise two concepts to restore the regenera-
tive potential, (1) the potential activation of dormant resident stem cells or (2) the
potential dedifferentiation of differentiated supporting cells. For both approaches, 
the search for specific cells with potential stem/progenitor cell features within the 
mature cochlea is critical.

In search for stem/progenitor cells in the mouse inner ear, Nestin promoter-green 
fluorescent protein (GFP) transgenic mice have been investigated to determine the
presence of Nestin-positive cells in the OC. It was shown that the expression of 
Nestin in the mouse inner ear became developmentally downregulated, but a small, 
albeit persisting population of Nestin-positive Deiter’s cells was retained in the 
adult inner ear [141]. The presence of Nestin-positive cells in the mature cochlea 
was recently confirmed using Nestin-β-gal transgenic mice. Interestingly, both the 
number of Nestin-positive cells and the expression of the Nestin mRNA increased
after a noise induced hair cell loss [142] (Fig. 7c, d). If Nestin is accepted as a stem
cell marker these results indeed are in support of both hypotheses that (1) a small 
persisting population of resident cells with dormant stem/progenitor cell features 
exist in the mature cochlea and (2) that an additional subset of differentiated
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supporting cells dedifferentiates towards a stem/progenitor cell phenotype upon a 
damaging stimulus. Since the further steps of a full regenerative response such as 
proliferation and re- differentiation are lost in the mature OC, an additional set of 
signals appears needed to trigger dormant stem cells and/or dedifferentiated sup-
porting cells to regenerate hair cells in the mature OC. Nevertheless the identifica-
tion of potentially responsive endogenous progenitor cells represents a promising, 
emerging cellular target for further molecular intervention. Toward the hypothesis 
of a dormant stem/progenitor cell population it is important to note that in vitro 
cultures of isolated p75-NTR+ [129, 131] and Lgr-5+ cells [132, 133] demonstrated 
the generation of hair cell-like cells after mitotic cell devision (Fig. 7a, b).
Furthermore, the results from in vivo lineage tracing experiments suggest that Lgr-
5+ cells can give rise to hair cells in the neonatal cochlea [132, 133].

In further support of the hypothesis of a dedifferentiation response are data on 
supporting cells of the (OC) of ototoxic drug treated guinea pigs and mice. In guinea 
pigs damaged by aminoglycosides supporting cells showed an increase in proteins 
involved in Notch activation such as Jag1 in pillar and Deiter’s cells, Notch1 signal 
in surviving supporting cells, and the absence of Jag2 and Dll1. Furthermore, the
proneural bHLH protein Atoh1 was absent, while the repressor bHLH transcription 
factors Hes1 and Hes5 were detected in surviving supporting cell nuclei (Fig. 7g, h).
Studies conducted in C57BL/6 and CBA/Ca mice after treatment with an aminogly-
coside-diuretic combination produced a loss of all outer hair cells within 48 h in both 
strains. A very limited dedifferentiation response was seen in specialized columnar-
supporting cells with downregulation of Kir4.1, but KCC4, GLAST, microtubule
bundles, connexin expression patterns and pathways of intercellular communication 
were retained (Fig. 7e, f) [185]. The inconsistency of a dedifferentiation response 
amongst species and supporting cell populations clearly indicates that this step 
toward regeneration is incomplete or rudimentary. Thus, any attempt to promote 
endogenous hair cell regeneration will depend on further exogenous stimulation.

Further steps needed toward a full regenerative response such as proliferation and 
re- differentiation have recently been demonstrated by molecular manipulation of the 
cell cycle or by isolation and explantation of cells from the OC in vitro. The artificial 
isolation of cells from the OC reveals an intrinsic stemness or “turning back the 
clock” as indicated by the presence of multipotent stem cells that in an otic sphere 
formation assay can be induced to self-renew and differentiate into supporting and 
hair cell lineages [117, 118, 131, 143, 144]. Such stem cell-like properties have been 
linked to the supporting cell population of the postnatal OC by multiple approaches. 
As detailed above (Sect. 4) postnatal supporting cells purified by fluorescence-
activated cell sorting using approaches such as p27Kip1-GFP transgenic mice [129], 
side population analysis [119], selective surface markers on supporting cells [131] or 
Lgr5-GFP transgenic mice [132, 145], acquire stem cell-like properties similar to 
progenitor cells in the early embryonic OC. However, after the second postnatal 
week this sphere forming capacity of isolated cells from the OC is lost in the func-
tionally mature wild-type OC [118]. Interestingly, studies using transgenic mice defi-
cient for the cyclin-dependent kinase inhibitor CDKN1B (p27Kip1) showed ongoing 
proliferation of supporting cells in the postnatal OC [146, 147] and adult [147] OC in 
vivo and in vitro at the p14 developmental time point [129]. These studies provided 
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Fig. 7 Potential markers of endogenous dormant stem cell candidates and induction of dediffer-
entiation within the mammalian organ of Corti. (a) The differentiated mammalian OC harbors 
endogenous dormant progenitor cells [120] that can be isolated by their surface-marker expression, 
i.e., p75-neurotrophine receptor (NTR) [129, 131] Pillar cells and Hensen’s cells express the p75-
neurotrophine receptor (NTR) at early postnatal stages; (b) Endogeneous progenitor marker 
Lgr-5 is expressed in cells of the greater epithelial ridge (GER), inner pillar cells, and the third
row of Deiter’s cells [132, 133]; (c) Nestin+ supporting cells in the mature OC; (d) After hair 
cell loss Nestin expression is increased in the apical turn of the mature mammalian cochlea [142]. 
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a “proof of principle” for future strategies that aim to circumvent or reverse the cell 
cycle exit within the postnatal mammalian OC that is established during the period of 
terminal mitosis during embryogenesis [60, 148–151] (Fig. 2a, b). Following the 
discovery of p27Kip1 in the supporting cell population of mammalian auditory epithe-
lium and its function in otic cell cycle control [146, 147], several other cell cycle 
regulators and their spatiotemporal expression patterns in the developing OC have 
been identified. These constitute putative targets for small molecule interventions 
aiming at the induction of proliferative properties in the adult mammalian OC. 
Section 7.2 summarizes current knowledge about the expression and the functional 
significance of cell cycle regulators for a regenerative response, in particular the 
cyclin-dependent kinase inhibitors CDKN1, CDKN2, and the pocket protein family.

7.1  Re-creating Inner Ear Stem Cells Using Ubiquitous Stem 
Cell Markers: Oct4, Nanog, and Sox2

The pluripotent state of ESCs is governed by a core of transcription factors Oct4, 
Sox2, and Nanog which are essential for establishing and maintaining the pluripo-
tent ground state (i.e. [152]. Since stem cells have been isolated from the vestibular 
portion of the inner ear and phenotypically characterized as pluripotent stem cells 
[117], it is reasonable to include the key pluripotency factors Oct4, Nanog, and 
Sox2 in current analyses and characterization of inner ear stem cells including the
OC. This discovery of stem cells in the vestibular portion of the inner ear in the adult 
mouse utricle [117] has triggered the search for stem cells in the OC. Stem cells in 
the mouse OC have been also isolated and characterized from the OC. As outlined 
above, the isolation of stem cells from the OC has been limited to postnatal devel-
opmental stages and isolation from the adult OC has not been achieved [118]. It has 
been shown that organ of Corti SCs (OCSCs)—isolated from the postnatal OC—
can self-renew and differentiate into supporting and hair cell-like cells, which is 
consistent with a multipotent stem cell state. A systematic comparative analysis of 
pluripotent ESCs, multipotent NSCs, and OCSCs from the same genetic back-
ground aimed at the definition of the molecular signature of OCSCs as related to a 
pluripotent stem cell state. While Sox2 was maintained in all three cell populations,
Oct4 and Nanog were downregulated in OCSCs at the epigenetic, transcriptional, 
and translational level, which was also observed in multipotent NSCs but not in the 
pluripotent ESCs [13]. Similarly, in vestibular inner ear stem cells Sox2 expression
is maintained, while transcription of Nanog and Oct4 is downregulated [153]. 

Fig. 7 (continued) (e, f) Dedifferentiation response in ototoxic drug treated mice. Limited 
 de-differentiation response in columnar supporting cells with down-regulation of Kir4.1 [185]; (g, h) 
Dedifferentiation response in ototoxic drug treated guinea pigs. Supporting cells showed an 
increase in proteins involved in Notch activation [10]
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Therefore, OCSCs show no pluripotent molecular signature but similar to NSCs 
endogenously retain the expression of the pluripotency factor Sox2 as well as c-Myc
and Klf4. Interestingly, single factor reprogramming by the exogenous expression 
of Oct4 with or without the endogenously expressed factors Sox2, c-Myc, and Klf4
is sufficient to generate pluripotent stem cells from adult mouse NSCs [154] and 
fetal human NSCs [155]. These mouse and human one-factor-induced pluripotent 
stem cells (1F iPSCs) are similar to respective ESCs in vitro and in vivo. Based on 
the similar endogenous expression profile of NSCs and OCSCs, it appears likely 
that OCSCs may be a valuable cellular target for single-factor iPSCs generation. 
Interestingly, in auditory epithelial cells derived from the human fetal cochlea at 
developmental stages corresponding to the postnatal mouse cochlea, a pool of 
Oct4+ and Sox2+ stem cells has been identified [125]. These Oct4+/Sox2+ stem
cells have retained their in vitro capacity to differentiate into sensory hair cells and 
neurons, even after long-term expansion [125]. Therefore single factor iPSCs cell 
generation using Oct4 may also be a viable option to generate otic derived iPCSs.

Furthermore, it has been demonstrated in genetic mouse models in vivo that the 
absence or reduced expression of Sox2 in inner ear progenitors resulted in a severe
malformation of the auditory sensory epithelium with disorganized and fewer sen-
sory hair cells [23], indicating that the pluripotency factor Sox2 is an important
determinant of stemness in the OC. Furthermore, it has recently been shown that the 
self-renewal potential of Sox2-expressing OCSCs is negatively correlated with the
epigenetic methylation status of the inner ear-specific Sox2 enhancers NOP1 and
NOP2 [13]. In ESCs, Sox2 functions as a molecular rheostat as the level of Sox2
expression appears to control the expression of critical subsets of genes, thereby 
shifting its function from self-renewal to differentiation [156]. This functional dual-
ism is also seen for NSCs. In NSCs Sox2 is essential to maintain “stemness” [157], 
but it also controls the differentiation of neurons in the brain [158] and retinal cells 
in the eye [159]. These examples indicate that Sox2 has multiple dose- and context
dependent functions in pluripotent and multipotent stem cells, as well as differenti-
ated cells [1, 160].

This functional dualism of Sox2 is further extended to the OC as Sox2 appears
to serve a pivotal role in establishing progenitors in the prosensory domain [23] and 
the subsequent differentiation of supporting cells [39]. It has been suggested that 
Sox2 plays a dose-dependent role in the inversely correlated phenomena of stem-
ness and differentiation [39]. Further evidence for a dose-dependent Sox2 rheostat-
like function in the OC is provided by concomitant changes in Sox2 mRNA levels
during OC development and the progressive methylation of inner ear selective Sox2
enhancer elements NOP1 and NOP2 [13]. Likewise, Sox2 has also been described
to function in both sphere formation and differentiation of inner ear stem cells 
derived from the vestibular part of the inner ear [161].

The role of the inner ear selective Sox2 enhancer elements NOP1 and NOP2 as
a critical factors in establishing the prosensory domain of the OC is further indi-
cated by observations in two allelic Sox2 mouse mutants, Lcc and Ysb [23]. In these 
mutants neither the protein-coding region nor the promoter of Sox2 was affected.
However, sequence analysis revealed that the evolutionarily conserved avian NOP1 
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and NOP2 sequences [162] map to the murine genomic locus affected by the Lcc 
mutation [13, 23]. Similarly, in the Ysb mutation identified, chromosomal rear-
rangement might interfere with the NOP1 and NOP2 sequences [23]. Therefore, 
both Lcc and Ysb phenotypes appear to be correlated with a compromise in function 
of the murine NOP1 and NOP2 enhancer elements of Sox2.

As mentioned above, there is increasing evidence that Sox2 plays a dose-
dependent role in both stemness and differentiation [39]. Increasing Sox2 levels
during late embryonic development may activate an autoregulatory loop mediated 
by Sox2-binding sites in the NOP1 and NOP2 enhancer elements [13], which may 
contribute to the maintenance of the supporting cell phenotype, consistent with the 
reciprocal antagonistic relationship between Sox2 in the differentiating supporting
cells and Atoh1 in the differentiating hair cells [39]. The transcriptional downregu-
lation of Sox2 in late postnatal development can be explained by an increase in
NOP1 and NOP2 enhancer methylation. Sox2 expression in proliferating prosen-
sory precursors provides a link to early Notch signaling. Sox2 has been identified as
a target gene of the Notch ligand Jag1, which is strongly expressed in the proliferating 
prosensory precursors before cell differentiation [41, 105] and bHLH transcription 
factors are known to interact with E-box motifs [163, 164], which have been identi-
fied in the NOP1 and NOP2 sequences [13]. As the bHLH transcription factors act 
as transcriptional repressors [70], the binding of Hes1 to NOP1 and NOP2 could
interfere with Sox2 at prosensory precursor stage (see Sect. 3). Hes1 expression is 
downregulated at the time period when the precursor cells exit the cell cycle and 
undergo cell fate decisions toward hair cell and supporting cell phenotypes [105]. 
Simultaneously, transcriptional silencing of NOP1 and NOP2 may be released and
result in an upregulation of Sox2 expression potentially contributing to the differen-
tiation and maintenance of supporting cells [13].

7.2  Reinitiation of Proliferation of Stem Cell Clones:  
CKIs and pRb

The organ of Corti is a terminally differentiated organ and the definition of terminal 
differentiation implies (1) permanent withdrawal from the cell cycle and (2) pheno-
typic differentiation. These two phenomena are usually irreversible and interdepen-
dent. During the development of the organ of Corti progenitor cells proliferate until 
the time point of “terminal mitosis” at which they leave the cell cycle and differenti-
ate into hair and supporting cells. For both hair cells and supporting cells, terminal 
mitosis peaks around embryonic day 13.5 (Fig. 8) [56, 148]. This permanent cell 
cycle withdrawal may be of advantage to the maintenance of a complex cytoarchi-
tecture and functionally relevant for the micromechanical properties which form the 
basis for sensory transduction. However, if all supporting cells in the organ of Corti 
have undergone terminal mitosis and terminal differentiation, the reinitiation of the 
cell cycle in the context of proliferation-based regeneration of hair cells appears 
outside the biological setting.

Toward Translating Molecular Ear Development to Generate Hair Cells from Stem Cells



Fig. 8 Hypothetical correlation of labeling activity of different cell types in the developing mouse 
cochlea with tritiated thymidine (from [148]) and onset of Atoh1 expression in inner (a) and outer 
(b) hair cells (from [63]), and p27Kip1 expression (from [151, 184]) in different supporting cell 
types (c–g), respectively. The highest number of thymidine-labeled cells (black lines, a–h) was 
observed at embryonic day (e) 13.5 in all cochlear cell types, indicating that, dependent on their
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The decision to determine if a cell divides or not is taken during the G1 phase of
the cell cycle at the restriction point. The restriction point divides the G1 phase into
an early/mid phase and a late phase. After cells pass the restriction point, they act 
mitogen independent and follow through the cell cycle without the need of exoge-
nous stimulation. If a cell exits the cell cycle reversibly and enters a state of quies-
cence (also termed the G0 state), the restriction point may be passed by application
of appropriate exogenous stimuli as observed in avian auditory hair cell epithelium 
in the event of hair cell loss. However, terminally differentiated cells leave the cell 
cycle irreversibly and become refractory to exogenous stimuli, implying that the 
restriction point cannot be passed despite the application of stimulating factors. 
Consequently, if the supporting cells of the (OC) were terminally differentiated, 
conceptually reinitiation of the cell cycle is not a simple biological problem.

Therefore, it appears necessary to elucidate and understand the molecular control 
of the exit from the cell cycle during development and in particular the inhibitory 
molecular signals that control the restriction point in the OC that may prevent the 
supporting cells from reinitiating the cell cycle.

At the transcriptional level, the activation of the E2F transcription factor family
is essential to S-phase entry. The transcription factor E2F interacts with the cell
cycle via the pocket protein of the retinoblastoma protein (pRb) family [53]. In 
brief, the tumor suppressor pocket proteins exist in phosphorylated and dephos-
phorylated states. In the dephosphorylated and hence active state, pRb binds to and
thereby inhibits E2F binding to target genes. This prevents passage through the
restriction point and hence entry into the cell cycle. In a phosphorylated and inactive 
state, pRb is released from E2F binding which allows initiation of E2F mediated
transcription and initiation of S-phase. Therefore, the phosphorylation state of pRb
acts like a switch whether a cell enters the cell cycle or not. This pRb-related switch
in turn is regulated by cyclin-dependent kinases (CDKs). The CDKs can either be 
activated by their catalytic subunits, the cyclins, or inhibited by cyclin-dependent 
kinase inhibitors (CKIs), which are divided into two protein families (Fig. 10a). The 
ratio of activating cyclin/CDK complexes and inhibiting CKIs will therefore deter-
mine the phosphorylation status of the pocket proteins of the pRb family and bal-
ance cell division versus cell arrest (Fig. 11a). This cell cycle machinery is also 
active in the supporting cells and the hair cells of the organ of Corti. Expression 
studies (Table 2) followed by targeted deletion of the particular regulators (Table 3), 
have elucidated at least in part their selective roles for these different cell types.

Fig. 8 (continued) spatial distribution in the cochlear duct, the cells underwent terminal mitosis 
around this time point [148]. Onset and increase of Atoh1 expression in inner (a) and outer (b) hair 
cells with a hair cell type-specific slope (red lines, data from the basal cochlear turn, adapted from 
[63]) was observed around the time point of terminal mitosis. Expression of p27Kip1 in supporting 
cells (c–g) (blue lines) followed a steep wave between E12.5 and E14.5 [151, 184] that preceded 
the wave of cell cycle exit in an apical to basal direction (X-axis: black numbers indicate days of 
gestation, gray numbers indicate days post-partum; Due to a different conventions regarding the 
determination of age post-conception in the study by [148], data points derived from this study 
were dated back by 0.5 day)
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Based on expression pattern investigations it was found that the CKI p27Kip1 
from the CDKN1B family is selectively expressed in the supporting cells of the OC. 
The expression appears simultaneous with the onset of differentiation following the 
terminal mitosis during embryonic development and is maintained throughout adult 
life [146, 147]. Further elucidation of the functional role of p27Kip1 for the prolifera-
tive status of supporting cells in the organ of Corti in a knockout mouse revealed 
cellular hyperplasia in the OC. More importantly, the supporting cells within the 
normally postmitotic OC continued to divide indicating an intact intrinsic cell cycle 
machinery that drives mitotic cell division (Fig. 9a) [146, 147] and allows subse-
quent differentiation into hair cells (Fig. 9b). Complementary in vitro studies using 
p27GFP-transgenic mice showed that isolated p27GFP-positve supporting cells from 
constitutive knock-out of p27Kip1−/−

 mice divided and gave rise to myosin-VI+ hair 
cell-like cells in vitro even when isolated at mature developmental stages at postna-
tal day 14. In the p27Kip1−/− knockout situation, this is apparently based on prolifera-
tion of supporting cells, as opposed to wild-type p27Kip1 which generated hair cells 
only based on direct conversion of supporting cells into hair cells without a prolif-
erative step. A further study used gene silencing of the p27Kip1-encoding gene 
CDKN1B in the in vitro-cultured postnatal OC. The siRNA-induced knockdown of
p27Kip1 reinitiated the cell cycle re-entry of postmitotic supporting cells, as con-
firmed by BrdU incorporation in vitro [165]. This finding was expanded to the in 
vivo situation in a recent study using a tamoxifen-inducible mouse model to delete 
p27Kip1 expression [166]. This study demonstrated that supporting cells in the 

Fig. 9 Ongoing proliferation in the organ of Corti (OC) of p27Kip1 deficient mice at postnatal 
day 6. (a) Proliferation in cells within the OC is demonstrated by BrdU-labeling (red) that reveals 
all mitotic stages. (Dapi, blue). (b) BrdU-labeling (green) of a Myosin VII + cell (red) next to the 
inner hair cell (IHC) indicates the generation of a new hair cell based on proliferation in the 
p27Kip1 deficient organ of Corti. (OHC, outer hair cells; Scale bar = 10 µm). (Figure by courtesy of
J. Waldhaus and H. Löwenheim)
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postnatal as well as in the adult mammalian cochlea are still responsive to changes 
in p27Kip1 expression.

In summary, expression of p27Kip1 protein is initiated at the time point of terminal 
mitosis and remains present in the functionally mature cochlear supporting cells. 
Deletion studies for p27Kip1 imply that the strong inhibition on cell division may be 
circumvented by such an approach but may not be sufficient and may have to take 
other factors into consideration that may act redundant to p27Kip1 (Figs. 10b and 
11b). How CDK inhibitors are regulated downstream of N-Myc and other 
 transcription factors remains unclear [50].

Moving to the CDKN1A family of cyclin-dependent kinase inhibitors p19Ink4d is 
selectively expressed in hair cells as determined by in situ hybridization and FACS 
analysis. The targeted deletion of p19Ink4d led to a disruption of the postmitotic state 
of the HCs. In p19Ink4d knockout mice, HCs were observed to aberrantly re-enter the 
cell cycle and subsequently undergo apoptosis, resulting in progressive hearing loss 
[167]. The co-deletion of p19Ink4d and p21Cip1 led to cell cycle re-entry of HCs during 
a restricted period in early postnatal life and to the transient appearance of supernu-
merary HCs followed by p53-mediated apoptosis. This example demonstrates that 
maintenance of the postmitotic state can be cooperatively regulated by several CKIs 
and is critical for survival of hair cells (Figs. 10c and 11c).

Downstream of the CDKs acts the tumor suppressor family of the Retinoblastoma
protein (pRb) including the family members p107 and p130. The conditional ablation

Fig. 10 Ongoing proliferation in the organ of Corti (OC) of p27Kip1 deficient mice at postnatal day 
6. (a) Proliferation in cells within the OC is demonstrated by BrdU-labeling (red) that reveals all 
mitotic stages. (Dapi, blue). (b) BrdU-labeling (green) of a Myosin VII + cell (red) next to the 
inner hair cell (IHC) indicates the generation of a new hair cell based on proliferation in the p27Kip1 
deficient organ of Corti. (OHC, outer hair cells; Scale bar = 10 µm). (Figure by courtesy of J.
Waldhaus and H. Löwenheim)
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Fig. 10 (continued)

of pRb also generated a phenotype of supernumerary hair cells and supporting cells
as well as proliferating supporting cells and hair cells [54, 168]. Targeting hair cells 
by using an Atoh1-Cre inducible system, deletion of pRb led hair cells to re-enter
the cell cycle but they failed to differentiate and underwent cell death leading to 
complete deafness [137]. Targeting supporting cells by a Prox1-CreERT2 line dele-
tion of pRb led supporting cells to proliferate but they failed to differentiate into
hair cells and also underwent cell death with some delay. Finally, the knock-out of 
the pRb family member p130 mice resulted in hyperplasia of HCs and SCs in the
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Fig. 11 Hypothetical 
stoichiometric regulation of 
the cell cycle transition from 
G1- to S-phase in cochlear
supporting (SC) and hair cells 
(HC) by cyclins, cyclin-
dependent kinases (Cdk) and 
Cdk-inhibitors. (a) The 
balanced actions of Cdk-
inhibitors on one side and 
cyclin/Cdk-complexes on the 
other side determine between 
cell cycle arrest or cell cycle 
progression. (b) In cochlear 
SCs the balance is shifted 
towards cell division by 
inactivation of p27Kip1. Other 
potential Cdk-inhibitors, 
whose function in cell cycle 
controls of SCs is not 
determined experimentally, 
but which are selectively 
expressed in SCs are labeled 
by fat outline. (c) In cochlear 
hair cells the balance is 
shifted towards cell division 
by inactivation of p19Ink4d. 
Other potential Cdk-
inhibitors selectively 
expressed in HCs are labeled 
by fat outline
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apical regions of the cochlea [169]. Interestingly, there was no evidence of transdif-
ferentiation of these supernumerary SCs into HCs. These mice exhibited nearly 
normal peripheral auditory sensitivity (Fig. 10b, c).

More recently, one Yamanaka factor that is an upstream regulator of several 
CDK and CDKIs has been investigated in the ear, N-Myc [24, 25, 50]. As expected 
based on the known position of this transcription factor (Fig. 3), profound effects on 
proliferation and differentiation were found in these mutants. Unfortunately, all data 
collected with these proto-oncogenes thus far are based on loss of function studies. 
What is needed now are studies that demonstrate the gain in proliferation possible 
with a regulated overexpression of N-Myc, in particular in late stage differentiation 
when N-Myc is expressed only in hair cells with seemingly no function [55].

8  Non-otic Stem Cells Can Generate Hair Cells and Neurons

The above details show that the transformation of remaining cells in the organ of 
Corti suffering from various degrees of hair cell loss will require a two step approach: 
(1) initiating proliferation followed by (2) initiation of differentiation into support-
ing cells and hair cells. For reasons detailed above, it is essential to generate novel, 
partially or uncommitted precursors as attempts to transform fully differentiated 
supporting cells or adult non-sensory otic epithelium seems to be extremely difficult 
if not impossible [11, 136]. How far these proliferative cells will need to be molecu-
larly transformed to resemble developing neurosensory precursor cells through 
expression of Sox2, Pax2, Eya1, Gata3, and other factors associated with the neuro-
sensory precursors remains to be elucidated. Following the work on iPS cells, it may 
be possible to reduce the multitude of genes currently characterized into a smaller 
essential set but work needs to be done to define such a smaller set of genes.

At the face of it, transformation of cells in a dish toward a hair cell precursor will 
follow somewhat similar approaches. No matter the origin of these cells, ultimately 
they need to be turned into an otic neurosensory precursor that has a high yield of 
hair cell, currently just marginally better than the proof of principle that this is pos-
sible [6, 7, 170]. Where these stem cells are derived from may eventually prove to 
be an issue [171] but, certainly there appears to be no clear-cut bias at the moment. 
Even mesenchymal-derived stem cells can be converted to hair cell-like cells in 
vitro [8, 172] using powerful transcription factors [26, 27], even though they do not 
transform cells along the normal ectodermal-derived placodal developmental path-
way [28, 50]. Obviously, generating neurons out of the various precursor cells that 
can be incorporated into the cochlea seems to be the easier task [6, 153]. These can 
further be increased by notch signal manipulation and upregulation of the neuron- 
specific transcription factor Neurog1 [161]. However, manipulating both the Delta/
Notch-signaling pathway as well as the Wnt-, Shh-, and retinoic acid-signaling 
pathways can enhance the commitment toward a hair cell phenotype [132, 161, 173] 
to over 10 %. Clearly this is progress over the 1 % or less transformation of various
stem cells into hair cells possible only a few years ago [6]. Nevertheless, how stable 
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this commitment toward a hair cell fate will be when these cells are inserted into the 
adult organ of Corti remains to be seen.

As we learn more about the molecular basis of precursor specification and trans-
formation into hair cells, it is possible that this process can be further optimized. 
Such optimization will not only provide a higher yield but also a more stable predis-
position toward hair cell differentiation. Such robust predisposition is needed to 
ensure that these cells form fully mature and lasting hair cells in the variously 
degenerated organs of Corti. In humans, we will be faced with different stages of 
degeneration based on genetic and epigenetic differences causing unique patterns 
and progression of hair cell loss. Nevertheless, at the moment the in vitro approach 
to transform variously derived stem cells into a hair cell precursor shows slightly 
more success compared to the in vivo approach of molecularly guided transforma-
tion of non-sensory otic cells into a functional organ of Corti. However, while suc-
cessful at the level of inducing hair cell-like cells more reliably, the ex vivo approach 
has a build-in problem for which there is no apparent solution, namely how to seed 
the hair cell precursors into the highly ordered pattern of inner and outer hair cells 
needed for the cochlear function [171]. In fact, we are just beginning to understand
the molecular basis of outer and inner hair cell differentiation [56] and the detailed 
organization of the many different supporting cells that is essential for the normal 
cochlear function [174] remains to be established quantitatively.

8.1  Theoretical Limitations of the Approach of the Stem  
Cell Insertion to Restore an Organ of Corti

No matter the source and in vitro success rate of converting various stem cells into 
hair cell precursors suitable for in vivo differentiation, the proper insertion of such 
precursors into the appropriate topology of the organ of Corti will offer a unique 
challenge for which we have, at the moment, no solution. Inserting hair cells pre- 
specified to differentiate along the inner and outer hair cell-specific pathway [56] 
into the right position and have them survive under the unusual ionic conditions 
seems to be nearly impossible. This problem becomes even more acute when com-
bined with the need to have these cells differentiate in the correct position and cor-
rect numerical ratio relative to the various supporting cells. While supporting cell 
differentiation clearly depend on both Delta/Notch interaction and thus hair cells [1, 
71, 105] and diffusible factors such as Fgfs and BMPs [139, 175] to initiate expres-
sion of proper supporting cell differentiation, the details of the topology of this 
interaction remain unclear.

Indeed, a simple model of Delta/Notch interaction would require that each dif-
ferentiating hair cell be surrounded by five to six supporting cells which is neither 
the case for the single row of inner hair cells nor for the three rows of outer hair cells 
[174]. In fact, outer hair cells seem to have a one-to-one ratio with adjacent outer
phalangeal (Deiter’s) supporting cells, being separated from each other at the reticu-
lar lamina by single phalangeal processes of outer pillar/Deiter’s cells in a checker-
board pattern [176]. The quantitative relationship of inner hair cells to surrounding 
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supporting cells is even less clear due to the fact that boundaries between inner 
phalangeal cells and border cells as well as the distribution of these cells medial and 
lateral to inner hair cells is not fully quantitatively established (Fig. 6). Moreover, it 
is well known that inner hair cells form large areas of contact with each other, but it 
is unclear at which stage those areas of contact form, and how this relates to the 
apparent lack of lateral inhibition via the Delta/Notch system between adjacent inner
hair cells. It remains speculative how the initial pattern of hair cell and supporting 
cell distribution appears at the time cell specification is manifested by the progres-
sive upregulation of Atoh1 in postmitotic hair cell precursors [56]. It is also unclear 
how this original pattern is translated through convergent extension movements 
[177] into the adult pattern. What is clear is that there is no easy fit in ratios and 
distribution of hair cells and supporting cells that would be the result of a simple 
lateral inhibition model of a hair cell completely surrounded by supporting cells.

If indeed the function of the organ of Corti hinges on this delicate adult structure 
as implied by numerous papers, there will be several equally difficult ways to 
resolve this during attempts of restoration. One approach could be the sequential 
seeding of individual hair cell precursors primed to differentiate as inner and outer 
hair cells into their respective position along the basilar membrane. Such a process 
would require surgical approaches beyond the comparatively easy insertion of the 
cochlear implant into the scala tympani and would instead require inserting hair cell 
precursors topographically correct underneath the tectorial membrane. A variation 
of this theme would be to induce differentiation of hair cell types in the topographi-
cally correct position using a yet to be defined molecular means.

Given this obstacle, perhaps an easier approach would be to print different kinds
of hair cells in the appropriate configuration using 3 D printers and insert the entire 
in vitro assembled OC into the scala media. Provided the matrix holding the hair 
cells in place can be resorbed over time, such an approach would at least allow 
inserting the properly reconstituted organ topologically correct under the tectorial 
membrane. Clearly, even after the transformation of stem cells into hair cell- like 
cells, the reconstitution of the fully functional OC will not be immediately obtain-
able due to the complicated interlaced cellular assembly needed for the function, 
let alone reconstructing the complicated innervation pattern of two types of affer-
ents and efferents to innervate the functionally distinct two types of hair cells [56]. 
How much of a regeneration that conforms to the normal organization of the OC is 
needed to establish significant hearing gains remains to be established. This could 
potentially reduce or aggravate this problem.

9  Defining Novel Differentiation Trajectories to Regenerate 
a Mammalian Organ of Corti

Thus far we have highlighted the molecular basis of neurosensory development and 
the potential use of this information to induce dedifferentiation and proliferation of 
the remaining cells in the organ of Corti that can be transformed into hair cells. The 
biggest conceptual obstacle seems to be the ordered restoration of the organ of Corti 
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after loss of all hair cells. This seems to be exceedingly difficult to accomplish from 
a flat epithelium composed of uniform featureless cells left after long-term degen-
eration of hair cells. However, this end stage of complete loss of all morphological 
features seems to be associated only with extremely long deafness typically associ-
ated with embryonic or neonatal loss of hair cells. In fact, even slightly delayed loss 
of hair cells in neonates results in retention of some Pillar cells that are distributed 
along the organ of Corti [63, 178]. The remaining partially differentiated cells could 
serve as anchor points for attempts to reconstitute the organ. In most human hearing 
loss, the progression is slow and topographically distinct, starting typically in the 
high frequency end of the basal turn and progressing over years to the apex. It seems 
that the most logical way to sidestep some of the problems outlined above is to start 
the regeneration process at a time when the remaining cells of the organ of Corti 
could serve as a scaffold to guide restoration, in other words before hearing loss is 
profound and has extended over multiple years, wiping out all features of an OC. 
Recent data suggest that the use of scaffolds may contribute to recovery after acous-
tic trauma [9].

No matter the starting point (in vitro transformation of stem cells to hair cell 
precursors or in vivo induced proliferation followed by molecularly induced differ-
entiation as hair cells), mouse models that mimic closely the base-to-apex progres-
sion of hair cell loss without any additional damage to the system are needed. Such 
mouse models could allow testing novel approaches toward restoration of an incom-
pletely lost organ of Corti at various progression stages. In fact, a conditional dele-
tion of Atoh1 using the Atoh1 enhancer mediated expression of Cre seems to 
achieve exactly this kind of rapid progression of hair cell loss with retention of some 
features of the organ of Corti suitable to serve as a scaffold for attempts to reconsti-
tute the entire organ [63]. Modern approaches could reinsert the conditionally 
deleted Atoh1 gene near the remaining LoxP side using the recently developed 
TALEN technique [179]. Inserting an Atoh1 gene at various times after it was 
excised by Cre near the remaining LoxP side could allow us to pinpoint exactly how 
long a window of opportunity exist to reconstitute an organ of Corti after severe and 
early loss of hair cells and dedifferentiation of the organ of Corti.

All said, such approaches would at the moment favor in vivo molecular over ex 
vivo approaches. Both approaches are essential to fine-tune our ability to combat the 
inevitable outcome of hair cell loss, deafness, particularly in the elderly. Recent data
showing limited transformation of supporting cells to generate outer hair cell-like 
cells indicates that indeed an early intervention rather than a long delay might be the 
best approach to restore hearing.
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    Abstract     The cornea’s accessibility and visualization with minimally invasive 
techniques renders it an ideal organ to study SC and their differentiated progeny. 
The limbus houses, nurtures, and protects a rare population of epithelial stem cells 
which play a critical role in the long-term maintenance of the cornea. Despite the 
absence of an exclusive marker that identifi es these cells with pinpoint accuracy, 
signifi cant advances have been made towards identifying, isolating, cultivating, and 
transplanting limbal epithelial stem cells (LESC) for corneal reconstruction. 
However, determining the signals, factors, and mechanisms that maintain their 
“stemness” in vitro and in situ has proven major obstacles in progressing the fi eld. 
Knowledge of the key molecules that comprise the niche and the signaling path-
ways and genetic programs that dictate LESC quiescence and differentiation is 
essential to improve current and develop effective next-generation cell-based thera-
pies. This chapter will highlight limitations and controversies in the fi eld and sum-
marize the key concepts and experimental paradigms that have inspired researchers 
to develop cell therapies for patients with blinding corneal disease.  
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  Abbreviations 

   BM    Basement membrane   
  CK    Cytokeratins   
  ECM    Extracellular membrane   
  ESC    Epithelial stem cells   
  FACS    Fluorescent-activated cell sorting   
  HAM    Human amniotic membrane   
  iPSC    Induced pluripotent stem cells   
  LESC    Limbal epithelial stem cells   
  LSCD    Limbal stem cell defi ciency   
  SC    Stem cells   
  SP    Side population   
  TAC    Transient amplifying cells   
  TDC    Terminally differentiated cells   
  VN    Vitronectin   

1           Introduction 

 The eye is a highly specialized, light-sensitive organ, often referred to as the “ win-
dow to the world .” Light travels through its anterior structures (cornea and lens) and 
fl uid-fi lled chambers (anterior and posterior) and is eventually adsorbed by the reti-
nal photoreceptors that convert light energy into nerve impulses for the brain to 
interpret. The outermost covering of the eye comprises an epithelium which spans 
the cornea and conjunctiva and forms the ocular surface. Since the cornea is the fi rst 
light-receptive ocular structure, abnormalities on its surface could be detrimental to 
light processing and vision perception. The corneal epithelium provides a protective 
barrier against infection and desiccation and, like most epithelia, is constantly 
renewed. This regenerative capacity was conceptualized by Ida Mann [ 1 ] and later 
realized through the work of Davanger and Everson [ 2 ] who proposed that somatic 
SC were located within the peripheral cornea. It is now recognized that SC within 
this zone are nurtured and protected within deep stromal invaginations known as the 
Palisades of Vogt [ 3 ,  4 ]. Damage to these anatomical structures and/or depletion of 
resident SC can result in catastrophic vision-threatening diseases collectively 
termed limbal stem cell defi ciency (LSCD), a disease characterized by painful, non- 
healing corneal epithelial defects that have and continue to pose a major challenge 
for clinicians. Over two decades ago, pioneering studies by Kenyon and Tseng [ 5 ] 
saw patients with LSCD treated with large autologous or allogeneic limbal grafts. 
With technological advances in tissue engineering and in identifying and cultivating 
limbal ESC (LESC), patients with the same disease are now treated with new cell- 
based therapies which have dramatically improved patient outcomes [ 6 – 14 ].  
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2     Ocular Surface: Structure and Function 

 The adult cornea has three distinctly recognizable layers; from anterior to posterior 
they include (1) a multilayered non-keratinizing squamous epithelium, (2) a kerato-
cyte containing stroma which occupies approximately 90 % of the cornea and serves 
as a structural support, and (3) a monolayer of specialized endothelial cells which 
pump fl uids across the cornea. Each cellular compartment is segregated by a base-
ment membrane (BM), anteriorly by Bowman’s Layer which separates the epithe-
lium from the underlying stroma, and posteriorly by Descemet’s membrane, which 
partitions the stroma from the endothelium. The corneal epithelium typically com-
prises 5–6 layers of morphologically distinct cells, with columnar cells forming the 
basal layer and wing-shaped and fl attened cells comprising the intermediate and 
superfi cial layers, respectively (Fig.  1a ).    The limbal epithelium begins where the 
corneal epithelium terminates. This region is evident in histological sections, since 
the consistency of the substantia propria changes to form a natural angle and the 
stromal blood vessel becomes obvious. The epithelium is rippled (Fig.  1b ), much 
like the keratinocyte containing rete pegs of the epidermis.

   The conjunctiva, the third and most expansive of the specialized ocular surface 
epithelia, extends from the posterior aspect of the eyelids (tarsal conjunctiva), 
drapes the sclera (bulbar conjunctiva), and then merges with the limbal epithelium 
adjacent to the cornea. The region between the tarsal and bulbar conjunctiva is 
referred to as the fornix. Mucin-secreting goblet cells are a characteristic feature of 
this secretory epithelium and are mainly confi ned to the basal epithelium within this 
zone. Conjunctival ESC are enriched in the bulbar and forniceal region, but unlike 
LESC, are not confi ned to a defi ned niche [ 15 ,  16 ].  

3     Homeostatic Activity of the Corneal Epithelium 
and Its Stem Cells 

 The prevailing notion is that corneal epithelial self-renewal occurs through a small 
reservoir of LESC found within the basal limbal epithelium. These SC are regarded 
unipotent as they only give rise to cells of corneal lineage. However, once removed 
from their residence and cultured in the presence of appropriate mitogens, they 
display neuronal properties [ 17 ,  18 ], implying they have multipotential activity. 
LESC most likely divide asymmetrically, with one daughter cell retained in the SC 
pool, while the other detaches from its BM, migrates away from the niche, differen-
tiates into a transient amplifying cell (TAC), undergoes several rounds of cell divi-
sion as it makes its way through the epithelial conveyer belt, and eventually 
terminally differentiates (TDC) and desquamates from the corneal surface. The rate 
at which this cycle occurs is species dependent and is generally complete within 
7–12 days. Thoft and Friend [ 19 ] developed the currently accepted model for cor-
neal homeostasis termed the X, Y, Z hypothesis, postulating that proliferation of 
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  Fig. 1    Histological features of the adult human corneo-limbal region. The central cornea is com-
posed of a multilayered epithelium, separated from the stroma by a thick BM-like structure known 
as Bowman’s Layer ( a ,  double headed arrow ).  Arrows  in panel ( a ) point to quiescent keratocytes 
which are scattered throughout the corneal stroma. The adult limbus ( b – e ) has many unique fea-
tures, including a corrugated epithelium known as the Palisades of Vogt ( b ). Some basal limbal 
epithelial cells are pigmented ( arrowheads ); the adjacent stroma has irregular-shaped mesenchy-
mal cells and is enriched with a prominent vascular supply (BV). Longitudinal section through the 
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basal epithelial cells (X) and their centripetal migration (Y) equal corneal epithelial 
cell shedding (Z). Buck [ 20 ] tested Thoft’s hypothesis by tattooing the normal 
mouse corneal epithelium with India ink, while noting centripetal migration at a rate 
of ~17 μm/day and loss of labeled cells by desquamation by 2 weeks. Later, Sharma 
and Coles [ 21 ] developed a mathematical model for corneal epithelial maintenance, 
in principle similar to Thoft’s theory; however, it took into account limbal width, 
mitotic rate, and centripetal velocity. According to this modifi ed model, the rabbit 
corneal epithelium is replaced within 12 months.  

4     Early Concepts from Animal and Human Studies 

 Friedenwald and Buschke [ 22 ] and Hanna and O’Brien [ 23 ] were among the fi rst to 
notice a high mitotic index within clusters of epithelial cells in the peripheral cor-
nea. Pioneering work by Ida Mann [ 1 ] on rabbit corneal epithelial regeneration 
demonstrated pigmented cells moved from the periphery during corneal wound 
healing. Later, Hanna [ 24 ] corroborated these fi ndings and proposed corneas healed 
by the centripetal migration of progenitor-like cells from the limbus. Davanger and 
Eversen [ 2 ] then visualized the movement of pigmented cells from the human lim-
bus, recognizing this as the generative zone for the corneal epithelium. In 1979, 
Srinivasan and Eakins [ 25 ] provided convincing in vivo evidence that chronic cor-
neal epithelial defects could not be induced in rabbits without signifi cant damage to 
the limbus. Likewise, Chen and Tseng [ 26 ] and Huang and Tseng [ 27 ] confi rmed 
that partial and complete removal of the rabbit limbus resulted in impaired corneal 
healing, a fi nding that supported the limbus as the regenerative zone. Cotsarelis and 
coworkers [ 28 ] used tritiated-thymidine incorporation to defi ne a minor population 
(~10 %) of murine basal limbal epithelial cells which retained DNA label over a 
prolonged chase period under homeostatic conditions. However, after wounding or 
under the infl uence of a tumor promoter, these cells proliferated to the extent that 
90 % of basal limbal epithelial cells retained label. Finally, Shermer [ 29 ] and 
Kurpakus [ 30 ] demonstrated the presence of the corneal-specifi c 64-kDa keratin in 
basal epithelial cells of the rabbit and guinea pig central cornea (but not limbus), 
suggesting that basal limbal epithelia were less differentiated and likely to represent 
ESC of the cornea. 

Fig. 1 (continued) cornea provides an alternative perspective of the limbus which begins where 
Bowman’s Layer terminates (BL*) and clusters of smaller basal limbal epithelial cells become 
apparent ( c ). The boxed region in panel ( c ) is magnifi ed in ( d ). Cells within these clusters ( d , 
 dashed lines ) are believed to represent LESC which are in close proximity to underlying mesen-
chymal niche cells ( d ,  arrows ). Other SC bearing structures including crypts have been identifi ed 
emanating from the base of a limbal palisade and extending deep into the stroma ( e ). All sections 
were stained with H&E. Original magnifi cation ×400 ( a ,  b ,  d ,  e ) and ×200 ( c )       
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 Through these early animal studies, investigators began to recognize the clinical 
importance of the limbus, not only for maintaining corneal health under homeo-
static conditions, but also for corneal re-epithelialization in patients with severe 
corneal epithelial defects. Kinoshita and associated [ 31 ] were among the fi rst to 
provide clinical evidence in humans for the regenerative activity of the limbus by 
showing corneal epithelial could be replaced by host cells after lamellar kerato-
plasty. Kenyon and Tseng [ 5 ] were next to show signifi cant improvements in visual 
acuity and corneal health in patients with LSCD who received large limbal seg-
ments from the healthy or less affected contralateral eye. Due to the technically 
challenging task of identifying and isolating LESC at the time, large sectors of 
limbal tissue were used as the SC source and carrier. 

 Indirect evidence supporting the limbus, the repository for corneal SC, comes 
from studying the prevalence of ocular surface tumors. The limbus is a common site 
for congenital (dermoid), benign (pterygium) [ 32 ], precancerous (dysplasia), and 
malignant (squamous cell carcinoma and melanoma) neoplasms [ 33 ,  34 ] as are 
other epithelial SC harboring transition zones throughout the human body [ 35 ]. In 
addition, mutagenic damage to LESC through radiotherapy [ 36 ] or chemotherapy 
[ 37 ] can induce a temporary or permanent state of LESC failure.  

5     Limbal Epithelial Stem Cell Niche Architecture 
and Function 

    The “niche” hypothesis for SC was conceptualized in 1983 by Schofi eld [ 38 ] who 
proposed that SC are dependent on the immediate microenvironment for their safety 
and for ensuring the turnover of the tissue they are programmed to support through-
out life. The limbus, which has both anatomical and functional dimensions, is the 
proposed niche for LESC. The most striking anatomical feature is its corrugated 
topography as indicated by the Palisades of Vogt (Fig.  1b ), where early evidence 
suggested that basal epithelial cells within the undulated epithelium constituted a 
population of putative LESC [ 28 ]. Reasons for the folded appearance are not known 
for certain. However, it is thought that the deep stromal invaginations provide pro-
tection from sheering forces, trauma and environmental insults, and more LESC can 
be confi ned to a narrow band of tissue. Moreover, the superior and inferior limbus 
contains the highest concentrations of palisades [ 3 ,  4 ], and this may represent 
another level of protection which is offered by the upper and lower eyelids. The 
limbus is in a dynamic state throughout life as these structures diminish with age 
[ 39 ], concomitant with loss of SC activity [ 40 – 42 ]. Other distinguishing features 
with functional implications include the presence of basal melanocytes [ 43 ] 
(Fig.  1b ), transporters of melanin pigments into neighboring epithelial cells provid-
ing a further level of protection from damaging ultraviolet radiation [ 44 ], and the 
presence of lymphocytes and Langerhan’s cells [ 45 ] which partake in local immune 
surveillance. Basal limbal epithelial cells can be observed as clusters of 5–10 cells 
which are purported to include putative LESC [ 46 ,  47 ] (Fig.  1c, d ). 
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 Many of the niche’s nurturing factors are derived from the adjacent substantia 
propria. Firstly, this collagenous structural support harbors an array of cells includ-
ing an elaborate vascular and lymphatic network [ 48 ] that provides gaseous 
exchange, nutrients, and immunological signals. Secondly, the stroma contains a 
heterogenous population of mesenchymal cells including keratocytes (quiescent 
fi broblasts), which are in close proximity to (Fig.  1d , arrows) and may protect LESC 
from differentiation and apoptotic signals, and a more recently discovered stromal 
SC population [ 49 ]. Thirdly, the limbal stroma is highly innervated [ 50 ] and it has 
been suggested that centripetal migration of LESC follows the course of radial 
nerves within the cornea [ 51 ,  52 ]. 

 In addition to the Palisades of Vogt, three other niche-like structures have been 
identifi ed. Dua and colleagues [ 53 ,  54 ] discovered limbal epithelial crypts. Serial 
sections through an entire human cornea disclosed seven crypts, which resembled 
solid cords of epithelial cells that extend from the periphery of the lower aspect of a 
palisade (Fig.  1e ). However, unlike the Palisades of Vogt, crypts were more abun-
dant in the nasal limbus [ 53 ]. Independent researchers identifi ed two alternative 
niche structures; the fi rst were also called limbal epithelial crypts (these are yet to 
be confi rmed as being identical to Dua’s crypts), and the second, called focal stro-
mal projections, described as fi nger-like projections of stroma which contain a 
 central blood vessel, surrounded by small tightly packed epithelial cells [ 55 ]. 
Immunolocalization with specifi c markers confi rmed these novel formations har-
bored limbal epithelial progenitor cells. 

 Despite the strong evidence supporting the limbus as the residence for LESC, 
several recent reports have tested this long-standing notion. In 2008, Majo and asso-
ciates [ 56 ] identifi ed ESC in the central cornea of several mammalian species, which, 
when extracted and cultured, displayed holoclone activity and p63/CK-3 expression. 
Curiously, adult human specimens were not included in their study, and their data on 
corneas from young children were not so convincing. Others [ 57 ] have shown that 
central human corneal and limbal epithelium can be cultured into spheres which pos-
sess SC properties and p63 expression. Furthermore, islands of normal epithelial 
cells can persist (>60 months) in the cornea of patients with LSCD, suggesting that 
they are supported by SC derived from the central cornea [ 58 ]. Chang and colleagues 
[ 59 ] provided corroborating short-term (12 h) evidence of corneal regeneration after 
laser ablating the human limbus in an organ culture model. Overall these ex vivo and 
clinical data suggest that LESC play a limited role in corneal homeostasis.  

6     Corneal and Limbal Development 

 The cornea is one of the last ocular structures to develop [ 60 – 62 ], a process highly 
dependent on interactions between the lens vesicle and the overlying surface ecto-
derm. The morphogenetic programs and signaling pathways involved in its forma-
tion are not well understood, nor are they properly characterized in man. However, 
morphological studies in fi sh [ 63 ], birds [ 64 ], rodents [ 65 ], and humans [ 60 – 62 ,  66 ] 
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have provided important insights into this exquisitely tuned process. Molecular 
studies have also demonstrated the dominant role of the master oculogenic gene 
 Pax6  [ 67 ] and members of the Wnt signaling pathway [ 68 ] in corneal genesis. After 
detaching from the surface ectoderm, the lens vesicle invaginates into the optic cup 
and the void between these two structures is replaced by rapidly invading mesen-
chymal cells of neural crest origin. In humans, two cycles of migration are through 
to occur; the fi rst contributes to the formation of the corneal endothelium and the 
second to corneal keratocytes [ 69 ]. In rodents, a single wave of mesenchymal 
migration occurs and these cells eventually differentiate into fi brocytes and endo-
thelial cells within their respective compartments [ 70 ]. The human fetal corneal 
epithelium (8–22 weeks gestation) comprises a layer of basal cuboidal and a layer 
of superfi cial squamous cells [ 66 ] (Fig.  2a, b ). However, when eyelids separate (~25 
weeks gestation), the epithelium proliferates to 4–6 layers [ 62 ].

   The developing human limbus is apparent at 8–9 WG as indicated by morpho-
logical changes in ocular surface epithelium and stromal architecture [ 60 ]. The lim-
bal corrugations present in adulthood are not apparent during fetal development. 
Instead, a ridge-like structure (Fig.  2a, c ), postulated to represent the rudimentary 
LESC niche, circumscribes the peripheral cornea [ 66 ]. This ridge comprises 5–6 
layers of epithelial cells compared to the bi-layered central cornea (Fig.  2b ). 
Precisely, when the ridge regresses is not clearly defi ned, but probably occurs at or 
around the time of eyelid opening and subsequent exposure to amniotic fl uid. 
Furthermore, it is not known when the Palisades of Vogt form; these anatomical 
changes likely occur well into the postnatal period [ 66 ].  

  Fig. 2    Histological features of the developing human cornea. At 12 WG the human iris, ciliary 
body, lens, and cornea are clearly visibly but incompletely developed ( a ). The  boxed regions  in 
panel ( a ) are magnifi ed and displayed in panels ( b ; CC, central cornea) and ( c ; L, limbus).  Arrows  
in ( c ) point to a raised multilayered epithelial structure which is the proposed rudimentary LESC 
niche. Note the dense cellular stroma within each ocular surface region. All sections were stained 
with H&E. Original magnifi cation ×100 ( a ), ×1,000 ( b ,  c )         
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7     Protein Components of the Niche and the Molecular 
Pathways That Control LESC Fate 

 A major challenge for researchers studying LESC has been defi ning the precise 
constituents of the limbal niche and the molecular signals and pathways that 
ensure its SC remain in a quiescent state with lifelong self-renewal activity. Once 
adult SC move out this protective and privileged microenvironment, they lose 
 “stemness,” meaning that they differentiate as they replenish the organ they are 

Fig. 2 (continued)
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programmed to renew [ 38 ,  71 ]. Knowledge of the proteins that comprise the LESC 
niche is important, not only for understanding the biology of these cells and their 
selective enrichment, but also for identifying better culture conditions for their 
expansion and clinical use. 

 A good starting point is to look at differences in BM composition between the 
limbus and central cornea, after all, epithelial cells in both regions are in direct con-
tact with these structures, yet putative LESC probably only exist in the basal limbal 
epithelium. BM are not just structural barriers and attachment sites for epithelial 
cells, they are also effective modulators of cell proliferation and differentiation as 
they sequester cytokines and growth factors through their proteoglycan content 
[ 72 ]. The importance of the corneo-limbal BM is exemplifi ed by studies which 
show modulation of keratin expression due to its presence [ 73 ]. Early studies in man 
and rabbit demonstrated differences in distribution of laminin and type-VII collagen 
between the corneal and limbal BM [ 74 ,  75 ]. Others have noted type-IV collagen on 
the limbal but not the central corneal BM [ 76 ,  77 ]. BM heterogeneity was compre-
hensively studied by two independent groups, who immunostained over 60 BM and 
extracellular matrix (ECM) proteins [ 78 ,  79 ]. Limbal-specifi c proteins included 
tenascin C, vitronectin (VN), BM40/SPARC, laminin α1, α2, β1 chain, and agrin, 
with some of these factors co-localizing to clusters of presumed LESC [ 78 ]. 
A recent investigation from our laboratory also identifi ed abundant immunoreactiv-
ity for vitronectin along the limbal but not corneal BM (Fig.  3 ). This factor sup-
ported cultured human limbal epithelial holoclones [ 80 ] and has been shown by 
others to enhance the self-renewal activity of human embryonic SC [ 81 ].

   As well as cell-to-cell and cell-to-matrix interactions, LESC-niche cross talk 
also involves autocrine and paracrine factors and their receptors which impact intra-
cellular signaling cascades relevant to SC survival and function. Differential expres-
sion patterns for TGFβ1, IL-1β, IGF1, bFGF, KGF/FGF-7, GDNF, NT-3, NT-4, and 
NGF [ 82 ,  83 ] as well as their corresponding receptors [ 46 ,  82 – 85 ] have been identi-
fi ed between epithelial and stromal cells of the cornea and limbus. These data also 
suggest that Wnt/β-catenin, Notch, TGF-β/BMP, and FGF-7 signaling pathways are 
involved in supporting LESC and are exemplifi ed in  Dickkopf2  (DKK2; a Wnt 
inhibitor) null mice which lose corneal fate decision. Consequently, Wnt/β-catenin 
pathway is induced in the limbal but not the corneal stroma, and the cornea trans- 
differentiates into an epidermal phenotype [ 86 ]. These data provide evidence that 
the mesenchymal niche also plays a critical role in LESC differentiation.  

8     The Stromal Niche Controls Plasticity 

 The importance of the limbal stromal niche as a LESC support has been studied 
through in vitro models. For example, when rabbit corneal epithelial cells were 
cultured on corneal stromal fi broblasts, they maintained a corneal phenotype, 
whereas a limbal epithelial phenotype persisted when either corneal or limbal epi-
thelial cells were nurtured on limbal stromal fi broblasts [ 87 ]. Likewise, limbal 
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  Fig. 3    Localization of vitronectin within the human limbus. Immunofl uorescence ( a ,  b ) and 
immunohistochemistry ( c ,  d ) was performed on formalin-fi xed paraffi n-embedded adult human 
corneas. Sections were incubated with a monoclonal antibody against human vitronectin (HV2;  a , 
 c ,  d ) or a control IgG ( b ). Vitronectin reactivity ( green  and  red ) developed along the BM adjacent 
to a limbal palisade as well as within the stromal connective tissue ( a ) and along the basal limbal 
epithelium ( c ), but was absent from the central cornea ( d ). Sections were counterstained with DAPI 
( a ,  b ) or hematoxylin ( c ,  d ). Original magnifi cation ×1,000 ( a – d )       

epithelial progenitors were maintained when human limbal epithelial cells were 
recombined with mitotically active limbal fi broblasts, [ 88 ], and when LESC and 
stromal niche cells were disaggregated and reunited in culture, they formed large 
spheres and holoclones [ 89 ]. Also, when human embryonic SC were cultured on 
type-IV collagen (a limbal BM protein), in medium conditioned by limbal fi bro-
blasts, they lost pluripotency and differentiated into limbal epithelial-like cells [ 90 ], 
and when murine hair follicle keratinocyte SC were cultured on laminin 5 in the 
presence of conditioned media from limbal stomal fi broblasts, they stratifi ed into 
epithelial sheets that expressed corneal-specifi c cytokeratin (CK)-12 and the oculo-
genic  PAX6  gene [ 91 ]. In animal models of tissue recombination, corneal epithelial 
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cells developed sebaceous glands and hair follicles when placed in direct contact 
with the dermal bed [ 92 ,  93 ]. Overall, these studies provide solid evidence that the 
stromal microenvironment can dictate cell phenotype and that lineage committed 
epithelial cells can be reprogrammed depending on stromal signals they receive.  

9     Limbal Stromal Niche Stem Cells 

 In addition to quiescent keratocytes, the limbal stroma also harbors a population of 
SC that is less well characterized than their epithelial counterparts. These cells can 
be isolated by enzymatic dissociation and sub-cultivated to express keratogenic, 
chondrogenic, and neurogenic markers [ 94 ]. This tri-lineage potential has recently 
been confi rmed to be derived from mesenchymal SC [ 49 ,  95 ,  96 ]. Other researchers 
have isolated neural crest-derived precursors from the same region; these cells form 
spheres in culture and express neural SC markers [ 97 ] but were not bone marrow 
derived, although bone marrow-derived SC have been identifi ed in the corneal 
stroma [ 98 ]. The precise function of limbal stromal SC is not completely under-
stood, but it is tempting to speculate that mesenchymal and neural crest-derived SC 
serve to maintain the corneal stroma and regulate LESC activity, while bone 
marrow- derived SC play a role in wound healing [ 99 ].  

10     Physical and Biochemical Properties of Limbal 
Epithelial Stem Cells 

 Basal limbal epithelial cells are small (~10 μm), have a high nuclear-to-cytoplasm 
content, have a heterochromatin dense nucleus with no obvious nucleoli, contain few 
cytoplasmic granules, and are tightly packed along their BM [ 46 ,  47 ] (Fig.  1c, d ). 
Smaller cells preferentially express higher levels of LESC antigens, whereas larger 
cells are associated with markers of corneal differentiation [ 100 ]. Smaller cells (10–
16 μm) represent ~11 % of the total limbal epithelial cell population; they contain 
more BrdU label-retaining cells and possess the greatest colony-forming effi ciency 
and highest proliferative capacity compared to their central corneal equivalents [ 101 ]. 

 The literature is fl ooded with reports of candidate antigens that have been used 
to identify putative LESC. However, an exclusive marker that unequivocally identi-
fi es these cells remains elusive. One reason could be the subtle differences between 
a true LESC and an early progenitor. Apart from the physical properties (described 
above), a phenotypic signature based on positively and negatively expressed genes 
is used to discriminate LESC from their differentiated progeny. These markers 
include epithelial-specifi c structural proteins, enzymes, transcription factors, adhe-
sion molecules, and growth factor receptors. 

 Suprabasal and superfi cial epithelial cells of the corneolimbal junction are 
regarded as having undergone differentiation and as such express corneal-specifi c 
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intermediate fi lament proteins including CK-3 [ 29 ,  30 ] and CK-12 [ 102 ], the 
 structural cytosolic protein involucrin [ 47 ] and the calcium-dependent S100A12 
protein [ 103 ] which are absent from basal limbal epithelial cells. In the developing 
and adult cornea, the same basal cells lack the gap junction protein connexin-43 
[ 104 – 106 ] as well as aldehyde dehydrogenase-1 (an enzyme that protects cells from 
toxic peroxidic aldehydes) [ 107 ]. The same study also identifi ed the hyaluronan 
receptor (RHAMM/HMMR) as being absent from basal limbal epithelial cells, sug-
gesting that it too is more specifi c for differentiated cells [ 107 ]. 

 In terms of abundantly expressed genes, the list seems to be ever growing. 
However, a useful marker needs to be specifi c enough to identify a rare population 
of SC and suffi ciently robust to facilitate their isolation. If the second criteria is 
taken into account, then cell surface molecules are choice, as they allow for tether-
ing and sorting of viable cells for subsequent expansion in culture. Clues for poten-
tial markers of putative LESC have come from studies that have searched for unique 
somatic SC antigens in the hematopoietic and other epithelial-containing organs 
such as the skin. A prime example is the use of Hoechst 33342; this DNA-binding 
dye has been used to identify multiple mammalian SC, including those derived from 
the bone marrow [ 108 ]. Since Hoechst 33342 is effl uxed by cells that express the 
ATP-binding cassette family of cell surface transporter proteins, particularly 
ABCG2, these cells can be identifi ed by fl ow cytometry as “side population” (SP) 
cells [ 109 ]. SP cells are generally not present in the central corneal epithelium but 
have been identifi ed and isolated from the limbal epithelia of humans [ 110 – 112 ] 
and rabbits [ 113 ] with a frequency of 0.2–0.64 % and 0.4–1.2 %, respectively. 
Contrary to these results, SP cells have also been found in the central corneal (4.6 %) 
and limbal (0.4 %) epithelia of the rat. However, higher ABCG2 expression was 
observed in limbal-derived rat epithelial cell [ 114 ]. These results indicate that in 
some species, either alternative transporter proteins are actively involved in effl ux-
ing Hoechst 33342 or the central cornea of the rat harbors an additional ESC popu-
lation [ 56 ]. Moreover, a heterogeneous population of cells, including ABCG2 + /
MHC class II +  antigen-presenting, non-epithelial SP cells [ 115 ] as well as intraepi-
thelial lymphocytes, has been isolated from human and rabbit ocular tissue [ 116 ]. 
The precise biological role for ABCG2 in the limbus has not been fully elucidated; 
however, it could be a chemo-protective transporter of toxins induced following 
oxidative stress [ 117 ] or play a photoprotective role as indicated by the phototoxic 
lesions that develop in ABCG2-null mice [ 118 ]. 

 The glycolytic enzyme α-enolase was originally found to be restricted to the 
limbus [ 119 ] and selective for LESC [ 120 ]. However, it was later identifi ed in 
migrating basal limbal epithelial cells after corneal wounding, suggesting that it was 
also expressed by TAC [ 121 ]. More recently it was detected in suprabasal limbal as 
well as occasional basal cells within the cornea [ 46 ,  47 ], implying that it is not an 
exclusive marker of LESC. 

 Cytokeratins are also regarded semi-reliable markers of LESC since their expres-
sion can be restricted across the ocular surface. CK-14 [ 122 – 124 ], CK-15 [ 123 –
 125 ], and CK-19 [ 122 ,  126 ] are mainly expressed by basal limbal epithelial cells. 
Depending on how the limbus is bisected, strings of individual cells or clusters of 
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basal cells can be visualized with antibodies against all three proteins (Fig.  4a ); 
however, these antigens can also be found in other ocular surface epithelia [ 127 ], 
implying that identifi cation of LESC based on cytokeratins alone is not suffi ciently 
inaccurate. Therefore, co-localization with other putative SC antigens should be 
performed to more specifi cally disclose their location [ 124 ]. However, caution must 
be exercised when interpreting keratin staining results as there are species-specifi c 
differences in keratin types and patterns of expression between corneal epithelial 
cells [ 128 ] and limbal progenitors [ 125 ].

   The transcription factor p63 (p53 homologue) is critical for the formation of 
stratifi ed epithelia. This is evident in p63-null mice which have severe ectodermal 
developmental issues since their SC cannot be sustained [ 129 ,  130 ]. Pellegrini and 
colleagues [ 131 ] were among the fi rst to identify keratinocyte stem-like cells from 
TAC in the human skin and cornea, based on p63 distribution. Subsequent studies 
from independent laboratories refuted the specifi city of p63 as marker for LESC, 
since peripheral and central corneal as well as suprabasal epithelial cells within the 
limbus were illuminated and co-expressed markers of cell proliferation [ 132 ,  133 ]. 
It is important to mention that these inconsistent and controversial results probably 
arose from the use of the A4A antibody clone for p63 which identifi es all isoforms 
of the differentially spliced  p63  gene. Di Iorio and coauthors [ 134 ] subsequently 
demonstrated that the truncated species of p63 (∆Np63α) was a better marker for 
SC in the resting limbus (Fig.  4b ) since a small proportion (~8 %) of the total basal 
epithelial cells were immunoreactive, while in an activated limbus, ~36 % of the 
basal cells expressed ∆Np63α. These data indicate that after wounding or exposure 
to chemical promoter, ∆Np63α is not suitable to discriminate stem from early TAC, 
so other candidate LESC antigens such as CK-14/CK-19 [ 135 ] and ABCG2 [ 111 ] 
are used in co-localization studies. 

 Integrins are a heterodimeric superfamily of bifunctional cell surface receptors 
required for cell-to-cell or cell-to-matrix interactions [ 136 ] and transmission of sig-
nals to the cytoskeleton [ 137 ]. The heterodimeric repertoire is extensive given the 
possible combinations (24 α and 9 β) of subunits [ 136 ]. Integrins are highly 
expressed in basal corneal and limbal cells and mediate cell attachment to ECM 
glycoproteins including fi bronectin, VN [ 138 ], collagens, and laminins [ 137 ]. In the 
developing mouse, α9-integrin is widespread across the entire ocular surface, but 
with increasing gestational age, it becomes confi ned to the limbus [ 139 ], suggesting 
that it could be a candidate LESC marker. Its expression is remarkably similar to 
that of tenascin C [ 140 ], the ligand for α9 integrin. However in later studies, high β1 
and β4-integrins and little or no α9-integrin were observed in slow-cycling limbal 
epithelial cells, suggesting that β-integrins promote retention of SC properties, 
while α9-integrin facilitates SC differentiation and departure from the niche [ 141 ]. 
α6-integrin +  keratinocytes have been isolated from the epidermis [ 142 ,  143 ] and 
esophagus [ 144 ] and shown to possess SC qualities. Hayashi and colleagues [ 145 ] 
determined that a similar cell population existed in cornea. These cells were rela-
tively small, had high clonogenic capacity, expressed ABCG2, CK-15, and ∆Np63α, 
and had appropriate cell cycle kinetics for SC. Immunofl uorescence on tissue 
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  Fig. 4    Limbal epithelial stem cell marker expression. Immunofl uorescence ( a – c ) and immunohis-
tochemistry ( d ,  e ) was performed on fresh frozen ( a – c ) or formalin-fi xed paraffi n-embedded ( d ,  e ) 
adult human corneas. Sections were incubated with antibodies against human CK-15 ( a ), ΔNp63α 
( b ), α6-integrin ( c ), p75 ( d ), and DKK3 ( e ) and then counterstained with DAPI ( a ,  c ) or hematoxy-
lin ( d ,  e ).  Arrows  in panel ( a ) point to CK-15 immunoreactive basal cell clusters. Original magni-
fi cation ×400 ( a – c ) and ×1,000 ( d ,  e )         
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sections revealed that these cells were mainly confi ned to the basal limbal epithelia 
(Fig.  4c ), but were occasionally present in the central cornea [ 145 ], implying that 
this is not an exclusive LESC marker. The cell adhesion molecule N-cadherin is 
another marker expressed by limbal progenitor cells, but also illuminates niche 
melanocytes, rendering it nonselective for LESC [ 146 ]. Higa and colleagues [ 147 ] 
elaborated on the specifi city of N-cadherin as a LESC marker and found that it 
stained clusters of CK-15 +  basal limbal epithelial cells. Furthermore, when 
N-cadherin +  limbal epithelial cells were isolated and cocultured with murine 3T3 
feeder cells, the multilayered epithelial sheet that formed comprised CK-15 +  basal 
and CK-12 +  suprabasal cells, suggesting a pivotal role for this protein as a LESC 
support factor [ 147 ]. 

 Given that both limbal and neuroepithelium are ectodermally derived, it is not 
surprising that LESC can be differentiated into neuronal-like cells [ 17 ,  18 ,  148 ]. 
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Fig. 4 (continued)
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Furthermore, a number of neural SC markers are expressed by putative LESC 
including the high (TrkA) and low (p75) affi nity nerve growth factor receptors 
[ 83 ,  85 ] (Fig.  4d ). Notably, however, the specifi city of these markers for LESC is 
somewhat controversial, as some investigators found no expression in the limbus 
[ 149 ], while others reported expression in basal conjunctival epithelial cells [ 85 ]. 
Musashi-1, an RNA-binding protein involved in asymmetric division of progeni-
tors within sensory organs of  Drosophila  [ 150 ] and mediator of Notch signaling 
in SC [ 151 ], was also distributed in a restricted pattern along the basal limbal 
epithelium [ 152 ]. Likewise, the transmembrane receptor Notch-1, essential for 
maintenance, but not generation of mammalian neural SC [ 153 ], was profoundly 
expressed in conjunction with ABCG2 and α6- and β1-integrins, in discrete cell 
clusters within the Palisades of Vogt but was absent from dividing cells in culture, 
implying a role in preventing differentiation [ 154 ]. Hes1, the downstream Notch-
signaling protein and regulator or retinal neurons [ 155 ], was shown to regulate 
corneal development and sustain limbal stem/progenitor cell function in mice 
[ 156 ]. Our laboratory recently identifi ed DKK3, a member of the dickkopf family 
of Wnt signaling antagonists in the basal limbal region (Fig.  4e ; unpublished 
data), a relevant fi nding since deletion of a related member (DKK2) results in the 
loss of corneal SC fate decision and suppression of PAX6 in mutant mice [ 86 ]. 
Others found the Wnt-associated transcription factor TCF4 in the same cells 
[ 157 ], confi rming the importance of the Wnt signaling pathway in supporting 
LESC. Both Notch and Wnt signaling pathways are thought to act in concert to 
control LESC self-renewal [ 158 ]. Bmi-1, another neuronal SC self-renewal factor 
[ 159 ], stained slow-cycling limbal epithelial SP cells [ 113 ] and co-localized with 
the transcription factor C/EBPδ (a controller of cell-cycle arrest) in mitotically 
quiescent LESC [ 160 ]. 

 Many of the above-mentioned markers were discovered after extracting cells 
from the limbal niche, either by enzymatic exposure or after expanding cells from 
limbal tissue explants. While there are many advantages and disadvantages of these 
extraction and expansion methods (see below), SC phenotype and function are 
likely to be modulated by these procedures, thereby impacting marker expression. 
To overcome this problem, investigators have used a mechanical approach to scrape 
cells directly from corneal and limbal regions and then perform Serial Analysis of 
Gene Expression on extracted RNA to identify a list of differentially expressed 
genes [ 161 ]. Others have used a more precise approach by procuring LESC from 
their niche through the use of Laser Capture Microdissection [ 162 ,  163 ]. This tech-
nique uses a microscope to identify a region of interest on a 10–12 μm thick frozen 
tissue section and a laser beam to cut and collect a group of cells. The main advan-
tage of LCMD is the assessment of global gene expression profi le of cells that have 
been harvested directly from their niche without any manipulation in culture and 
with minimal contamination from adjacent cells. The main disadvantages of laser 
capturing SC from fresh tissue are the uncertainty of knowing precisely where these 
cells reside without the use of a specifi c marker and the small amount of nucleic 
acids that can be extracted from these cells for molecular studies.  
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11     Isolating Limbal Epithelial Stem Cells 

 Two goals should be met when devising culture models for limbal epithelial cells. 
The fi rst is to expand our knowledge on LESC biology and the second is to develop 
better clinical grade cell grafts for patients with LSCD. Before briefl y assessing the 
different culture techniques that have been developed, one must be mindful that the 
quality of LESC isolated and expanded is heavily reliant on the quality of acquired 
human donor limbal tissue [ 164 ]. There are three main sources of limbal tissue, 
allogeneic (living relative and cadaveric donor) and autologous (self). Cadaveric 
donor tissue is mainly used for research purposes, but can also be used as a clinical 
bioresource. Human donor corneas can be stored in Optisol-GS (Bausch and Lomb; 
Irvine, CA) at 2–8 o C. However, eye banks world-wide are rapidly moving towards 
a conventional organ culture system for longer term storage at 31–34 °C. Irrespective 
of the storage method, issues with epithelial integrity and apoptosis have been 
reported [ 165 ,  166 ]. Other variables that need to be considered include (1) the post-
mortem delay and age of donor, (2) whether cells are expanded from a limbal biopsy 
or enzymatically dissociated, (3) the location of the biopsy, (4) whether cells are 
co-cultured with growth-arrested murine 3T3 feeder fi broblasts in suspension or as 
sheets, (5) the basal media used and its chemical and mitogenic content, (6) the level 
of oxygen exposure and whether cells are submerged or air-lifted, and (7) the scaf-
fold used to support cells. 

 Although the presumed residence for LESC has been suspected for decades, only 
recently have more effi cient methods for isolating these cells been developed. 
Techniques used to enrich LESC include removal of epithelial sheets from limbal 
tissue by enzymatic dissociation with dispase [ 87 ], trypsin/EDTA [ 167 ], or combi-
nation of enzymes [ 168 ]. Isolated cells can then be used immediately to confi rm 
phenotype or expanded in culture for further analysis. However, issues can arise 
following the use of enzymes. Firstly, dissociated cells are likely to represent a 
mixed population of progenitor and differentiated cells. Secondly, it remains to be 
confi rmed whether dispase and trypsin effectively remove the entire basal limbal 
epithelium, especially in relation to cells residing within the limbal invaginations 
and crypts that characterize the niche [ 89 ,  169 ]. Thirdly, temporary or permanent 
alterations in cell phenotype can arise from denaturing cell surface molecules, 
which may in turn impact LESC enrichment protocols. 

 Since it is known that the composition of the BM differs signifi cantly between 
regions of the ocular surface (see above) and that LESC are in direct contact with 
their BM, novel methods for isolating these cells have been developed based on this 
knowledge. Rapid adhesion to type-IV collagen was used to isolate a minor cell 
fraction (~10 % of the total limbal epithelial cells) which retained SC properties and 
phenotype compared to slow and non-adherent cells [ 170 ]. However, only 16 % of 
the collagen-adherent cells displayed slow-cycling kinetics, suggesting that this is 
an ineffi cient protocol for purifying LESC. 

 Another common method used to extract viable LESC-like cells is fl uorescent- 
activated cell sorting (FACS). This strategy has been used to successfully isolate SP 
cells based on their unique ability to effl ux the Hoechst 33342 dye. While SP cells 
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represent a minor fraction of the total cells and are LESC-like in function and 
 phenotype, they do not always represent a homogenous population [ 115 ,  116 ]. The 
cell surface markers ABCG2, α6-integrin, and N-cadherin have also been used to 
isolate viable LESC by FACS [ 111 ,  145 ,  146 ]. Separation of limbal epithelial cells 
based on size by fl ow cytometry has shown that the smallest cells expressed the 
highest level of LESC markers [ 101 ]. Percoll density gradient was used to distin-
guish two cell populations: the lightest fraction representing ~12 % of the total cells 
contained CK-12 +  proliferating cells, while the densest fraction (~7 %) comprised 
p63 + /CK-12 −  cells [ 171 ].  

12     Expanding Limbal Epithelial Stem Cells 

 Much of the groundwork performed in corneal culture models comes from preced-
ing work in skin. In the mid-1970s Rheinwald and Green [ 172 ] successfully cul-
tured human epidermal keratinocytes long term on growth-arrested 3T3 murine 
embryonic fi broblasts [ 173 ]. Under these conditions keratinocytes formed discrete 
colonies and colony number was inversely proportional to donor age [ 172 ]. These 
colonies were morphologically classifi ed as either holoclones, large smooth colo-
nies with greatest growth potential, a likely reservoir of SC; paraclones, smaller 
colonies with restricted proliferative activity, likely to represent TDC; or merclones, 
intermediate colonies with wrinkled edges and signifi cant growth potential, likely to 
harbor TAC [ 174 ]. 

 Stocker [ 175 ] and Newsome [ 176 ] were among the fi rst to successfully grow 
short-term cultures of corneal epithelial cells. Long-term propagation was achieved 
by Sun and Green [ 177 ], a procedure which is the basis for current cultures (Fig.  5a ). 
In 1993, Wei et al. [ 178 ] showed that limbal epithelial cells could be sub-cultivated 
more effectively on 3T3 feeders compared to corneal epithelial equivalents. In addi-
tion, cells harvested from the limbus produced more holoclone-like colonies com-
pared to those from the central cornea [ 6 ]. In the absence of 3T3 feeders, increased 
serum enhanced colony-forming effi ciency and induced the development of larger 
colonies, suggesting that serum-derived mitogens are important for LESC activity 
[ 179 ]. More recently, human limbal epithelial cells have been cultured into spheres 
which possessed SC properties [ 57 ] (Fig.  5b ).

   There is still much debate as to whether cell suspension cultures are better than 
those derived from limbal tissue explants. An obvious drawback of the explant sys-
tem is the length of time required to establish a reasonable number of early genera-
tion cells. The longer explants remain in culture, the greater the risk of stromal 
fi broblast contamination, and there is no guarantee that all LESC will migrate out 
from the explanted tissue. Advantages include the ease with which the sample is 
prepared, the minimal physical and chemical (enzymes) trauma endured by cells, 
and the fact that the niche and its signals are temporally preserved throughout the 
initial culture period. In our hands, no visible morphological differences are noted 
between cells expanded from either technique (Fig.  5c, d ), nor have we observed 
differences in the number of cell generation that can be propagated (data not shown). 
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  Fig. 5    Primary cultures of human limbal epithelial cells. An island of human limbal epithelial 
cells cocultured with growth arrested murine 3T3 feeder cells. This morphology is typical of the 
fi rst week in culture ( a ). Isolated epithelial cells from human limbal rims and their subsequent 
culture in Neurobasal A medium reveal the formation of cell spheres, varying size, and capable of 
self-maintenance over a prolonged period (10–12 weeks) ( b ). Biopsies from the human limbus ( c ) 
or dispase-dissociated sheets of epithelial cells ( d ) were harvested, placed in culture, submerged in 
media, and allowed to expand. Within 6–7 days, ample epithelial cell outgrowth was noted, and 
irrespective of the method used, emerging cells were morphologically identical ( c ,  d ; original 
magnifi cation ×100). Inset panel ( d ) shows an epithelial sheet that has settled onto the plastic sub-
stratum with cells beginning to emerge       

 Aside from the different methodologies employed for propagating cells in the 
laboratory, if these cells are to be considered for grafting, then transferring loose 
limbal epithelial sheets can be technically challenging [ 6 ,  180 ]. The most universally 
accepted bio-substrate for culturing LESC is human amniotic membrane (HAM). 
This semi-transparent scaffold consists of a monolayer of epithelial cells, a thick 
BM, and an avascular stroma. These properties, along with the myriad of proteins 
within its BM (some common to the limbal BM) [ 181 ], the host of mitogens seques-
tered within its connective tissue [ 182 ], and its anti-infl ammatory, anti-angiogenic, 
and hypoimmunogenic activity [ 183 ], render it the most suitable substrate for grow-
ing cells for the purpose of ocular surface reconstruction. Notably, the method of 
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preparation (intact versus denuded) can impact the quality and phenotype of expanded 
limbal epithelial cells [ 184 ]. Variations on the use of HAM with limbal tissue explants 
have been developed and used to successfully treat patients with LSCD [ 7 ,  8 ,  12 – 14 ]. 
However, a universally accepted protocol for preparing HAM has not yet been estab-
lished. Emerging literature suggests that LESC potential is equally effective on 
HAM, irrespective of whether limbal epithelial cells are derived from explant or 
suspension cultures [ 185 ]. However, several undesirable activities have been 
recorded; fi rstly limbal epithelial cells growing on HAM can decline in growth 
potential and secondly they can transition into mesenchymal-like cells as they invade 
into the HAM matrix [ 186 ]. Meyer-Blazejewska and colleagues [ 187 ] recently 
assessed a host of culture variables and found that limbal epithelial cells grown from 
a superior limbal biopsy, dissociated with dispase/trypsin–EDTA, and cultured in 
low-to-medium calcium (0.03–0.4 mM) in 10 % FBS with EGF and FGF yielded the 
highest clonal growth of undifferentiated cells. Interestingly, the same authors identi-
fi ed fi brin as the scaffold which preserved holoclones. Fibrin is composed of fi brino-
gen and thrombin, a solution deemed nontoxic, transparent, and readily degradable 
over 2 weeks [ 188 ], rendering it a highly attractive substrate that has been used for 
ocular surface reconstruction in animals [ 189 ] and patients [ 9 ,  10 ] with LSCD. 

 Although HAM is purported to act as a surrogate niche for LESC, there are sig-
nifi cant expenses associated with screening, preparing, and storing it. Moreover, it 
can vary from batch to batch, winkle during transfer procedure, and remodel soon 
after transplantation [ 190 ]. Given these limitations, there is a pressing need for 
alternative biocompatible substrate carriers. Recently trialed biomaterials include 
fi sh-scale [ 191 ], human cross-linked [ 192 ,  193 ], and compressed [ 194 ] collagens, 
silk fi broin [ 195 ], and human anterior lens capsule [ 196 ] as well as synthetic elec-
trospun nanofi bers [ 197 ]. Some researchers have even bypassed the need to incor-
porate native scaffolds and trialed non-intergradable synthetic substrates for growing 
and delivering LESC including standard [ 198 ,  199 ], surface-modifi ed [ 200 ], and 
Chitosan-coated [ 201 ] contact lenses. While many of the above- mentioned studies 
demonstrate effi cacy of these biological and synthetic carriers for supporting LESC, 
the act of extracting cells from their natural microenvironment and subsequent cul-
tivation can artifi cially induce SC marker expression, which may misinform evalu-
ations of their composition and phenotype [ 202 ]. Furthermore, persistence of 
foreign antigens, infection from disease transmission, and graft rejection are all 
valid concerns, particularly for protocols that incorporate foreign biologicals such 
as HAM, murine fi broblasts, FBS, and bovine pituitary extract [ 203 – 205 ].  

13     Clinical Outcomes of Cell Therapies for Patients 
with LSCD 

 LSCD can be acquired or hereditary, unilateral or bilateral, total or partial. Total 
LSCD is the most severe form and is characterized by a compromised ocular  surface, 
which commonly arises from an acute injury (chemical or thermal burn) or 
from chronic autoimmune-like disease that affects the mucous membranes 
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(Stevens Johnson’s Syndrome and ocular cicatricial pemphigoid). Consequently, 
the niche is damaged, LESC reserves are depleted or become dysfunctional, and the 
cornea is enveloped with a vascularized, infl amed conjunctival pannus or is prone to 
chronic epithelial defects which are painful and non-healing and ultimately result in 
permanent visual impairment [ 5 ,  206 ].    Aniridia is the genetic form of LSCD where 
LESC fail as a consequence of mutations in the  PAX6  gene [ 207 ] or from defi cien-
cies arising from the niche and its mesenchymal cells [ 208 ]. Because of the various 
causes, the global incidence and burden of LSCD are rarely reported, although it has 
been estimated that 240 new cases arise each year in the UK alone [ 209 ]. 

 A successful long-term outcome in patients with LSCD transplanted with LESC 
is the ultimate functional test that these cells have been properly isolated, propa-
gated, and transplanted in suffi cient numbers to rehabilitate a severely damaged 
corneal surface. Since Kenyon and Tseng’s [ 5 ] seminal work on transplanting autol-
ogous limbal tissue grafts (a procedure now regarded too risky) and Pellegrini’s [ 6 ] 
landmark study on transplanting LESC (a technique regarded too cumbersome due 
to diffi culties in manipulating fragile cell sheets), modifi ed protocols that utilize a 
bio-carrier have been developed, trialed, and shown to be effi cacious. However, 
clinical results seem to vary between studies that employ the same cell therapy. Not 
unexpectedly, patient outcomes also vary in studies that compare between tech-
niques [ 7 ,  8 ,  10 – 14 ], and the mechanisms of transfer and integration and reasons for 
success or failure (which mainly occur in the fi rst 2 years) are only partially under-
stood. Therefore, there is a pressing need to standardize the entire procedure, includ-
ing the criteria for diagnosing and categorizing patients and their posttreatment 
review. In addition, a unifying process for collecting, expanding, phenotyping, and 
transplanting LESC is needed. In principle this is achievable, but due to disease 
heterogeneity, the quality of donor cells available for grafting, and the facilities and 
expertise available to researchers, practically it may be diffi cult to establish and 
implement on a global scale. 

 Approximately, 700 eyes of patients with LSCD have been treated with limbal 
epithelial cell-based therapies since Pellegrini’s original report [ 7 ,  8 ,  10 – 14 ]. From 
Baylis’s recent review [ 13 ], the overall success rate stands at 76 % (range 59–100 %; 
77 % for autologous and 73 % for allografts). Given this rate is remarkably similar 
to that reported in Shortt’s 2007 review [ 7 ], it seems we have done little over the past 
4 years to improve clinical outcomes for our patients. Future challenges will include 
determining why an LESC transplant in 20–30 % of patients fails. Due to the short 
follow-up recorded by many investigators, it is likely that the true failure rate is 
much higher than reported. It is also likely that grafted cells fail because of the hos-
tile environment they encounter once transplanted or due to the quality of tissue 
they are collected from and how they are prepared and nurtured ex vivo. This is 
exemplifi ed by Rama’s study [ 10 ] which showed that when cultures contained >3 % 
∆Np63α expressing cells prior to transplantation, a positive patient outcome was 
recorded (78 %). This contrasted with an 11 % success rate for cultures that sup-
ported <3 % ∆Np63α expressing cells. These data suggest that the number of LESC 
transferred may be just as relevant as the method of transfer. Other obvious factors 
that impact clinical outcome of a cell therapy include where the cells are sourced, 
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how the cells are delivered and protected while on the ocular surface, how the 
 corneal bed is prepared, the postoperative medication (which can vary particularly 
for patients with cicatricial disease) [ 210 ], and postoperative follow-up. The fi eld is 
in desperate need of strict set of inclusion/exclusion criteria which take into account 
disease etiology, whether a patient has had previous surgeries, and confi rmation of 
LSCD by immunohistology or immunocytology and/or confocal microscopy [ 7 – 9 ]. 
Notably, without a unique LESC marker, determining whether a patient has partial 
or total LSCD may be just as diffi cult as determining the success of a treatment. An 
objective and globally accepted pre- and posttreatment grading system for patients 
with LSCD is also warranted. Visual acuity is a standard objective measure and an 
improvement in vision of ≥ two lines on a Snellen chart is generally considered a 
successful outcome. To date ~50 % of eyes that have received a LESC transplant 
have gained this or better level of vision [ 13 ]. The Cornea Society has recently rec-
ognized the need for standardizing the nomenclature for ocular surface rehabilita-
tive procedures [ 211 ] and it is hoped that a similar initiative is instigated for 
standardizing therapeutic protocols for patients with LSCD.  

14     Mechanism of LESC Transplantation 

 In addition to the factors which interfere with success of LESC therapies (see 
above), only circumstantial evidence exists in humans on how these therapies work. 
Questions that remain unresolved include does this therapy anatomically replace 
LESC or does it instruct dormant SC to become functionally active, does the niche 
require repair prior to LESC transplantation, and how ocular surface infl ammation 
is suppressed after engrafting of these cells. Answers to these questions would cer-
tainly improve our current understanding of the mechanisms behind these cell- based 
therapies. Evidence for long-term survival of transplanted LESC has come from 
studies that have excised recipient corneas from patients with LSCD because kera-
toplasty was required to improve vision due to other complications; in these 
instances, an intact multilayered corneal epithelium was evident. Others have identi-
fi ed allograft-derived donor limbal epithelial cells in the central cornea 12 weeks 
postoperatively; however, these were replaced by recipient cells 20 weeks after 
transplantation [ 212 ]. Using DNA analyses, Daya and coauthors [ 213 ] identifi ed 
transplanted donor cells 9 months post-grafting. Likewise, donor cells were detected 
in immunosuppressed [ 214 ] and non-immunosuppressed [ 215 ] patients with LSCD, 
30 months and 3 years after engraftment, respectively. Notably, the above- mentioned 
studies include patients who underwent an allotransplant. Ideally, tracking the fate 
of autologous LESC is desirable as this would disclose their destiny and more accu-
rately defi ne their longevity. However, ex vivo tagging of cells could modify their 
function and phenotype and raise ethical issues as clinical outcomes may be 
adversely affected. Although such protocols have not been devised for humans, 
 rabbit LESC have been transduced with a LacZ-producing retroviral vector for mon-
itoring cell proliferation, differentiation, and survival in recipient animals [ 216 ]. 
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In addition to the irreplaceable role in corneal homeostasis, it is likely that LESC 
have developed mechanisms which protect them from infl ammatory and immune- 
reactions and increased their resistance to apoptotic-inducing factors. Evidence in 
support of this hypothesis has recently come to light, whereby murine LESC were 
shown to dose dependently suppress mitogen or T-cell receptor-mediated prolifera-
tion and cytokine production by lymphocytes more so than mesenchymal SC and 
regulatory T cells. Furthermore, murine LESC expressed high Fas ligand and other 
anti-apoptotic molecules [ 217 ]. Using an animal model of ocular surface damage, 
the same authors showed that allografted LESC signifi cantly attenuated infl amma-
tory mediators at the transplant site [ 196 ]. LESC can also attract stromal/mesenchy-
mal niche cells through chemokine signaling [ 89 ]. This may be a critical role for 
preventing their differentiation under homeostasis; however, after transplantation 
they may be involved in the recruitment of mesenchymal SC, which themselves are 
highly immunosuppressive [ 218 ]. This data confi rms an immunoregulatory role for 
LESC and has important implications on the success of cell therapies for patients 
with LSCD.  

15     Alternative Stem Cells for Ocular Surface Reconstruction 

 Over the past 3 years, the quest to improve current SC therapies for patients with 
LSCD has gained momentum especially for patients with bilateral disease where 
healthy autologous LESC might not be available for extraction, expansion, and 
implantation. Perhaps the cell type most closely related to the corneal epithelium is 
the adjacent conjunctival epithelium. Autologous conjunctival cells have been har-
vested, expanded on HAM, and successfully used to treat animals with experimen-
tally induced [ 219 ] and patients [ 220 ] with LSCD. Longer follow-up is however 
required to gauge success in patients receiving these cells. Perhaps the most con-
vincing evidence that autologous cells integrate, survive long term, maintain the SC 
pool, and restore the ocular surface of patients with LSCD has come from studying 
transplanted autologous oral mucosal epithelium [ 221 – 224 ]. Notably, peripheral 
corneal neovascularization is a common adverse complication after transferring 
these cells and is thought to arise from suppression of local anti-angiogenic factors 
[ 225 ]. The only other non-corneal epithelial cell transfer technique trialed in humans 
has been nasal mucosa, a treatment which may be more benefi cial for patients with 
cicatricial ocular surface disease [ 226 ]. Knowing the multipotential nature of SC, 
researchers are rapidly recognizing the usefulness of lineage unrelated cells includ-
ing umbilical cord-lining SC [ 227 ], mesenchymal SC [ 228 ,  229 ], and embryonic 
SC [ 230 – 232 ] as potential future cell therapies for patients in need of corneal reha-
bilitation. This is exemplifi ed by Hayashi and colleagues [ 233 ] who recently pushed 
the boundaries of regenerative medicine to new levels by deriving induced pluripo-
tent SC (iPSC) from primary human limbal epithelial cells following transfection 
with the Yamanaka 4 transcription factors (Oct3/4, Sox 2, c-Myc, and Klf4). Three 
cell lines were derived, which when injected into SCID mice formed teratomas 
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composed of all three germ layers (neural/retinal, gut, and cartilage). These cells 
were differentiated into cornea-like cells as they expressed CK-3/12, CK-14, 
ΔNp63, and Pax6. In contrast, dermal fi broblast-derived iPSC transfected with the 
same transcription factors expressed less corneal differentiation markers, suggest-
ing that iPSC probably retain properties including the epigenomic signature of the 
original cell type.  

16     Conclusion 

 Therapies for patients with LSCD have certainly come a long way since Kenyon 
and Tseng fi rst described their limbal tissue transplantation technique in the late 
1980s [ 5 ]. However, there is scope to modify modern cell-based technologies to 
further improve their safety and effi cacy. Studying the mechanisms that promote 
ocular health and visual acuity in patients who receive LESC transplants will 
undoubtedly contribute to a better understanding of how current treatment options 
work and how to develop more successful future technologies. Moreover, compre-
hensive assessments of the biological factors within the niche and the pathways and 
signaling molecules that actively partake in maintaining LESC quiescence will be 
necessary for identifying the best conditions for expanding these cells for clinical 
use. We already have solid evidence that LESC therapy works, but our challenges 
for the future will be to understand why some grafts fail and to eliminate xenogeneic 
components and minimize the use of allogeneic cells as strict regulatory require-
ments for cell-based therapies are becoming ever increasing [ 234 ]. The other major 
challenge will be to standardize LESC therapy; this should include patient diagno-
sis, graft preparation, and a defi ned set of endpoints and outcome measures. Notably, 
without a specifi c LESC marker these challenges will be diffi cult to address.     
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    Abstract     Stem cells hold enormous interest for basic and translational scientists 
because of their ability to self-renew and differentiate into multiple cell types. These 
properties have led stem cell biology to emerge as an important fi eld of biomedical 
research over the past few decades, and a large effort to identify the locations of 
adult stem cells has been under way. Teeth and tooth-supporting structures house 
important adult stem cell niches in the body. In this chapter, we describe the known 
populations of adult dental stem cells. We focus on the location, stemness, and 
differentiation potential of these cells. In addition, we discuss recent advances in the 
applications of adult stem cells to the fi eld of regenerative medicine.  
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  Abbreviations 

   AP    Apical papilla   
  ChIP-seq    Chromatin immunoprecipitation sequencing   
  DFSCs    Dental follicle stem cells   
  DPPSCs    Dental pulp pluripotent stem cells   
  DPSCs    Dental pulp stem cells   
  EK    Enamel knot   
  ESCs    Embryonic stem cells   
  FACS    Fluorescence-activated cell sorting   
  HA    Hydroxyapatite   
  HERS    Hertwig’s epithelial root sheath   
  IEE    Inner enamel epithelium   
  iPSCs    Induced pluripotent stem cells   
  PDL    Periodontal ligament   
  PDLSCs    Periodontal ligament stem cells   
  SCAP    Stem cells of apical papilla   
  SHED    Stem cells from human exfoliated deciduous teeth   

1           Introduction 

 Stem cells are progenitors that are capable of both self-renewal and differentiation 
into multiple cell types. Because of the enormous therapeutic potential of stem cell 
research, it has emerged as an important fi eld of biomedical research, and it encom-
passes such diverse applications as tissue engineering and repair, treatment of auto-
immune disorders, and in vitro organ generation. 

 Stem cells can be divided into several major types, including embryonic stem 
cells (ESCs), adult (somatic) stem cells, and induced pluripotent stem cells (iPSCs). 
ESCs were fi rst isolated from mouse blastocysts in the early 1980s and from human 
embryos almost 2 decades later [ 1 – 3 ]. More recently, the technique of converting 
virtually any cell type, including differentiated somatic cells, into iPSCs was devel-
oped, promising an almost unlimited source of easily obtained pluripotent stem 
cells [ 4 ,  5 ]. Production of iPSCs originally involved the introduction of a cocktail of 
four transcription factors—OCT3/4, SOX2, KLF4, and c-MYC—into adult cells 
[ 6 ]. However, further studies revealed that specifi c reprogramming factors differ 
among tissues [ 7 ,  8 ]. The resulting reprogrammed cells can then be redifferentiated 
into cells that represent derivatives of all three germ layers [ 5 ,  6 ]. This allows for the 
potential use of autologous cells in clinical applications and may help minimize 
recipient rejection. 

 In addition to ESCs and iPSCs, stem cells can be isolated from adult tissues. In 
some cases, multiple adult stem cell types of varying differentiation potential can be 
isolated from the same tissue. The notion that almost all tissues in the body contain 
somatic stem cells is now established. Examples of tissues with well-characterized 
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somatic stem cells include hair follicles, intestinal crypts, and skin [ 9 – 11 ]. In this 
chapter, we discuss another important organ that houses several distinct populations 
of adult stem cells: the tooth. 

1.1     Strategies for Isolation of Dental Stem Cells 

 To accurately study the properties of adult stem cells, it is vital to correctly identify 
and isolate them from millions of somatic cells within the same tissue, a feat seem-
ingly akin fi nding a needle in a haystack. One of the most common strategies for 
isolation of dental stem cells involves separation based on markers. However, the 
identifi cation of specifi c stem cell markers is challenging. Historically, marker can-
didates were chosen based on several criteria, such as being targets of major signal-
ing pathways that are active within the putative stem cell niche [ 12 ]. Defi nitive 
identifi cation of stem cells requires linkage between them and their progeny through 
either transplantation or lineage-tracing experiments [ 13 ,  14 ]. Further, some stem 
cells are quiescent and can be localized using label-retention experiments. This tech-
nique relies on the idea that, over time, fast-cycling somatic cells dilute the label, 
whereas slow-cycling stem cells retain much of the original signal [ 15 ]. 

 Once a stem cell marker is known, populations of cells can be isolated via 
fl uorescence- activated cell sorting (FACS) or by antibody-conjugated microbead 
isolation. Other methods of prospective stem cell isolation exist, although these are 
less robust. One method, high effl ux of a fl uorescent nuclear stain, isolates cells 
capable of excluding a fl uorescent DNA-binding dye. Studies show that cells capa-
ble of differentiating into adipocytes, chondrocytes, and osteoblasts can exclude the 
dye by utilizing cell-specifi c membrane effl ux pumps [ 16 ,  17 ]. Additionally, the 
ability of some adult dental stem cells to exhibit a high proliferation capacity in 
vitro has been used as a method of isolation by focusing on cell growth. This 
requires frequent passaging at low densities to prevent the stem cells from undergo-
ing differentiation [ 18 ,  19 ].  

1.2     Common Markers of Stem Cells 

 Identifi cation of markers specifi c to stem cells can be used to separate them from a 
heterogeneous cell population. Often, these markers are regulatory genes involved 
in development and maintenance of stem cells. In this section, we describe common 
stem cell markers used to identify adult stem cells in teeth. 

 OCT3/4, a member of the Pit-Oct-Unc family of transcription factors, was ini-
tially thought to be expressed almost exclusively in ESCs [ 20 ,  21 ]. Later studies 
identifi ed OCT3/4 +  embryonic and adult stem cells as well as the requirement for 
 Oct3/4  expression in iPSCs [ 6 ,  22 ,  23 ]. The key to remaining undifferentiated seems 
to be maintenance of a narrow range of  Oct3/4  expression, as both positive and 
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negative fl uctuations in expression cause cell differentiation [ 24 ]. Genome-wide 
interaction studies, including chromatin immunoprecipitation sequencing (ChIP- 
Seq), suggest that OCT3/4 controls cell pluripotency by modulating major develop-
mental signaling pathways, such as the Fgf and Wnt/β-catenin pathways [ 24 ]. One 
important OCT3/4 target is  Nanog , which plays a key role in the transcription factor 
signaling network in mammalian pluripotent cells and developing germ cells [ 25 , 
 26 ]. Disruption of Nanog signaling leads to early embryonic lethality, whereas con-
stitutive expression promotes self-renewal of ESCs. Finally, nestin is an intermedi-
ate fi lament protein originally identifi ed in neuroepithelial stem cells that is also 
expressed in non-neuronal tissues, such as pancreatic islets, hematopoietic cells, 
and teeth [ 27 – 30 ]. 

 A number of common surface markers has also been used for identifi cation and 
isolation of stem cell populations. Examples of these include CD29, CD44, CD73, 
CD90, CD105, CD146, and CD166 [ 31 ,  32 ]. Integrin β-1 (CD29) was fi rst identi-
fi ed in lymphocytes and plays a role in matrix adhesion [ 33 ,  34 ]. The cell surface 
glycoprotein CD44 was fi rst identifi ed in hematopoietic stem cells and plays a role 
in adhesion and cell–cell interactions [ 35 ]. Ecto-5′-nucleotidase (CD73) and CD90 
are mesenchymal stem cell markers involved in interactions between hematopoietic 
and endothelial cells [ 36 ,  37 ]. Another commonly used marker is Endoglin (CD105), 
which is a member of the TGF-β1 receptor complex and was originally identifi ed in 
endothelial cells of the cardiovascular system [ 38 ]. Finally, CD146 and CD166 are 
common markers of mesenchymal stem cells used for identifi cation of dental stem 
cells, with both playing a role in cell–cell adhesion [ 39 ,  40 ]. In the last 5 years, a 
number of articles have presented additional markers of adult dental stem cells, such 
as CD34, CD117, and CD271 [ 31 ].   

2     Tooth Development and Morphogenesis 

2.1     The Adult Tooth 

 The three fundamental parts of the tooth are the crown, roots, and supporting struc-
tures (Fig.  1 ). Teeth are anchored in the alveolar processes of the maxillary and 
mandibular bones by the periodontal ligament (PDL). These ligaments extend from 
the bone in tooth sockets and insert into the cementum layer, which is the outermost 
layer of the tooth root [ 41 ]. The crown is composed of enamel and is exposed to the 
oral cavity, providing masticatory (chewing) function for the tooth. The middle layer 
of the tooth in both roots and the crown is dentin. The dentin encases the dental 
pulp, the innermost part of the tooth in both crown and roots. The pulp tissue com-
prises the neurovascular bundle of the tooth and its supporting cells as well as a 
population of dentin-secreting odontoblasts [ 42 ].

   Humans possess 20 primary teeth and 32 adult teeth: 8 incisors, 4 canines, 8 
premolars, and 12 molars. The primary teeth appear at around 6 months of age and 
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are fully shed by the early teens. Once the tooth erupts into the oral cavity, the dental 
epithelial tissue is lost, such that adult human teeth lose the potential to regenerate 
enamel, and the remaining mesenchymal tissues have only a limited capacity to 
regenerate dentin, cementum, and pulp. In contrast, mice, which are an important 
model for investigation of tooth development, exhibit a highly specialized dentition 
[ 43 ]. They possess 4 incisors and 12 molars, which are separated by a toothless area 
called the diastema. Rodent incisors are unusual in their ability to grow throughout 
the lifetime of the animal through a continuous wear and formation of all tooth tis-
sues including enamel, dentin, pulp, and cementum. This property is made possible 
by the presence of active adult stem cells in a niche called the cervical loop [ 44 ]. In 
addition, several species of rodents (and other mammals) exhibit ever-growing 
molars, called hypselodont molars. These molars retain adult epithelial stem cells in 
compartments known as intercuspal cervical loops, which are surrounded by stem 
cells of the mesenchyme [ 45 ]. In this chapter, we describe the adult stem cells of 
human teeth, which are all rooted.  

2.2     Tooth Development 

 Mammalian tooth development requires tissues of both epithelial and mesenchymal 
origin (Fig.  2 ) [ 46 ,  47 ]. Whereas the epithelium originates from oral ectoderm, the 
mesenchyme is derived from cranial neural crest. The latter arises from the margins 

  Fig. 1    Cartoon depiction of 
a human lower molar tooth. 
The crown is the part of the 
tooth covered by enamel (En) 
and the root is the part of the 
tooth covered by cementum 
(C). Underlying both enamel 
and cementum is dentin (De). 
The tooth is attached to bone 
(B) via periodontal ligaments 
(Pl). The neurovascular 
bundle of the tooth is located 
in the pulp (P). The 
supporting bone is covered 
by the gingiva (G)       
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of neuroepithelium and undergoes a ventro-lateral migration, giving rise to facial 
structures, facial sensory organs, and pharyngeal arches [ 48 ]. Neural crest-derived 
mesenchyme forms many dental tissues, such as dentin, pulp, and periodontal liga-
ments, whereas the ectodermal-derived epithelium forms enamel [ 49 ].

   Much of the knowledge about tooth development (odontogenesis) stems from 
decades of investigations utilizing mouse models. In mice and the majority of 
mouse-like rodents (i.e., rats and voles), tooth development begins between embry-
onic day (E) 8.5 and 10. At that time, the fi rst signaling molecules involved in 
development become apparent. The formation of signaling centers is followed by 
the thickening of the epithelium into the underlying mesenchyme at E11. 

  Fig. 2    Cartoon depiction of various stages of mouse molar ( a ) and incisor ( b ) tooth development 
and adult mouse mandible ( c ) in sagittal view. Tooth development begins with thickening and 
invagination of the oral epithelium into the underlying mesenchyme at ~E11. In the bud stage 
(~E13), the mesenchyme condenses. At the cap stage (~E14.5), the enamel knot, a central signal-
ing center, appears. At the bell stage (~E16), the secondary enamel knots form, corresponding to 
the future location of cusps. In addition, the extracellular matrices of enamel and dentin are 
excreted by the differentiating ameloblasts and odontoblasts, respectively. Tooth development is 
similar in incisor and molar with a few key differences being a 90° turn of the incisor Bell, as well 
as the presence of the vestibular lamina (VL), the labial and lingual cervical loops (laCL and liCL, 
respectively), and the absence of 2° enamel knots in the incisor       
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Subsequently, a series of developmental stages named bud, cap, and bell occur. 
At the bud stage (E12.5–13.5), the epithelium continues to proliferate and invagi-
nate into the mesenchyme, which responds by condensing under the epithelial bud 
to form a structure known as the dental papilla. The enamel knot (EK), which acts 
as a transient signaling center and is characterized by expression of several secreted 
factors, forms during the bud to cap stage transition. The cap stage (E14–15) is char-
acterized by further epithelial and mesenchymal proliferation. The dental epithelium 
proliferates and surrounds the dental papilla, whereas mesenchyme proliferates and 
forms the dental follicle. The late cap stage is also the time when signifi cant differ-
ences emerge between the mouse incisor and molar, as the developing incisor begins 
to grow parallel to the long axis of the jaw. During the bell stage, the outline of the 
fi nal tooth shape becomes apparent. The primary EKs are replaced by secondary 
EKs in the molars, which correspond to the places of future tooth cusps [ 50 ]. Thus, 
incisors and canines exhibit only one EK, whereas premolars and molars exhibit 
several. Finally, specifi c dental cell types become apparent at the bell stage. 

 The enamel-producing ameloblasts form from cells adjacent to the dental papilla, 
in a niche known as the inner enamel epithelium (IEE). These cells proliferate and 
begin to secrete enamel matrix. The dentin-secreting odontoblasts arise from the 
cells located on the outermost layer of the dental papilla. Together, the niches con-
taining ameloblast and odontoblast progenitor cells make up the cervical loops. As 
the teeth begin to erupt, following the completion of crown formation, the cervical 
loop epithelium forms a bilayer structure called Hertwig’s epithelial root sheath 
(HERS) to guide the development of tooth roots [ 51 ]. As HERS migrates apically 
together with the dental papilla (inner) and dental follicle (outer) mesenchymal 
tissues, it breaks up into epithelial rests and cords, allowing the dental follicle 
mesenchyme to migrate onto the root dentin matrix to form cementoblasts 
(cementum- secreting cells) and the periodontal ligament. 

 Since the mid-1990s, a signifi cant effort to identify and characterize adult stem 
cells within teeth has been under way. Almost two decades later, such cells have 
been identifi ed in virtually all tissues of immature and mature primary and perma-
nent teeth as well as exfoliating primary teeth. These stem cells vary in location, 
origin, and differentiation potentials.   

3     Adult Tooth Stem Cells 

 Primary human teeth begin to erupt at around 6 months of age and complete erup-
tion by 5–6 years. Permanent dentition begins eruption at 6 years of age and can 
continue into the mid-twenties (eruption of third molars ranges from 17 to 25 years). 
The period between the eruption of fi rst permanent tooth (~6 years) and loss of the 
last primary tooth (~12 years) is known as the mixed dentition stage (a time when 
both primary and permanent teeth are present in the mouth). At this time, stem cells 
of developing, primary, and permanent teeth are present (Fig.  3 ). In this section, we 
describe stem cells found in fully formed primary and permanent (mature) dentition 
and in developing teeth.
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3.1       Stem Cells of Mature Teeth 

3.1.1     Dental Pulp Stem Cells 

 The dental pulp contains a neurovascular bundle as well as dentin-producing odon-
toblasts and supporting fi broblasts. The neural crest-derived dental pulp stem cells 
(DPSCs) reside in the perivascular and periodontoblastic compartments within the 
pulp and were originally thought of as primarily odontoblast precursors with a 
fi broblast-like phenotype and limited differentiation capacity [ 52 ,  53 ]. In vitro, 
DPSCs display a high growth rate and fi broblast-like ability to adhere to plastics 
[ 18 ,  53 ]. In vivo, the cells’ morphology resembles that of smooth muscle actin- 
expressing pericytes [ 54 ]. Overall, the cells make up about 0.5–0.7 % of the total 
cell mass of the pulp, which ranges from 500,000 to 1,000,000 cells [ 52 ]. 

 Expression of stem cell markers in the DPSCs varies, making it diffi cult to estab-
lish a universal marker for all DPSCs. In the pulp, STRO-1 +  DPSCs express pericyte- 
specifi c markers, which led to the proposal that DPSCs may be of pericyte origin 
[ 54 ]. Further, the infl ammatory response of the pulp to enhance tertiary dentin pro-
duction by odontoblasts is reported to exhibit increased  STRO-1  expression, sug-
gesting increased proliferation of DPSCs and their differentiation into odontoblasts 
[ 55 ]. While no single universal marker is available due to the heterogeneity of the 
DPSCs, the most commonly reported markers are CD29, CD44, CD73, CD90, 
CD105, CD146, and CD166. In addition, DPSCs express several factors common to 
stem cells, such as  OCT3/4 , Nestin, Nanog, and Vimentin [ 56 – 58 ]. 

 DPSCs exhibit a moderate potential for differentiation into dental tissues. 
DPSCs transplanted under rat kidney capsules formed dentin–pulp complexes and 
thus demonstrated the ability to differentiate into odontoblasts, expressing the 
odontocyte marker dentin sialophosphoprotein (DSPP) [ 59 ]. In addition, in vitro 

  Fig. 3    Locations of adult dental stem cells in humans. Stem cells from ( 1 ) human exfoliated 
deciduous teeth (SHED); ( 2 ,  3 ) dental pulp stem cells (DPSCs) and dental pulp pluripotent stem 
cells (DPPSCs); ( 4 ) periodontal ligament stem cells (PDLSCs); ( 5 ) stem cells of apical papilla 
(SCAP); ( 6 ) dental follicle stem cells (DFSC).  G  gingiva,  B  alveolar bone       
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stimulation of DPSCs by various techniques, such as exposure to dentinal tubules, 
also stimulated the stem cells to differentiate into odontoblasts [ 60 ]. 

 DPSCs demonstrate a wide capability of differentiation into non-dental tissues. 
When placed into osteogenic media, the STRO-1 +  cells demonstrated osteogenic 
potential. In those experiments, DPSCs were initially capable of differentiating into 
both chondrogenic and osteogenic cells, with only osteogenic cells remaining in 
late passage populations [ 61 ]. Studies conducted in rat models have demonstrated 
that DPSCs transplanted in vivo to the sites of large cranial bone defects in addition 
to collagen matrices yielded new bone formation [ 62 ]. Moreover, DPSC transplan-
tation into transected rat spinal cord resulted in recovery of locomotor functions 
[ 63 ]. As previously mentioned, subpopulations of DPSCs express α-smooth muscle 
actin, which is a common myogenic marker. Studies investigating the myogenic 
potential of pulpal stem cells revealed in vitro myocyte differentiation when treated 
with 5-Aza-2-Deoxycytidine. In addition, applications of DPSCs in animal models 
of muscular dystrophy and myocardial infarction resulted in increased muscle mass 
[ 64 ,  65 ]. Finally, DPSCs can differentiate into a number of neural crest-derived 
 tissues, such as cornea and melanocytes, as well as neural cells and hair follicles 
[ 66 – 68 ]. Implantation of these cells into damaged rabbit cornea resulted in epithe-
lial repairs, whereas implantation into inactive hair follicles resulted in resumed hair 
production [ 69 ,  70 ].  

3.1.2     Dental Pulp Pluripotent Stem Cells 

 Recently, a subpopulation of DPSCs called dental pulp pluripotent stem cells 
(DPPSCs) has been isolated from pulp tissue of human third molars [ 71 ,  72 ]. These 
cells are smaller than DPSCs, with a high nucleus/cytoplasm ratio, and a fi broblast- 
like fl attened and elongated morphology. 

 Like DPSCs, DPPSCs express  OCT3/4 , Nanog, and Nestin. In addition, DPPSCs 
share several markers with DPSCs, namely, CD29 and CD90. Unlike DPSCs, how-
ever, these cells are CD105 − , CD73 − , and CD146 − , in addition to being Sox2 +  [ 71 ]. 
Interestingly, both OCT3/4 and SOX2 are needed for conversion of somatic cells to 
iPSCs. Reprogramming of adult stem cells into iPSCs often yields better results 
than the conversion of somatic cells, perhaps due to the use of less reprogramming 
factors. 

 In the early days of stem cell research, ESC pluripotency was established by in 
vivo formation of teratomas, which are heterogeneous tumors containing tissues 
from all three embryonic layers (ectoderm, mesoderm, and endoderm) [ 2 ]. Similar 
teratomas form when DPPSCs are injected into mice, indicating that these cells 
have pluripotent potential similar to that of ESCs and iPSCs [ 72 ]. While the current 
effort of determining in vivo differentiation potential of DPPSCs has been primarily 
focused around the oral cavity, much remains to be explored about DPPSCs’ 
 differentiation potential into other tissue types.  
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3.1.3     Stem Cells from Human Exfoliated Deciduous Teeth 

 One of the hallmarks of mammalian dentition is the replacement of primary (milk) 
teeth with permanent adult ones. In humans, the process occurs from age 6 into the 
early teens. During replacement, the primary tooth roots become resorbed and the 
crown exfoliates. Despite this partial resorption, primary teeth still contain pulpal 
tissue at the time of exfoliation. A population of cells called stem cells from human 
exfoliated deciduous teeth (SHED) can be isolated from the coronal perivascular 
and periodontoblastic compartments of the pulp and sometimes the radicular (root) 
pulp of incompletely resorbed roots of deciduous teeth [ 73 ]. Despite the reduced 
number of pulp cells due to root resorption, SHED are an appealing source of adult 
stem cells due to the natural exfoliation process of the teeth. 

 The cells are similar to DPSCs in their morphology and some of their defi ning 
markers, but they also differ in a number of ways. First, SHED exhibit a much 
higher in vitro proliferation rate than DPSCs [ 74 ,  75 ]. Second, SHED constitute a 
higher proportion of cells within the pulp, comprising about 1.0–1.2 % of the total 
cell mass [ 75 ]. Third, SHED have an innate ability to induce formation of new 
bone-like matrix within lamellar bone [ 74 ,  76 ]. This osteoinductive property is con-
sistent with the observation that primary tooth root resorption is often accompanied 
by new bone formation [ 77 ]. 

 In addition to common stem cell markers shared with DPSCs, such as CD44, 
CD73, CD90, CD105, and CD146, SHED also express CD13. Further, SHED 
express  STRO-1 ,  OCT3/4 , Nanog, and Nestin [ 73 ,  78 ]. In addition, SHED express 
the pluripotency markers stage-specifi c embryonic antigens 3 and 4 ( SSEA-3  and 
 SSEA-4 ) [ 78 ]. 

 Like DPSCs, SHED show an almost universal differentiation potential in vitro, 
as they are capable of forming odontoblasts, osteoblasts, adipocytes, myoblasts, 
endothelial cells, and neuronal cells [ 79 ]. In vivo SHED transplantation experi-
ments revealed the cells’ ability to differentiate into osteoblasts and odontoblasts. 
Finally, when placed in mouse brain, the cells were able to survive and express 
neural markers [ 80 ].  

3.1.4     Periodontal Ligament Stem Cells 

 In addition to the somatic stem cells that can be obtained from adult tooth pulp, the 
structures supporting the teeth also present an important niche for stem cells. The 
teeth are anchored in the jaw bone by the periodontal ligament (PDL). The PDL 
consists of both epithelial cells (remnants of enamel epithelium) and cells derived 
from the neural crest mesenchyme. The majority of PDL mass consists of extracel-
lular collagen, organized into fi bers extending from alveolar bone to root cemen-
tum. Studies investigating extracted human teeth have identifi ed PDL stem cells 
(PDLSCs), which can make up as much as 3 % of total PDL cell mass. The location 
of these cells impacts their properties, as PDLSCs collected closer to alveolar bone 
exhibit superior bone regeneration properties compared to PDLSCs collected in 
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proximity to cementum, despite the average width of the PDL space being only 
350 μm [ 81 ]. 

 As expected, PDLSCs share many surface markers with stem cells from the pulp, 
such as CD13, CD29, CD44, CD59, CD73, CD90, CD105, CD146, and CD166. In 
addition, these cells express STRO-1 and Scleraxis. The latter is a helix-loop-helix 
transcription factor expressed in precursor cells of tendons and ligaments [ 58 ,  81 ,  82 ]. 

 When transplanted in vivo in conjunction with hydroxyapatite (HA) scaffolds, 
PDLSCs are capable of differentiating into cells forming different parts of the PDL, 
including Sharpey’s fi bers (primary fi bers of the PDL), cementum, and even alveo-
lar bone [ 73 ,  82 ]. When grown in vitro in adipogenic, chondrogenic, and osteogenic 
conditions, PDLSCs differentiated into adipocyte-, chondroblast-, and osteoblast- 
like cells, respectively [ 77 ,  83 ].   

3.2     Stem Cells from Developing Teeth 

 In humans, tooth development begins in utero and ends with the completion of root 
formation of the maxillary third molars at 17–25 years. In addition to adult dental 
tissues, developing teeth also present an important and readily available source of 
stem cells. 

3.2.1     Stem Cells of Apical Papilla 

 The apical papilla (AP) tissue is found at the apices of the developing roots and 
contributes to root formation, eventually becoming a part of the radicular pulp. 
However, studies have shown a distinct histological difference between the pulp and 
the AP. Separated from the pulp by a cell-rich junction, the apical papilla is less 
vascular but more cellular. It has been hypothesized that the AP is the source of 
primary odontoblasts, which migrate through the cell-rich border into the pulp tis-
sue and lay down dentin of the developing roots [ 84 ]. Recently, a population of stem 
cells has been found in apical papillae from extracted immature permanent teeth, 
termed stem cells of apical papilla (SCAP). 

 SCAP exhibit threefold greater in vitro proliferation ability than stem cells of 
pulpal origin. SCAP express a number of stem cell markers, such as CD49, CD51, 
CD73, CD90, CD105, CD106, CD146, and CD166. In addition, they express  STRO- 
1   and Nestin [ 84 ]. While SCAP in vitro differentiation is limited to odontoblasts, 
adipocytes, and neuronal cells, they possess greater capacity to differentiate in vivo 
into both odontoblasts and pulpal fi broblasts in comparison to stem cells of pulpal 
or periodontal origin [ 85 ]. SCAP are especially useful in root regeneration. Studies 
utilizing hydroxyapatite and decellularized dentin scaffold matrix carriers and 
SCAP were successful in obtaining root regeneration in animal models [ 86 ]. Thus, 
SCAP may provide a better source of cells for dentin reparative therapies than the 
DPSCs from fully developed teeth.  
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3.2.2     Dental Follicle Stem Cells 

 The developing dental tissues are surrounded by the dental follicle, which is neces-
sary for tooth eruption and plays a role in alveolar bone remodeling during eruption. 
Subsequently, the dental follicle differentiates into the periodontal ligament. In 
addition, it is thought that cells of the dental follicle differentiate into cementoblasts 
and osteoblasts [ 87 ]. Efforts to identify the origin of these cells have resulted in the 
discovery of a population of dental follicle stem cells (DFSCs). 

 The DFSCs are small compared to the surrounding supporting fi broblasts of 
the dental follicle. When cocultured, DFSCs quickly encircle DPSCs, mimicking 
the in vivo developmental process. The stem cells of the dental follicle express 
the expected set of markers: CD13, CD29, CD44, CD90, CD105, CD105, and 
 STRO-1  [ 31 ]. 

 Currently, the differentiation potential of DFSCs is thought to be rather limited. 
Under in vitro induction, these cells are capable of expressing adipocyte, chondro-
cyte, and osteocyte markers [ 87 ,  88 ]. In addition, when transplanted into areas of 
jawbone defects in mice, DFSCs differentiated and secreted dentin, cementum, and 
bone matrix. In addition, the cells were also capable of forming periodontal liga-
ment fi bers that inserted into the secreted cementum matrix [ 89 ]. Thus, like SCAP, 
DFSCs are good candidates for therapies involving the regeneration and repair of 
the periodontal ligament complex.    

4     Applications of Tooth Stem Cells 

4.1     Sources of Stem Cells 

 Stem cells can be obtained through minimally invasive routine dental procedures, 
such as root canal therapy (stem cells of the pulp), periodontal therapy (PDLSCs), 
and tooth extraction. In addition, naturally exfoliating primary teeth can be col-
lected for the isolation of SHED by dentists. Perhaps the most widespread source of 
dental adult stem cells is the third molar tooth [ 57 ,  71 ,  72 ]. Human third molars 
often present clinically unfavorable eruption patterns, such as erupting at angles off 
to the main occlusal plane, erupting partially, or not erupting at all. Due to their 
location in the back of the oral cavity, these teeth are diffi cult to maintain and often 
present with pathologies of dental and supporting tissues, such as caries and peri-
odontal disease. For those reasons, third molars are often extracted prophylactically 
when the patients are in their mid to late teens. These teeth are extracted at different 
stages of their development, with routine cases being done when the roots are still 
developing or even when the teeth are still in the bell stage. Thus, third molars are a 
good source for both DFSCs and SCAP in addition to the somatic dental stem cells 
of the pulp and the PDL.  
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4.2     Clinical Applications 

 The ultimate desired outcome of dental stem cell therapy is the complete generation 
of a functional tooth, PDL, and surrounding alveolar bone. In the past few years, 
advances have been made towards achieving this goal, such as combination of 
SCAP and PDLSCs to construct a functional root and PDL in vivo [ 90 ]. Such a root 
can later be restored with an artifi cial crown and serve as a functioning tooth. In 
addition, placement of PDLSCs with mineral scaffolds into alveolar bone defects 
has been successfully used to regenerate new bone [ 73 ,  82 ]. Further, teeth that have 
undergone a root canal procedure (complete or partial removal of the pulp) may 
soon be restored by placement of DPSCs. The potential of transdifferentiation of 
adult dental stem cells into other tissues suggests that one day these cells could be 
modifi ed to achieve the same level of differentiation potential as ESCs (Fig.  4 ).

  Fig. 4    Differentiation potentials of adult dental stem cells. Embryonic stem cells from the inner 
cell mass of the blastocyst have the potential to give rise to all tissues in the body. In turn, many 
adult tissues retain populations of adult stem cells with varying degrees of differentiation and 
transdifferentiation potentials. Teeth contain several populations of adult stem cells that hold the 
potential to not only regenerate tooth structure in a limited capacity, but also regenerate teeth 
entirely as well as transdifferentiate into other tissue types       
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5         Conclusion 

 The tooth is an exciting model for investigation of adult stem cells. In this chapter, 
we have described the recent advances in understanding the locations, properties, 
and application potential of adult dental stem cells. However, a plethora of impor-
tant basic and applied questions, ranging from determination of the origin of cells 
that give rise to adult stem cell niches to therapeutic application of dental stem cells 
in other organ systems, requires further investigation.     
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    Abstract     The mammary gland is an apocrine organ that undergoes multiple 
 periods of robust change marked with proliferation, differentiation and apoptosis. 
The profound regenerative potential observed in the mammary gland implies the 
presence of a population of mammary stem cells (MaSCs) with the capacity to both 
self-renew and give rise to all mammary lineages. Furthermore, a single mammary 
epithelial cell enriched for specifi c cell surface markers has been shown to reconsti-
tute an entire, functional mammary gland in vivo, thereby demonstrating multipo-
tent stem cell potential. The purpose of this chapter is to briefl y outline the current 
state of knowledge on the identity and location of the MaSC, as well as provide a 
critical overview of the assays utilized to examine MaSC potential.  

  Keywords     Mammary stem cell   •   Mammary progenitor cell   •   Breast   •   Mammary 
remodeling   •   Clonogenic assays  
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  SP    Side population   
  TDLU    Terminal ductal lobular units   
  TEB    Terminal end buds   
  YFP    Yellow fl uorescent protein   

1           Introduction 

 The mammary gland is composed of an organized bi-layered epithelial ductal net-
work, embedded within mesenchymal components, and serves to effectively deliver 
milk containing vital nutrients and immune factors to offspring. In humans, the 
epithelial ductal network arises as a bundle of 5–10 lactiferous ducts extending from 
the nipples into the mammary fat pads. Bifurcating radially, each lactiferous duct 
branches off into segmental ducts that end in discrete pyramidal lobules. These 
lobular structures, called terminal ductal lobulo-alveolar units (TDLUs), are the 
main functional secretory units of the gland and include an intralobular duct that 
diverges into terminal ducts (Fig.  1a ) [ 1 – 3 ]. These terminal ducts contain clusters of 
smaller blind-ended ductules that differentiate into milk-secreting acini during lac-
tation. At the cellular level, both the TDLUs and the subtending mammary ducts are 
bi-layered in nature, with an inner layer of luminal epithelial cells and an outer layer 
of myoepithelial cells. These latter cells, also referred to as basal cells, are in direct 
contact with the basement membrane and contract to aid in milk ejection during 
lactation while luminal cells differentiate into milk-secreting cells during pregnancy 
and lactation [ 4 ,  5 ]. Mesenchymal components of the mammary fat pad consist of 
fi broblasts and adipocytes that are interspersed with a variety of immune cells and 
blood vessels [ 6 ]. Connective tissue proteins such as collagen, laminin, fi bronectin, 
tenascin, and others lend structural support to the intricate epithelial ductal tree to 
build the breast tissue [ 7 ,  8 ].

   The murine mammary gland often serves as an instructive model and has proven 
to be an insightful tool for investigating mammary stem cell dynamics. There are 
fi ve pairs of mammary glands in mice, with each gland bearing a single lactiferous 
duct that bifurcates linearly into 5–10 secondary ducts, with multiple side branches 
[ 1 ]. Analogous in function to TDLUs, lobuloalveoli are the main secretory unit in 
the murine gland [ 2 ,  3 ]. However, unlike TDLUs, lobuloalveoli have the propensity 
to develop along both a duct and at the end of a terminal duct (Fig.  1b ) [ 1 ]. The 
mesenchyme surrounding the mouse mammary epithelial network is less fi brous 
and has higher adipocyte content compared to the human breast. Unlike the human 
breast that has loose intralobular connective tissue and dense interlobular connec-
tive tissue forming a slightly exclusive collagenous compartment around the epithe-
lial network, murine epithelial cells are encased in a periductal stroma which is in 
turn imbedded in fat tissue [ 9 ,  10 ]. 

 Despite these structural differences, similarities in the development and function 
of the mouse mammary gland inform human mammary biology. The developmental 
progression of the murine mammary gland observed over a female’s reproductive 
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  Fig. 1    The mammary gland structure. ( a ) Schematic of the human ductal system. Arising as 5–10 
lactiferous ducts from the nipple, the mammary ductal tree bifurcates in a radial manner with ter-
minal ductal lobular units (TDLUs) as the functional unit. TDLUs form at the end of terminal ducts 
and consist of an intralobular terminal duct and smaller blind-ended tubules lined with secretory 
cells. ( b ) Schematic of the murine mammary gland. The murine mammary gland consists of a 
single lactiferous duct that bifurcates into 5–10 secondary ducts linearly. The functional units of 
the murine gland are lobuloalveoli. During puberty, growth primarily occurs at the club-like struc-
tures at the distal tip of ducts called terminal end buds. Terminal end buds contain of an inner layer 
of body cells that align with luminal cells and an outer layer of cap cells that align with basal cells 
of the subtending duct       
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lifetime, from embryonic development to pregnancy and lactation, recapitulates 
critical aspects of the human breast. Similarly, the cellular organization of the 
murine ductal system mirrors the human bi-layered epithelial network consisting of 
luminal and basal cells (Fig.  2 ). Comparative transcriptome analyses of normal 
mouse mammary epithelial populations and human counterparts revealed many 
conserved gene signatures and pathways with the MaSC-enriched subpopulation 
showing the highest rate of conservation [ 11 ]. Thus, similarities between the two 
species allow emerging knowledge on murine MaSCs to guide the study of human 
mammary stem cells.

2        Mammary Gland Development and MaSCs 

 The mammary ductal network primarily develops postnatally and undergoes epi-
sodes of distinct but highly regulated morphological changes before maturing into a 
functional organ. The striking growth and structural remodeling which occur repeat-
edly over the reproductive life span of a female have been well characterized in both 
the human breast and murine mammary tissue. Epidemiological studies link these 
developmental phases to an altered predisposition for breast cancer and experimen-
tal evidence from murine models supports a role for MaSCs in driving these mor-
phological developments. 

Adipocyte 

Fibroblasts

Luminal Cells

Basal Cells
ER-, PR-, K5, K14, SMA

Basement 
Membrane

Stroma

ER+, PR+, K8, K18 CK18CK18

CK5CK5MAMMARY CELLULAR
     COMPARTMENTS

a b CYTOKERATIN IMMUNOFLUORESCENCE

  Fig. 2    Mammary cell compartments. ( a ) The mammary ducts are bi-layered in structure that 
consist of an inner layer of luminal cells lining the lumen of the duct and an outer layer of basal 
cells which is in contact with the basement membrane. ( b ) Cross section of the bi-layered mam-
mary ducts stained with antibodies for cytokeratin 5 ( green ) and cytokeratin 18 ( red ), labeling 
basal and luminal cell layers, respectively       
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2.1     Prepubertal Mammary Gland and MaSCs 

 Mammary tissue formation fi rst begins embryonically around day E10–11 as a mam-
mary streak from the anterior to the posterior limb bud, forming a bulbous mammary 
rudiment by day E12.5 with ducts arising by day E16 in the mouse [ 12 ]. Comparably, 
human breast development begins as the mammary epithelium forms between week 
7 and 8 of gestation (typically when the embryo is 5.5 mm in size) and subsequently 
invades the stroma whilst continuing through various stages of development [ 13 ,  14 ]. 
Chimera studies using fused blastomeres initially indicate the presence of at least 
two stem cells embryonically, but the frequency of fetal mammary stem cells has 
since been characterized [ 15 ,  16 ]. 

 At birth, the gland in both species consists of a primitive rudimentary ductal 
tree. The gland undergoes isometric growth postnatally until the onset of puberty, 
when hormones from the hypothalamic–pituitary–ovarian axis trigger the devel-
opment of the intricate ductal network. Specifi cally, the ovarian hormone estro-
gen elicits ductal elongation and expansion while the ovarian hormone 
progesterone stimulates tertiary branching and lobuloalveologenesis. In mice, 
growth of the mammary duct during puberty primarily occurs at the distal tips to 
form enlarged bulbous structures called terminal end buds (TEBs) [ 17 ]. Consisting 
of inner body cells that align with luminal cells of the subtending duct and a 
single outer layer of cap cells that is continuous with the basal layer, TEBs are the 
site of active proliferation as the ductal system is generated. During this process, 
some of the cap cells from the TEBs have been shown to reposition themselves 
along the extended duct as basal cells. It has been postulated that these cells are a 
stem cell population in rodents. In humans, although TEB-like structures are 
found and are the sites of active epithelial proliferation, the corresponding cap 
cell population is somewhat indiscernible. As a result, the precise nature of 
the population driving human pubertal mammary changes remains unknown. The 
epithelial ductal network continues to invade the surrounding stroma until the 
boundaries of the mammary fat pad are reached, giving rise to the virgin mam-
mary gland by the end of puberty. 

 The occurrence of label-retaining epithelial cells in the mammary pubertal gland 
has been examined through the long-term maintenance of bromodeoxyuridine dur-
ing DNA replication [ 18 – 20 ]. Label retention is thought to be a characteristic of 
stem cells through asymmetric cell division and label-retaining cells (LRCs) have 
been specifi cally detected in the basal fraction during puberty [ 21 ]. Identifi ed as a 
stem cell marker in the hematopoietic system, src homology 2 domain-containing 
5′-inositol phosphatase (s-SHIP) is another proposed marker for activated MaSCs. 
Green fl uorescent protein (GFP) expression driven by s-SHIP promoter was found 
in a subpopulation of cap cells at puberty. This supports the presence of an activated 
stem cell pool within the cap cell population [ 22 ].  
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2.2     MaSCs and the Adult Mammary Gland 

 In the adult female, an expansion and regression of the mammary epithelium is 
observed during each reproductive cycle. The human reproductive cycle, known as 
the menstrual cycle, is 28 days long on average whereas the rodent estrous cycle 
generally lasts 4–6 days. Cyclical hormonal changes in the hypothalamic–pituitary–
ovarian axis lead to potent fl uctuations in ovarian estrogen and progesterone, evok-
ing transient but repeated morphological alterations in the mammary gland. These 
cellular changes in the gland are often overlooked due to the fact that they are less 
extensive than the growth observed at puberty or pregnancy. However, the peak of 
progesterone during the murine diestrus stage, corresponding to the human luteal 
phase, results in signifi cant side branching and lobuloalveologenesis [ 23 ,  24 ]. 
Recent studies have demonstrated that mammary epithelium and MaSC frequency 
undergo notable alterations during each reproductive cycle with MaSCs being 
defi ned as cells that have the ability to reconstitute all lineages of a mammary gland 
in vivo [ 23 ]. Specifi cally, increased progesterone during diestrus drives an up to 
sixfold expansion in the basal populations and a threefold expansion in the luminal 
population relative to the estrous stage [ 23 ]. These alterations are accompanied by 
a 7.6-fold increase in functional MaSC activity when comparing diestrus- and 
estrous-staged mammary cell transplants [ 23 ]. This expansion accompanies 
increased cell proliferation that is tightly regulated and counteracted by increased 
cell death, thereby preventing an accumulation of mammary epithelium [ 23 ]. 
Overall, the dynamic nature of the gland can be appreciated even in the adult pre-
menopausal female regardless of parity.  

2.3     MaSCs During Pregnancy, Lactation, and Involution 

 The gland undergoes a period of copious proliferation and differentiation during 
pregnancy and lactation. A prominent formation of alveolar buds takes place under 
the infl uence of placental progesterone and prolactin during murine gestation, with 
these buds differentiating into the milk-secreting alveoli by the end of pregnancy 
[ 25 ]. During human gestation, TDLUs transition from lobule type (Lob)-1 that 
resemble TEBs to Lob-3 which is the most differentiated lobule type [ 13 ,  26 ,  27 ]. 
By the end of pregnancy, not only does the number of cells per TDLU increase 
dramatically due to proliferation, but the size of each cell also increases due to cyto-
plasmic enlargement [ 13 ,  26 ,  27 ]. 

 Post-lactation involution depends on extensive apoptosis peaking at 3–4 days 
after weaning and results in mammary gland remodeling back to a non-parous-like 
state by 8 days in the mouse. Although these events have been more intensely stud-
ied in rodents, the process occurs in a similar manner in humans. It is characterized 
by cellular autolysis leading to the collapse of acinar lobules and narrowing tubules, 
infi ltration of phagocytes and round cells, and connective tissue regeneration 
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surrounding the ducts and lobules. The post-involutional breast tissue does not 
 completely return to the virgin state. Instead, the human parous gland contains 
slightly more glandular tissue and Lob-3 type lobules, refl ecting a more differenti-
ated state [ 13 ,  26 ,  27 ]. These changes in the mammary gland occur again upon 
subsequent pregnancies. 

 A unique population of cells, termed parity-induced mammary epithelial cells 
(PI-MECs), were found to expand within alveolar units during pregnancy, survive 
involution to persist in the nonpregnant parous female, and serve as progenitors in 
subsequent pregnancies [ 28 ]. Transplantation into cleared mammary fat pads dem-
onstrated that PI-MECs could contribute to both ductal and alveolar development, 
further implicating self-renewing and multipotent capabilities. In the mouse, s-SHIP 
expressing cells are also found restricted to the distal tips of alveolar buds during 
early-mid gestation, before the formation of differentiated alveoli suggesting the 
alveolar unit to be the putative niche for activated MaSCs during pregnancy [ 22 ]. 

 Overall, the mammary gland endures many cycles of remodeling throughout the 
female life span where it undergoes signifi cant changes in size and function. Pubertal 
development of the mammary gland alludes to the existence of cells that have the 
ability to give rise to the full spectrum of mammary epithelial cell types. The suc-
cessive cycles of epithelial cell turnover that occur as a function of the reproductive 
cycle or pregnancy further indicate the presence of activated stem or progenitor cell 
pool(s) in the mature gland which have an inherent ability to self-renew. What is not 
clear is whether a subpopulation of MaSCs drives the morphological changes 
observed over the female reproductive life span in vivo or if concerted progenitor 
activity also contributes to these changes.   

3     Mammary Epithelial Stem and Progenitor cells 

3.1     Murine MaSCs 

 Early transplantation studies fi rst introduced the concept of a self-renewing multipo-
tent mammary cell in murine models. In these experiments, mammary epithelial frag-
ments as small as 0.5 mm could regenerate a functional mammary gland when 
transplanted into the mammary fat pad of a syngeneic host cleared of all endogenous 
mammary epithelium [ 29 ,  30 ]. The regenerated glands retained hormone responses 
and successfully lactated, demonstrating the regenerative capacity of select mammary 
cells to repopulate a mammary fat pad with the appropriate mammary epithelial dif-
ferentiation program [ 29 – 31 ]. Furthermore, the regenerated gland possessed a fi nite 
ability to serially transplant for fi ve to eight generations, unlike neoplastic tissues that 
have unlimited outgrowth potential [ 32 ]. Concurrently, early attempts to identify a 
putative stem cell population were also based on electron microscopy analyses. 
Specifi cally, based on in vitro differentiation potential, small light cells were the can-
didate MaSC population, characterized with unique ultrastructural features, mitotic 
fi gures, and situated between the luminal and basal layers of the gland [ 33 ,  34 ]. 
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 Building on the above pioneering work by the Deome laboratory subsequent 
studies demonstrated that regenerative potential was scattered throughout the epi-
thelial network and persists throughout the life span of a mouse, irrespective of 
parity [ 34 ]. For instance, the mammary epithelial cells from both 26-month-old 
virgin mice and 3-week-old prepubertal mice were successfully propagated and 
transplanted for up to fi ve generations [ 34 ,  35 ]. In the same manner, the reconstitu-
tion potential of cells from virgin glands, nulliparous, uniparous, and multiparous 
mice were also found to have little variation [ 34 ,  35 ]. Thus, the consistent presence 
of select multipotent cells within the mammary gland was proposed since outgrowth 
potential was affected neither by the age of transplanted mammary tissue nor the 
developmental stage. 

 However, the existence of a multipotent MaSC in the gland was most convinc-
ingly supported by the formation of a functional mammary gland from a single cell. 
This phenomenon was established using a retroviral-tagged cell that clonally 
expanded to produce an extensive ductal tree in an epithelium-divested mammary 
fat pad [ 36 ]. The resulting gland contained both luminal and basal epithelial com-
ponents and retained the ability to serially transplant [ 36 ]. 

 With the foundation built by these studies, the primary goal within the mammary 
stem cell fi eld subsequently transitioned towards purifying a highly select MaSC 
population. Initially, based on approaches used to identify stem cells in other sys-
tems, a number of candidate populations were examined for putative MaSC activity. 
Drawing from the hematopoietic system, the dye hoechst33342 was used to isolate 
a subpopulation of putative stem cells, referred to as the side population (SP) [ 37 ]. 
Stem cells generally have the ability to effl ux dye more effectively due to the pres-
ence of ABC transporters. The ability to effectively effl ux Hoechst dye more rapidly 
in MaSCs than differentiated cells may arise from the presence of ABCG2, a breast 
cancer resistance protein belonging to the ABC transporter super family [ 38 ,  39 ]. 
Originally, the SP population in the mammary gland was thought to enrich for 
MaSCs since this population was able to generate ductal and alveolar structures in 
epithelium-divested fat pads [ 20 ,  40 ]. However, current evidence suggests this pop-
ulation enriches for a luminal progenitor. Similarly, cells expressing the marker 
stem cell antigen-1 (Sca-1) were found to regenerate limited structures upon trans-
plantation, but it too is now proposed to enrich for a luminal hormone receptor posi-
tive population [ 21 ,  22 ]. At present, dissociated mammary epithelial cells continue 
to be separated into distinct subpopulations on the basis of various cell surface 
markers and assayed for repopulating potential. Notably, studies by Shackleton 
et al. [ 21 ] and Stingl et al. [ 41 ] have provided a cell surface marker profi le that dis-
tinctly isolates the luminal, basal, and stromal cellular subpopulations. Furthermore, 
a single basal cell has been shown to be capable of reconstituting an entire, func-
tional mammary gland when transplanted into an epithelium-divested fat pad in 
vivo [ 21 ,  41 ]. Despite the signifi cant progress in characterizing various mammary 
epithelial subpopulations and in the enrichment of MaSCs through the use of com-
binations of various cell surface markers, a cell surface signature exclusive to 
MaSCs remains to be defi ned. 
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 In addition to evidence from transplantation assays, other approaches utilizing 
unique transgenic reporter mice have been insightful in understanding MaSC 
dynamics. A lineage-tracing study has been done to examine stem cell dynamics 
from embryogenesis to just after birth, through puberty, and following multiple 
pregnancies [ 42 ]. Using yellow fl uorescent protein (YFP) expression under tamoxi-
fen or doxycycline inducible lineage-specifi c cytokeratin promoters, stem cell and 
progenitor activity was monitored. In this manner, multipotent MaSC were identi-
fi ed embryonically, giving rise to both luminal and basal cell. When YFP expression 
was induced during puberty, candidate unipotent progenitors were instead identifi ed 
that solely gave rise to either luminal cell or basal cell, but not both. Moreover, the 
study proposed that a unipotent basal progenitor reverts to a multipotent progenitor 
in order to reconstitute a cleared mammary fat pad following transplantation and 
that this cell does not assume such a function physiologically [ 42 ]. Contrastingly, 
however, more recent lineage-tracing experiments have suggested that Axin-2- 
positive cells, which are largely restricted to the basal population in adult virgin 
females, are able to contribute to both the luminal alveolar and basal lineages during 
pregnancy [ 43 ]. To date, the fi eld remains divided as to whether or not MaSCs and/
or bipotent progenitors do in fact contribute to mammary gland remodeling, or if 
physiologically these events are mediated solely by a combined action of basal and 
luminal unipotent progenitor cells.  

3.2     Human MsSC 

 Studies of microdissected human breast tissues showed conserved X inactivation 
patterns in contiguous regions of breast epithelium implying that the cells originated 
from the same progenitor [ 44 ]. Similarly, entire ducts or lobules with identical pat-
terns of loss of heterozygosity were also observed, again implicating a common pro-
genitor [ 45 ]. Even luminal and basal cells in the same region were found to  possess 
identical chromosomal alterations insinuating a shared ancestor [ 46 ]. However, until 
recently, evidence for human MaSCs was mainly observational due to limitations in 
our technical ability to test human stem cell potential in vivo. Lack of appropriate in 
vitro and in vivo assays initially delayed the characterization of human mammary 
epithelial cells for stem cell potential. In vivo transplantation assays of human mam-
mary cells were compromised by differences in the mouse host stroma in comparison 
to the human stroma resulting in unsuccessful transplants. Primary mammary epithe-
lial cells also have restricted colony-forming ability in vitro due to limited replication 
and differentiation capacity in solid matrix culturing systems. Thus advances in 
establishing in vivo and in vitro measures for human stem cell potential have been 
paramount in strengthening evidence for human MaSCs. 

 Progressive improvements in the dissociation of mammary tissue, the use of 
feeder layers, and the development of special culturing media have enabled human 
epithelial cells to be successfully cultured in vitro [ 47 – 50 ]. The technique of cultur-
ing mammospheres has even provided the fi rst evidence of human mammary 
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epithelial differentiation ex vivo through the formation of mixed and basal staining 
colonies from a single clonal monolayer under differentiating stimuli [ 49 ]. 
Additionally, improvements have also been made towards measuring stem cell 
potential in vivo by “humanizing” the murine mammary fat pad. Cleared murine fat 
pads colonized with immortalized human fi broblasts have helped render the murine 
fat pad a suitable environment for supporting human mammary outgrowths [ 51 ,  52 ]. 
Transplanting mammary tissue under the renal capsule of CD-1 nude mice main-
tained viable mammary epithelium that expressed appropriate luminal and basal 
markers and hormone receptors and even produced beta-casein and milk fat globule 
membrane proteins when the hosts became pregnant [ 53 ]. A method for quantifying 
human MaSC frequency has been established by combining human breast epithe-
lium with immortalized human breast fi broblasts and co-inoculating this mix into 
either the mammary fat pad or under the renal kidney capsule of an immunocom-
promised mouse which is followed by in vitro assays [ 54 ]. This technique has been 
successful in generating outgrowths from select subpopulations of mammary epi-
thelial cells, paralleling what is often observed in murine mammary epithelial trans-
plant studies [ 51 ,  54 ,  55 ]. Using these in vivo and in vitro techniques in conjunction 
has also proved fruitful as staining mammospheres with PKH26, a lipophilic dye 
that is retained in slowly dividing cells, has shown to further enrich for cells with 
MaSC activity. This activity was tested by transplantation into a humanized mouse 
mammary gland [ 56 ]. In this manner, many new avenues of characterizing human 
MaSCs are now possible and will undoubtedly broaden the fi eld of knowledge.  

3.3     Progenitors 

 In the attempts to uncover the multipotent mammary stem cell, distinct progenitors 
with a parent–progeny relationship to the multipotent stem cell have also been iden-
tifi ed. For instance, early limiting dilution transplantations lead to the identifi cation 
of three distinct progenitor populations: a progenitor that forms both ducts and 
alveoli, a progenitor that gives rise to ducts alone, and another that solely forms 
alveoli [ 57 ]. As a result, the notion of a mammary epithelial hierarchy was estab-
lished. However, over the years, due to the use of different experimental approaches, 
the above hierarchy has been questioned. Other studies have suggested the presence 
of progenitors that form colonies with only luminal epithelial cells, only myoepithe-
lial cells, or colonies with a mixture of both luminal and myoepthelial cells, indicat-
ing the presence of a bipotent progenitor [ 47 ,  48 ,  58 ]. As a result, it remains to be 
determined whether the lineage-restricting step for ductal vs. alveolar progenitor 
commitment or basal vs. luminal progenitor commitment occurs fi rst. 

 Overall, there are two proposed mammary epithelial hierarchies supported by 
different experimental approaches, but it still remains unclear as to which is the 
more biologically relevant hierarchy. The fi rst model proposes that a bipotent pro-
genitor downstream of the mammary stem cell gives rise to a luminal progenitor and 
a myoepithelial progenitor. The luminal progenitor is postulated to then give rise to 
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ductal progenitors and alveolar progenitors, which in turn form ductal cells and 
alveolar cells respectively. The myoepithelial progenitor is thought to form basal 
cells. In the second model, the multipotent stem cell gives rise to a ductal progenitor 
and an alveolar progenitor. The ductal progenitor then goes on to form ductal cells 
or basal cells while the alveolar progenitor goes on to form alveolar cells or basal 
cells (Fig.  3 ).

4         Characterizing Mammary Stem Cells 

 Considerable effort has been focused on isolating a pure MaSC population. Using 
purifi cation strategies from other systems, such as the hematopoietic and digestive 
system where the stem cell hierarchy is better established, various putative markers 
have been tested. Although current methods have enabled for the enrichment of this 
small cell fraction, a signature strictly unique to MaSC remains to be elucidated. 
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A MAMMARY EPITHELIAL HIERARCHY

  Fig. 3    Mammary epithelial cell hierarchy models. Based on different experimental approaches, 
there are currently two main models for the mammary epithelial hierarchy. The fi rst model ( left ) 
contains a ductal progenitor and an alveolar progenitor with the latter giving rise to both basal cells 
and alveolar cells. The second model ( right ) contains a bipotent progenitor which gives rise to 
basal, alveolar, and luminal progenitors       
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4.1     Murine and Human MaSC Markers 

 Based on the expression of heat stable antigen (CD24) in conjunction with either 
α6 integrin (CD49f) or β1 integrin (CD29), the mammary gland can be resolved 
into three distinct isolated subpopulations [ 21 ,  41 ,  59 ]. Luminal epithelial cells 
are characterized as Lin −  CD24 med/+  CD49f lo  or Lin −  CD24 med/+  CD29 lo , basal cells 
as Lin −  CD24 med/+  CD49f hi  or Lin −  CD24 med/+  CD29 hi , and stromal cells as Lin −  
CD24 lo/−  CD49f lo  or Lin −  CD24 lo/−  CD29 lo . 

 MaSCs are enriched specifi cally within the basal compartment, with transplanta-
tion of FACS-purifi ed basal cells, but not luminal or basal cells, yielding functional 
mammary outgrowths. Containing both ductal and alveolar structures, glands gen-
erated from basal cells possessed the full spectrum of epithelial cells and exhibited 
the ability to serially transplant. The generation of an entire mammary gland from a 
single cell from the basal population further solidifi ed the location of the MaSC 
within the basal compartment [ 21 ,  41 ]. It has also been suggested that the tip of the 
basal population highest in expression for CD49 and CD24 may further enrich for 
MaSCs, also referred to as the mammary repopulating unit (MRU) population [ 41 ]. 
The marker CD29 has even been suggested to play a functional role in mammary 
stem cell biology as deletion of the β1 integrin from the basal compartment resulted 
in a lower reconstitution frequency in secondary transplants [ 60 ]. LRG5 and Axin2 
are two other markers shown to further enrich for MaSCs within the basal compart-
ment [ 61 ,  62 ]. The multipotent MaSCs enriched in the basal population have also 
been further characterized as hormone receptor negative and were not observed to 
express the estrogen receptor (ERα), the progesterone receptor, or the ErbB2 recep-
tor [ 63 ]. Transplantations of sorted murine basal cells at limiting dilution have led 
to the estimate that a mammary stem cell is situated at a frequency of about 1 in a 
few hundred cells within the basal population, although estimates range from 1 in 
100 to 1 in 2,500 basal cells [ 23 ,  41 ]. 

 Using hormone-treated immunodefi cient mice, human breast epithelial cells 
incorporated with human fi broblasts and collagen injected at a non-orthotopic site 
under the kidney capsule have resulted in the regeneration of a mammary gland 
[ 54 ]. The gland was only regenerated from the CD49f hi  EpCAM −/lo  basal cell popu-
lation but not the luminal fraction and the regenerated glands were also able to form 
clonogenic progenitors in vitro [ 54 ]. Implantation of the CD49f hi  EpCAM −/lo  basal 
cell population was again shown to regenerate a functional mammary gland when 
combined with immortalized human breast fi broblasts in an immunodefi cient mouse 
mammary fat pad [ 55 ]. At this orthotopic site, the resulting regenerated gland con-
tained lobular regions similar to TDLUs that were capable of fully differentiating 
into terminal alveolar structures. Although a suboptimal regenerative ability was 
observed in serial transplants, likely resulting from nonoptimal growth conditions, 
the CD49f hi  EpCAM −/lo  basal human breast epithelial cell population is thought to 
contain human MaSCs. These developments in quantifying MaSC frequency in 
humans have led to estimates of between 1/1,000 and 1/10,000 MaSc in the human 
breast [ 54 ].  
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4.2     Murine Progenitor Markers 

 Various candidate luminal progenitors pools have been identifi ed in the mouse 
mammary gland within the Lin −  CD24 med/+  CD49f lo /CD29 lo  population. Based on 
colony forming assays, the luminal fraction seems to contain luminal progenitor 
cells that form discrete colonies in vitro when placed in low cell-density adherent 
cultures. Cells derived from MRU outgrowths also result in these types of colonies 
and are therefore believed to be the parent population to the luminal progenitors. 
Different populations of luminal progenitors have been further resolved from the 
Lin −  CD24 med/+  CD49f lo /CD29 lo  population using additional markers. Notably, 
enrichment for a luminal progenitor from a more differentiated luminal cell has 
been shown using the β3 integrin marker (CD61 + ) or the lack of CD133 prominin1 
or Sca-1 [ 64 ,  65 ]. The exact degree to which these two populations overlap is still 
unclear; however, the CD61 +  luminal progenitor is the fi rst cell in the mammary 
epithelial hierarchy believed to express estrogen receptor (ER α), while the Sca-1 −  
luminal progenitor population is generally thought to be a hormone receptor nega-
tive progenitor population based on high colony-forming ability [ 66 ]. Sca-1 −  cells 
are also candidate alveolar progenitors since they have been shown to express more 
milk protein genes while Sca-1 +  populations are thought to be hormone receptor 
positive. Moreover, the expression of c-Kit in conjunction with Sca-1 expression 
was shown to enrich for estrogen receptor positive luminal progenitors (c-Kit +  Sca- 
1  + ) and estrogen receptor negative luminal progenitors (c-Kit +  Sca-1 − ) that are also 
believed to be the alveolar progenitors [ 67 ]. Recently the expression of the α2 inte-
grin (CD49b) has been found to better resolve these luminal progenitors into the 
estrogen receptor positive (CD49b +  Sca-1 + ) and estrogen receptor negative luminal 
progenitor populations (CD49b +  Sca-1 − ) [ 68 ].  

4.3     Human Progenitor Markers 

 Although the ability to test stem potential in vivo has been limited until recently, 
bipotent mammary epithelial progenitors that form either luminal or basal colonies 
as well as mixed luminal plus basal colonies have been detected previously based on 
in vitro cultures. These bipotent progenitors have been enriched using fl ow cytom-
etry and immunomagnetic sorting strategies based on the expression of a cohort of 
markers including MUC1 [ 69 ], CD10/CALLA [ 70 ], ESA/EpCAM [ 58 ,  71 ], CD49f 
[ 72 ], CD24, CD133, and Thy1 [ 47 ,  54 ,  55 ,  73 ]. EpCAM +  MUC1 +  cells have been 
shown to enrich for progenitors that form luminal colonies while CD10 +  progenitors 
form basal colonies [ 47 ,  54 ,  55 ,  73 ,  74 ]. Cells that are EpCAM − MUC −/weak CD10 +/weak  
have been shown to make mixed colonies and were also found to express high levels 
of α6 integrin (CD49f), indicating a basal position in vivo. This data insinuates that 
the bipotent progenitor in humans is EpCAM − MUC −/weak CD10 +/weak  and immortal-
ized EpCAM −  MUC1 −  further support this idea since they are able to self-renew and 
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generate luminal as well as basal cells while immortalized EpCAM +  MUC1 +  cells 
are restricted to the luminal lineage [ 47 ]. EpCAM +  MUC1 −  also expressed high 
level of keratin 19, a feature of TDLUs in vivo and EpCAM +  MUC1 −  cells formed 
branching structures similar to uncultured TDLUs in 3D cultures as well as in vivo 
transplantations, suggesting that they may be a TDLU precursor in the breast. The 
markers EpCAM and CD49f in conjunction with the marker ALDH are also pro-
posed to separate nonclonogenic luminal cells from relatively differentiated luminal 
progenitors (EpCAM +  CD49f +  ALDH − ) and undifferentiated luminal progenitors 
(EpCAM +  CD49f +  ALDH + ). Possessing a gene signature related to alveolar differ-
entiation, ALDH luminal progenitors are proposed to be analogous to CD49b +  Sca- 
1  −  luminal progenitors in the mouse [ 68 ]. Recent evidence also suggests GATA3 as 
a luminal marker and ErbB2 as an estrogen receptor positive luminal progenitor 
marker [ 52 ,  64 ]. Other basal cell markers in humans include p63 and SMA [ 75 ].   

5     Assessing Stem Cell Potential 

 Until quite recently, a select number of assays have been utilized as standard tech-
niques to measure the stem cell potential of cells in the mammary gland. However, 
recent advances in the way stem cell potential is examined have led to a number of 
unique insights regarding MaSC dynamics. Although all of these tools have been 
informative, there is still an array of underlying limitations and caveats that must not 
be overlooked. 

5.1     FACS-Based Analyses 

 The application of fl uorescence-activated cell sorting (FACS) has greatly advanced 
mammary epithelial characterization. Using total dissociated mammary cells, a 
cocktail of antibodies, and a series of gates that deplete for doublets, immune cells, 
and dead cells while marking cells of interest, the mammary epithelial subpopula-
tions can specifi cally be isolated and purifi ed from the total gland (Fig.  4 ).

   Although FACS-based transplantation assays have yielded an inscrutable amount 
of useful data, there are a number of technical issues that should be taken into con-
sideration. To begin with, using freshly dissociated mammary cells is imperative for 
gaining biologically relevant data. Although this is often diffi cult for human breast 
epithelium, it is important to avoid culturing cells before analysis as the inherent 
biology of the cells becomes altered. For instance, Sca-1, a progenitor cell surface 
marker, becomes induced in mammary epithelial cells after culturing, which can 
confound results. The dissociation protocol itself can signifi cantly affect results and 
has the potential to alter the types of cells that are successfully dissociated. A num-
ber of different techniques have been developed to circumvent some of the concerns 
associated with dissociating the mammary gland into single cells, although each 
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still has its own caveats [ 76 ]. Other factors that should be taken into account include 
the antibodies themselves since some antibodies, such as those for CD24, have been 
shown to bind with variable effi cacy when doing fl ow cytometry and alter the cel-
lular profi les obtained [ 76 ]. 

 When using mouse models, the stage of the mouse during the reproductive 
cycle is often overlooked which can have profound effects, particularly when con-
ducting transplantations assays or FACS-based analyses. The profound infl uence 
of hormones on the mammary gland has always been accepted, but the specifi c 
mitogenic effects of progesterone during the reproductive cycle on the mammary 
gland and MaSCs in particular have been clearly reported [ 23 ]. As a result, it is 
important to take into account the reproductive stage of a mouse when conducting 
these analyses since MaSC numbers can be greatly confounded by the hormone 
status of the animal.  

5.2     In Vitro Colony-Forming Assays 

 Since transplantation studies were not possible with human breast epithelium until 
recently, the colony-forming assays became an imperative tool for exploring multi-
potent ability of human mammary cells. There are two major methods of conduct-
ing colony-forming assays, the fi rst is a culture that utilizes a feeder layer of NIH3T3 
cells and the second is a 3D culture in Matrigel [ 21 ,  41 ,  64 ,  65 ] (Fig.  5 ).

   The colony-forming assay using the feeder layer requires the initial irradiation of 
NIH3T3 cells. The irradiated cells are then mixed with mammary epithelial cells 
and plated on a dish. To generate luminal type colonies, the plates are cultured for 7 
days at 37 °C at 20 % oxygen levels while basal colonies form when cultured for 
7 days at 5 % oxygen levels at 37 °C. This method is primarily used to quantify 
progenitor frequencies and colony-forming capacity within a population. 

CD49b

S
ca

-1

CD49f

C
D

24

Forward Scatter

S
id

e 
S

ca
tte

r

C
D

45
/T

er
11

9/
C

D
31

/P
I

Forward Scatter

A  MAMMARY EPTIHELIAL SUBPOPULATIONS

  Fig. 4    Cell surface characterization of mammary cell subpopulations by fl ow cytometry. FACS 
plots showing the gating strategy used to isolate mammary epithelial subpopulations. Excluding 
for debris, dead cells (PI+), and lineage-positive cells (CD45+, Ter 119+, CD31+), mammary cells 
can be separated into the luminal, basal, and stromal compartment using the markers CD24 and 
CD49f. Further gating on just the luminal subpopulation, the markers Sca-1 and CD49b can further 
segregate the population into distinct progenitor and differentiated luminal cell fractions       
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 Matrigel cultures are done by resuspending mammary epithelial cells in 50 μl of 
Matrigel covered with 4 ml of Epicult B medium containing 5 % FCS. After 16 days 
of culture, the 50 μl Matrigel culture is fi xed in 4 % paraformaldehyde, embedded 
in 1 % agarose, and then fi xed again in 4 % paraformaldehyde. Finally the colonies 
can be sectioned and stained using hematoxylin and eosin. Mainly used to stain 
colonies, this method is not typically used for calculating progenitor frequencies 
due to concerns about obtaining accurate colony counts across the various planes of 
the plate. 

 A caveat with culturing cells in vitro is that it likely alters the inherent biological 
nature of the cells being examined. In a dynamic system such as the mammary 

  Fig. 5    An outline of colony-forming assays. Mammary tissue is dissociated using collagenase 
treatment to generate a single cell preparation. CFC assays can be performed on total mammary 
cells or on FACS-purifi ed cell populations. The cells are plated onto a layer of irradiated feeder 
cells and incubated in 20 % O 2  if assessing luminal colony-forming potential and in 5 % O 2  if 
assessing basal stem cell potential, followed by scoring for number of colonies generated. Cells 
can alternatively be resuspended in matrigel and grown for 16 days to develop 3D colonies that are 
either acinar or solid in nature. These 3D colonies can be subsequently fi xed, sectioned, and stained 
for luminal and basal markers       
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gland where there is a complex interplay of signaling factors from not only the 
microenvironment but also systemically in the case of hormones, it is diffi cult to 
recapitulate the biologically relevant signaling milieu. As a result, capturing a 
response in vitro may not always be possible. Furthermore, mammary epithelial 
cells have already been shown to alter their expression of certain cell surface mark-
ers upon culture. Therefore, in vitro studies provide a readout for cellular potency, 
although they are not the ideal assays.  

5.3     In Vivo Transplantation Assays 

 Transplantation assays have become the gold standard for assessing stem cell 
potential and have been widely used in the fi eld for some time. Using prepubertal 
mice between the ages of day 19 and 21, mice are cleared of endogenous mammary 
epithelium in their fourth inguinal glands and cells for transplantation are injected 
into the mammary fat pad. Serial transplantations done in this manner thus assess 
stem cell potential since both the ability to self-renew and the multipotent ability 
to generate the full epithelial hierarchy can be examined. Transplanting cells at 
limiting numbers also allows for the quantifi cation of MaSC frequency. In 
 conjunction with recent advances in fl ow cytometry, the ability to sort specifi c 
subpopulations and transplant cells to evaluate stem cell function has been 
invaluable. 

 The ability to do transplantation assays in humans was originally limited due to 
differences in the mouse stroma in comparison to the human breast leading to 
unsuccessful transplants. However, advances in “humanizing” the murine mam-
mary fat pad with immortalized human breast fi broblasts in immunocompromised 
mice by simulating human stroma have resulted in the successful transplantation of 
human breast epithelium. Outgrowths in the orthotopic site of a mouse mammary 
gland as well as the non-orthotopic site under the kidney capsule have been success-
fully generated when a combination of immortalized human breast fi broblasts and 
human breast epithelium were injected in a collagen gel [ 51 ,  54 ,  55 ]. 

 Although transplantations allow for the assessment of multipotency through the 
regeneration of a complete functional mammary gland and self-renewal through 
serial transplantations, lineage-tracing studies suggest that this does not accurately 
refl ect the way basal cells behave physiologically. Instead it is proposed that basal 
unipotent progenitors revert to a bipotent state during transplantation assays 
responding to meet the homeostatic maintenance demands of a system which per-
haps simulates injury [ 42 ]. Thus although single cells have been shown to generate 
an entire mammary gland, it is important not to overlook the potential impact of 
placing cells in a environment that may extraneously stimulate MaSC activity which 
would not occur in the intact physiological state. It is important to consider the criti-
cal role the stem cell niche plays in directing MaSC activity and how transplantation 
assays may not necessarily refl ect this crucial component [ 77 ].   
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6     Conclusions 

 There have been signifi cant advances in providing evidence for a mammary stem 
cell but much remains to be uncovered about the true identity as well as the precise 
location of this stem cell population. The mammary epithelial hierarchy is con-
stantly beginning redefi ned. Specifi cally, the identifi cation of a highly defi ned cell 
surface marker signature for MaSCs, apart from mature basal cells, awaits identifi -
cation. Various mammary progenitor pools are also being identifi ed, refi ned, and 
characterized. Moreover, lineage-tracing studies are beginning to raise new ques-
tions and suggest that the gold standard transplantation assay may not accurately 
refl ect the physiological behavior of mammary epithelial cells. Further murine stud-
ies coupled with advances in the ability to assess human MaSC/progenitor activity 
will undoubtedly lead to a better understanding of the human breast.     
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    Abstract     Adult ovarian stem cells represent one of the most intriguing subjects in 
the fi eld of reproductive medicine and biology, even as we continue to pose the 
question whether they really exist. Currently there is increasing knowledge on ovar-
ian physiology and function. This presents some new fi ndings on ovarian stem cells 
which have become the center of interest for different clinical and scientifi c disci-
plines, such as reproductive medicine and biology, regenerative medicine, and 
oncology. The aim of this review is to summarize the quickly evolving knowledge 
on stem cells in adult human and other mammalian ovaries.  

  Keywords     Ovary   •   Adult stem cells   •   Surface epithelia   •   Cancer stem cells   
•   Regeneration  
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  EpCAM    Epithelial cell adhesion molecule   
  ESC    Embryonic stem cells   
  FACS    Fluorescence-activated cell sorting   
  GFP    Green fl uorescent protein   
  GSCs    Germline (germinal) stem cells   
  hESCs    Human embryonic stem cells   
  LIF    Leukemia-inhibitory factor   
  mGSCs    Mouse germline (germinal) stem cells   
  mOSE    Mouse ovarian surface epithelium   
  NAD cells    Non-adherent cells   
  OSE    Ovarian surface epithelium   
  PGCs    Primordial germ cells   
  SCID    Severe combined immunodefi ciency   
  SCP3    Synaptonemal complex protein 3   
  SP    Side population   
  SSEA-4    Stage-specifi c embryonic antigen-4   
  TA    Tunica albuginea   
  TGFB1    Transforming growth factor beta 1   
  VSELs    Very small embryonic-like stem cells   
  ZP    Zona pellucida   

1           Introduction 

 The human ovary is a very complex organ with several functions, including follicu-
logenesis to produce oocytes for fertilization and creation of new human beings. 
The cyclic nature of the reproductive process in females depends on the ability of 
the ovary to change in both structure and function. This is refl ected at the molecular 
level by combining many different mechanisms and pathways leading to successful 
human reproduction, if healthy. The complex instrumentation in the ovary that 
allows follicular growth is regulated by gonadotropins, steroid hormones, and sev-
eral factors produced within the ovary. In all these processes different types of cells 
are involved, including stem cells, which interact with other types of cells to pro-
duce mature oocytes and cells supporting them.  

2     Structure of the Adult Human Ovary 

 The ovary consists of three different regions: (1) an outer cortex, which contains the 
ovarian follicles, (2) a central medulla consisting of ovarian stroma, and (3) an inner 
hilum with arboring blood vessels surrounding the area of attachment of the ovary 
to the mesovarian region [ 1 ]. The surface of the ovary is covered with ovarian sur-
face epithelium, a simple epithelium, which changes from squamous to cuboidal 

I. Virant-Klun et al.



241

morphology with age. During embryonic development the epithelial cells are 
derived from the mesoderm and are closely related to the mesothelium of the peri-
toneum. Immediately beneath the surface epithelium lies a dense connective tissue 
sheath, the tunica albuginea ovarii.  

3     Ovarian Surface Epithelium 

 The ovarian surface epithelium is a low-differentiated mesothelial layer that sur-
rounds the ovary and undergoes many repeated injury and repair cycles after 
ovulation- associated infl ammation. In general, little is known about the changes 
that occur in the ovarian surface epithelium before or during ovulation and even less 
about the regenerative processes that occur after the surface is ruptured to release a 
mature oocyte. 

 The process of repeated ovulation-related disruption and repair is accompanied 
by complex remodeling, which include somatic stem/progenitor cell-mediated pro-
cesses. It was proposed that the ovarian surface epithelium exfoliated from the dome 
of ovulatory follicles is replenished by generative stem cell proliferation and migra-
tion from the wound edges [ 2 ]. Indeed the gene expression profi ling of human adult 
ovarian surface epithelium brushings performed by Bowen et al. supported the 
hypothesis that human ovarian surface epithelia are multipotent, are capable of 
regeneration, and additionally serve as ovarian cancer initiating cells [ 3 ]. By com-
parative gene expression profi ling they confi rmed a high expression of many genes 
known to be involved in the canonical cell cycle pathways as well as signaling 
pathways previously related to development (i.e., the TGFB/BMP, Wnt, Notch, 
Hedgehog, and Retinoid pathways) and the maintenance of stem cells in a quiescent 
state (i.e., TGFB, cyclin-dependent kinase inhibitor 1B— CDKN1B ). These data 
were consistent with the hypothesis that ovarian surface epithelial cells are arrested 
in the G0/G1 phase of the cell cycle and indicated that many, if not all, of the surface 
epithelial cells on the surface of adult ovaries are not terminally differentiated, but 
arrested in a quiescent state, characteristic of most adult stem cell populations [ 4 ]. 
Moreover, they also provided an alternative hypothesis that the adult ovarian surface 
epithelial cells are stem cell-like and maintain a degree of pluripotency suffi cient to 
allow them to transform (e.g., into cancer cells). This might be supported by some 
of their observations: for example, the Wnt receptor FZD7 that has been shown to 
be expressed in human embryonic stem cells (hESCs) and to play a role in the self- 
renewal capacity of these cells [ 5 ] was highly expressed in the brushed ovarian 
surface epithelium. Furthermore, their results confi rmed the expression of genes 
 LHX2  and  LHX9  and supported the idea that asymmetric cellular division occurs in 
the adult human ovarian surface epithelium [ 3 ]. It is known that the processes of 
stem cell self-renewal and differentiation are accomplished by a combination of 
symmetric and asymmetric cell divisions [ 6 ,  7 ]. Each symmetric division gives 
rise to two identical daughter stem cells. In contrast, each asymmetric division 
results in one stem cell and one progenitor cell with limited self-renewal potential. 
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In spite of all these fi ndings, they did not provide any idea about a separate  population 
of ovarian stem cells expressing some markers of pluripotency which might be pres-
ent among surface epithelial cells. Recently, Amsterdam et al. found the expression 
of the pluripotency-related marker NANOG in the surface epithelium of healthy 
human ovaries [ 8 ]. All these fi ndings may be related to the stemness of adult human 
ovaries.  

4     Stem Cells in Ovarian Surface Epithelium 

 Several studies (discussed below) provide direct evidence for the presence of stem 
cells among epithelial cells in the ovarian surface epithelium of both the animal and 
human adult ovaries.  

5     Stem Cells in Mouse Ovarian Surface Epithelium 

 Recently, a population of mouse ovarian surface epithelial (MOSE) cells that exhibit 
progenitor/stem cell characteristics was identifi ed by Gamwell et al. [ 9 ]. They 
selected a population of MOSE cells with progenitor cell characteristics that 
expressed the stem cell marker lymphocyte antigen 6 complex, locus A (LY6A; also 
known as stem cell antigen-1 or SCA-1). The size of the LY6A-expressing (LY6A+) 
progenitor cell population was regulated by at least two ovulation-associated factors 
present in the follicular fl uid: transforming growth factor beta 1 (TGFB1) and 
leukemia- inhibitory factor (LIF). They concluded that this population of LY6A+ 
MOSE progenitor cells on the ovarian surface may play a role in ovulatory wound 
healing [ 9 ]. But neither a genetic marker nor how these cells are regulated was 
determined in this study; this therefore remains to be resolved in the future. 

 Wnts are a family of secreted signaling molecules, which are involved in a num-
ber of developmental processes including the establishment of cell fate, polarity, 
and proliferation. Some recent studies also implicated Wnts in adult stem cell main-
tenance, renewal, and differentiation [ 10 ]. The role of Wnts is to transduce their 
signal through one of three signaling pathways. The best studied, the Wnt/β-catenin 
pathway, leads to an increase in intracellular β-catenin, which acts as a co- 
transcription factor with members of the TCF/LEF family. It was confi rmed that a 
number of Wnts are expressed in the ovaries, specifi cally in the membrana granu-
losa and ovarian surface epithelium. Using responsive transgenic (TopGal) mice, 
Usongo and Farookhi investigated the spatiotemporal pattern of β-catenin/TCF 
expression in the ovarian surface epithelium [ 10 ]. By generating the β-galactosidase 
response (lacZ+) they identifi ed the cell population that covered the medio-lateral 
surface of the indifferent gonad at embryonic day (E) 11.5 in a mouse. From E12.5 
onwards lacZ expression disappeared in cells covering the testis, but interestingly, it 
still persisted in developing ovaries of female mice. They observed that lacZ+ 
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ovarian surface epithelium cells were present throughout embryonic and postnatal 
ovarian development, but being age dependent they decreased to a small proportion 
when the animals were weaned and remained at this proportion with aging. By fl ow 
cytometric (FACS) and ovarian section analyses in postnatal (day 1) mice they 
showed that lacZ+ cells represented approximately 20 % of ovarian surface epithe-
lium, falling to 8 % in 5-day-old animals and accounted for only 0.2 % of ovarian 
surface epithelium in prepubertal and adult mice [ 10 ]. The process of apoptosis was 
undetected in the ovarian surface epithelium of neonates, and β-catenin/TCF- 
signaling cells were proliferating in their ovaries, both of which indicate that neither 
cell death nor proliferation failure was responsible for the proportion of alteration in 
these cells. It appeared that lacZ+ cells gave rise to lacZ− cells, as confi rmed in cell 
cultures. Furthermore, they used the DNA-binding dye DyeCycle Violet for a side 
population (SP) assay, which aimed to identify subpopulations of ovarian surface 
epithelium cells with chemoresistance phenotype associated with ABCG2 trans-
porter activity. Before the end, the FACS analysis revealed that the lacZ+ cells 
exhibit cytoprotective mechanisms, indicated by enrichment within the SP. They 
concluded that their study raised the possibility that WNT/β-catenin-signaling cells 
represent a progenitor cell population in the mouse ovarian surface epithelium [ 10 ]. 

 Similarly, Szotek et al. found that normal mouse ovarian surface epithelial label- 
retaining cells exhibit stem/progenitor cell characteristics [ 11 ]. Using BrdU incor-
poration and doxycycline-inducible histone2B-green fl uorescent protein pulse-chase 
techniques, they identifi ed a label-retaining cell population in the surface epithelium 
of adult mouse ovaries and proposed these cells as candidate somatic stem/progeni-
tor cells. They found that the newly identifi ed cell population exhibited quiescence 
with asymmetric label retention, functional response to estrous cycling in vivo by 
proliferation, enhanced growth characteristics by in vitro colony formation, and 
cytoprotective mechanisms by enrichment for the side population. They concluded 
that these characteristics identify the label-retaining cell population as a candidate 
for putative somatic stem/progenitor cells of the coelomic epithelium of the mouse 
ovary.  

6     Mouse Ovarian Stem Cell Lines 

 More studies confi rmed that adult mouse ovarian surface epithelium might be an 
interesting source of stem cells. Moreover, these studies confi rmed that stem cells 
present among the epithelial cells at the ovarian surface expressed some markers of 
pluripotency and can form cell colonies and embryoid body-like structures in vitro 
and teratoma in vivo when injected into immunodefi cient mice. 

 Until recently the existence of female germline stem cells (GSCs) in postnatal 
mammalian ovaries remained a controversial issue among reproductive biologists 
and stem cell researchers [ 12 ,  13 ]. After some previous indirect and relatively weak 
evidence on the presence of stem cells in adult mouse ovaries [ 14 ,  15 ] an important 
breakthrough was made by Zou and his coworkers [ 16 ] who found the presence of 
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mouse  Vasa  homologue ( Mvh )-positive cells in the ovarian surface epithelium of 
neonatal mouse ovaries. They isolated these cells by immunomagnetic isolation and 
established a neonatal mouse germ stem cell (mGSC) line persisting for more than 
15 months. Similarly, GSCs from adult mouse ovaries were isolated and cultured 
for more than 6 months. It was confi rmed that these cells retained high telomerase 
activity and a normal karyotype during prolonged culture in vitro. After infection 
with a green fl uorescent protein (GFP) virus and transplantation into infertile mice, 
transplanted GSCs underwent oogenesis and the mice produced GFP transgene- 
marked offspring [ 16 ]. Moreover, germ stem cells were also found in aged mouse 
ovaries and were associated with folliculogenesis and neo-oogenesis. Niikura et al. 
found that aged mouse ovaries possess rare premeiotic germ cells that can generate 
oocytes following transplantation into a young host environment [ 17 ]. Among more 
experiments based on their previous fi nding that immature follicles are rapidly 
regenerated in young adult mouse ovaries after acute oocyte loss induced by doxo-
rubicin (DXR) exposure [ 15 ], they established a strong positive correlation between 
ovarian  Stra8  expression and regeneration of follicles following DXR treatment in 
young adult female mice. The Stra8-immunopositive cells were localized to the 
ovarian surface epithelium after DXR exposure and were detected at a time coinci-
dent with oocyte regeneration [ 17 ]. In another study multipotent stem cell lines 
were isolated and established by Pacchiarotti et al. [ 18 ] from mouse postnatal and 
adult ovaries using a transgenic mouse model in which the GFP was expressed 
under a germ cell-specifi c  Oct4  promoter. Two distinct populations of GFP-Oct4 - 
positive cells, based on their distribution and size, were found in the mouse ovaries: 
(1) a group of small cells with an average diameter of 10–15 μm located at the ovar-
ian surface epithelium and (2) larger cells with an average diameter of 50–60 μm, 
resembling oocytes, which were located in the center of the follicular compartment. 
The fl ow cytometry analysis revealed that the percentage of GFP- Oct4 -positive 
cells in the mouse ovaries signifi cantly decreased with age; while 1–2 % positive 
cells were found in the neonatal mice ovaries, only 0.05 % was still present in the 
adult ovaries [ 18 ]. These established ovarian GSC lines maintained their stem cell 
characteristics, high telomerase activity, and normal karyotype after many passages 
for more than 1 year. Additionally, they formed embryoid body-like structures with 
some differentiation capacity into all three germ cell layers (endoderm, mesoderm, 
and ectoderm). It was important that the germline stem cells were distinct from the 
CD133-positive cells circulating in the bloodstream. Gong et al. established two 
additional lines of colony-forming cells isolated from adult mouse ovaries after 
enzymatic degradation of ovarian cortex tissue and culture on fi broblasts [ 19 ]. 
These cells expressed some markers of pluripotent embryonic stem cells and formed 
embryoid bodies and teratoma after injection into immunodefi cient SCID mice. The 
embryoid bodies and teratoma were positive for markers of all three germ layers 
(mesoderm, endoderm, and ectoderm). Additionally, these cells were differentiated 
in vitro into neuronal cells. The discovered putative stem cells were alkaline phos-
phatase positive and expressed high telomerase activity and a normal female karyo-
type, but the methylation status was different than in ESCs. Despite that, they were 
supposed to be pluripotent. 
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 All these studies confi rmed that a population of stem cells exists among  epithelial 
cells in the layer of mouse ovarian surface epithelium which expresses a degree of 
pluripotency, and they opened an important question regarding the similar popula-
tion of cells that exists in adult human ovaries.  

7     Stem Cells in Human Ovarian Surface Epithelium: 
Do They Really Exist? 

 Some experimental evidence for stem cells in human adult ovarian surface epithe-
lium does exist. Human ovarian tissue is not an easily available material to research 
for the presence of stem cells. In the past, the biology of human ovarian surface 
epithelium was intensely researched in terms of ovulation and ovarian cancer mani-
festation, but to a much lesser extent for the presence of putative stem cells. 
Nevertheless, Bukovsky and his coworkers scraped the ovarian surface epithelium 
of postmenopausal women and cultured the scraped populations of cells in vitro 
[ 20 ]. They were the fi rst to observe development of large oocyte-like cells in post-
menopausal ovarian surface epithelium cell cultures in the presence of estrogenic 
stimuli (phenol red). These large oocyte-like cells with a diameter of 180 μm exhib-
ited germinal vesicle breakdown, expulsion of the polar body, and a surface 
expression of zona pellucida proteins, as revealed by immunocytochemistry. The 
experimental confi rmation of oocyte-like cells was weak, but this work provided a 
new approach to study the ovarian surface epithelium for the presence of stem cells 
in humans. Additionally, this was indirect evidence of putative stem cells in the 
ovarian surface epithelium of postmenopausal women with no naturally present fol-
licles/oocytes. In the next step, they found the steroid-mediated differentiation of 
neural/neuronal cells from the epithelial ovarian precursors in vitro [ 21 ]. 

 Some further steps were made by our group. We identifi ed an unknown popula-
tion of small putative stem cells with diameters of up to 4 μm in the adult ovarian 
sections in situ and in a population of cells scraped from the ovarian surface epithe-
lium of women with no naturally present follicles/oocytes—postmenopausal women 
and women with premature ovarian failure [ 22 ]. These putative stem cells devel-
oped into oocyte-like cells when cultured in vitro. This was the fi rst time such in 
vitro-developed oocyte-like cells were analyzed on their genetic status and were 
confi rmed to express some transcription factors of pluripotent embryonic stem cells, 
such as OCT4, SOX2, and NANOG, and some oocyte-specifi c markers (i.e., ZP2 
and VASA). Moreover, we found parthenogenetic blastocyst-like structures devel-
oped in the ovarian surface epithelium cell cultures of postmenopausal women with 
no naturally present follicles/oocytes [ 23 ,  24 ]. Our experimental data showed that 
ovarian surface epithelium in patients with severe ovarian infertility—premature 
ovarian failure—is a potential source of stem cells expressing some markers of plu-
ripotent/multipotent stem cells such as alkaline phosphatase activity, SSEA-4 sur-
face antigen, and SOX-2 nuclear marker, as revealed by immunocytochemistry [ 25 ]. 
We found small, round cells with diameters of up to 4 μm among epithelial cells in 
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the ovarian surface epithelium layer (Fig.  1 ). The single oocyte-like cells (Fig.  2 ) 
developed in vitro in the ovarian surface epithelium cultures of women with prema-
ture ovarian failure expressed the genes ( OCT4A ,  SOX-2 ,  NANOG ,  NANOS , 
 STELLA ,  CD9 ,  LIN28 ,  KLF4 ,  GDF3 , and  MYC ) characteristic for pluripotent stem 

  Fig. 1    Small, round cells ( arrows )—putative stem cells in the ovarian surface epithelium. ( a – d ) 
Among the epithelial cells in the ovarian surface epithelium scrapings (magnifi cation 6,000-times). 
( e ) Among the erythrocytes in a scraped population of cells (magnifi cation 200-times). (Inverted 
microscope, dic-Nomarski illumination, immersion objective for magnifi cation 6,000-times, and 
Hoffman illumination for magnifi cation 200-times.)  e  epithelial cells,  er  erythrocytes. Figure from [ 25 ]       
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cells, as revealed by single-cell RT-PCR. These results showed that even the ovaries 
of women with severe ovarian infertility might possess some regenerative potential, 
which needs to be further researched. In spite of promising results, the research of 
mouse embryonic stem cells revealed that oocyte-like cells developed in vitro failed 
to complete the process of meiosis [ 26 ,  27 ] and that transplanting these cells to 
develop them to maturity in vivo was proposed as a better option [ 27 ].

    The above-mentioned fi ndings were confi rmed by another study by Parte et al. 
who observed the presence of small, putative stem cells in adult ovarian surface epi-
thelium in humans but also in some other mammalian species such as sheep and 
marmoset monkey [ 28 ]. Moreover, they proposed these small, putative stem cells in 
the ovarian surface epithelium to be “very small embryonic-like” stem cells 

  Fig. 2    In vitro culture of cells scraped from the ovarian surface epithelium. ( a ) Oocyte-like cell 
developed in vitro on autologous ovarian fi broblasts and small, round cells ( arrow ) with diameters 
of 2–4 μm proliferating in the surroundings as attached to fi broblasts on day 4 of the culture (mag-
nifi cation 100-times). ( b ) Oocyte-like cell developed in vitro on autologous ovarian fi broblasts on 
day 10 of the culture (magnifi cation 200-times). ( c ,  d ) Cell clusters developed in vitro on autolo-
gous ovarian fi broblasts on day 4 of the culture (magnifi cation 100-times). (Inverted microscope, 
Hoffman illumination.)  f  autologous ovarian fi broblast,  o  oocyte-like cell. Figure from [ 25 ]       
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regarding the similar population of small stem cells discovered in some other human 
adult tissues and organs. The group of Ratajczak fi rst found a novel population of 
CXCR4+, SSEA-1+, Oct-4+, and CD45− cells in human adult bone marrow [ 29 ,  30 ] 
and CXCR4+, SSEA-4+, and Oct-4+ cells in umbilical blood [ 31 ]. They termed 
these cells “very small embryonic-like stem cells” (VSELs). The small, putative 
stem cells found in adult human ovaries indeed resemble the VSELs in terms of 
morphology and sizes. The molecular analysis of purifi ed VSELs revealed the 
expression of several epiblast/primordial germ cell (PGC) markers, migrating PGC- 
like epigenetic reprogramming profi les of OCT4, NANOG, and STELLA loci, and a 
unique pattern of genomic imprinting [ 32 ]. It has also been demonstrated that VSELs 
show hypomethylation or erasure of imprints in paternally methylated and hyper-
methylation of imprints in maternally methylated genes [ 33 ] resulting in upregula-
tion of genes  H19  and  P57  ( KIP2  or  CDKN1C ) and repression of  IGF2  and 
 RASGRF1 . This may explain the VSEL’s quiescent status and lack of teratoma for-
mation in human adult tissues and organs. These fi ndings raised an important ques-
tion: if small putative stem cells in human adult ovaries are really of ovarian origin or 
are deposited from elsewhere (i.e., bloodstream, bone marrow). Yet the work of our 
group confi rmed that they are an integral part of the ovarian surface epithelium [ 25 ]. 
In three patients with premature ovarian failure we found small, round yellow- 
colored cells with diameters of 2–4 μm—putative stem cells; they were found having 
been captured among epithelial cells or were attached to them in ovarian surface 
epithelium brushings (Fig.  1 ). After May–Grünwald–Giemsa staining, usually used 
for blood cell staining, the small putative stem cells scraped from the ovarian surface 
epithelium did not stain or were weakly stained. On the other hand, all blood cells, 
including lymphocytes, nicely stained blue. Erythrocytes were the predominating 
blood cells in a population of cells scraped from the ovarian surface epithelium, and 
small putative stem cells were signifi cantly lower than the erythrocytes. Other types 
of blood cells represented about 1 % of all scraped cells, as revealed by May–
Grünwald–Giemsa staining. Small putative stem cells could be comparable to lym-
phocytes due to their round shape and high nuclear/cytoplasm ratio, but were 
signifi cantly smaller. The lymphocytes were slightly bigger than the erythrocytes and 
strongly stained using May–Grünwald–Giemsa, while the small putative stem cells 
did not stain or only weakly stained. In any case, further research is needed to eluci-
date whether small putative ovarian stem cells are really VSELs or something else. 

 The embryonic stem cell-like cells in the adult human ovarian surface epithelium 
are proposed to be further researched because they may represent an alternative for 
establishing autologous stem cell lines from adults without any genetic manipulation.  

8     Ovarian Surface Epithelium, Stem Cells, 
and Ovarian Cancer 

 The ovarian surface epithelium is involved in the manifestation of the majority of 
ovarian cancers, which are experienced as very aggressive and resistant to chemo- 
and radiotherapy, thus receiving great attention from researchers. Ovarian cancer is 
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the most lethal of all gynecological malignancies, and the identifi cation of novel 
prognostic and therapeutic targets for ovarian cancer is very important. It is believed 
that stem cells are involved in the manifestation of ovarian cancer, but only a small 
proportion of them are really endowed with the stem cell properties responsible for 
tumor growth, metastatic progression, and recurrence. In recent years, much atten-
tion has been paid to the concept of cancer stem cells and pluripotency/self-renewal- 
related pathways in cancer biology.  

9     Markers of Pluripotency in Ovarian Cancer 

 Many studies indirectly showed that the ovarian epithelial cancers might be related 
to stem cells [ 34 ]. It was confi rmed that ovarian tumor tissues express some markers 
related to pluripotency and embryonic stem cells. The Hedgehog (Hh) and Notch 
signaling pathways are important in tissue pattern programming and cell fate deter-
mination during embryonic development [ 34 ]. The hyperactivation of these two 
pathways is frequently observed in gynecological malignancies, including ovarian 
cancer. In contrast, the expression profi les of pluripotency-regulating core transcrip-
tional factors NANOG, OCT4, and SOX2 appear to be heterogeneous. Among these 
transcription factors, only overexpression of NANOG was found to have a promi-
nent effect on gynecological tumorigenesis, while dysregulations of OCT4 and 
SOX2 may vary in a dependent manner [ 34 ]. 

 The marker NANOG is one of the key transcription factors essential for maintain-
ing self-renewal and pluripotency in stem cells. The study of Siu et al. showed over-
expression of NANOG mRNA and protein in the nucleus of ovarian cancers compared 
with benign ovarian lesions [ 35 ]. In this study the increased nuclear  NANOG  expres-
sion was signifi cantly associated with high-grade cancers, serous histological sub-
types, reduced chemosensitivity, and poor overall and disease-free survival. 
Additionally, it was found that the stable knockdown of  NANOG  impeded ovarian 
cancer cell proliferation, migration, and invasion, which was accompanied by an 
increase in mRNA expression of  E-cadherin ,  caveolin-1 ,  FOXO1 ,  FOXO3a ,  FOXJ1 , 
and  FOXB1 . On the other hand, ectopic  NANOG  overexpression enhanced ovarian 
cancer cell migration and invasion together with decreased  E-cadherin ,  caveolin-1 , 
 FOXO1 ,  FOXO3a ,  FOXJ1 , and  FOXB1  mRNA expression. The NANOG-mediated 
cancer cell migration and invasion involved its regulation of  E-cadherin  and  FOXJ1 . 
Similarly, Lee et al. found that the gene  NANOG  expression was positive in 21.6 % 
of 74 ovarian serous carcinoma tissues, but it was not expressed in the ovarian serous 
cystadenoma tissues [ 36 ]. The positive  NANOG  expression was associated with 
residual tumor size after surgery and with the overall poorer survival of patients with 
positive  NANOG  than in patients with negative  NANOG  expression. They concluded 
that the positive  NANOG  expression in ovarian tumor tissue is associated with a 
poor prognosis of ovarian serous carcinoma and that the marker NANOG has a 
potential to predict the survival of patients and may be involved in the mechanism of 
chemoresistance. Based on their experimental data, Amsterdam et al. further 
suggested that the gene  NANOG , which very possibly plays an important role in 
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development of embryonic ovaries, may be partially silenced in the ovaries of fertile 
and post- menopausal women, but is reexpressed in ovarian cancer by epigenetic acti-
vation [ 8 ]. The expression of  NANOG  in normal ovaries and in borderline ovarian 
tumors may assist in the early detection and improved prognosis of ovarian cancer, 
and its targeting by inhibitory miRNA or other means may assist in treating this diffi cult 
disease. Similarly, also RUNX1 was confi rmed to be a broader epithelial stem cell 
and ovarian cancer factor, which is an attractive potential target for both prevention 
and therapy of several ovarian epithelial cancers [ 37 ]. The RUNX1 stimulates STAT3 
signaling via direct transcriptional repression of  SOCS3  and  SOCS4 ; this is essential 
for ovarian cancer cell growth. In spite of potential clinical importance, these studies 
provided only indirect evidence of ovarian cancer stem cells.  

10     Ovarian Cancer Stem Cells 

 The cancer stem cells (CSCs) are defi ned as cells within a tumor that possess the 
capacity to self-renew and to cause the heterogeneous lineages of cancer cells that 
comprise the tumor. Current studies suggested that the tumor is initiated and main-
tained by an unique population of cells with stem-like properties [ 38 ]. There were 
more studies which provided some direct confi rmation and characterization of puta-
tive ovarian cancer stem cells, but the discovered populations of cells were heteroge-
neous so we cannot talk about one uniform population of ovarian cancer stem cells. 
One of the reasons is that no universal single marker or marker combination has been 
found to successfully isolate (ovarian) CSCs until now. The isolation of different 
populations of putative CSCs illustrates a hierarchical model of ovarian tumor hetero-
geneity in which only a small proportion of cells among biologically distinct popula-
tions can initiate tumor growth [ 39 ]. Reactivation of pluripotent transcription factors 
NANOG, OCT4, and/or SOX2 in association with distinct tumorigenic properties 
could be found in cell clones isolated from ovarian tumors by various approaches. 

 Bapat et al. presented direct evidence that the aggressiveness of human ovarian 
cancer might be a result of transformation and dysfunction of stem cells in the adult 
human ovary [ 40 ]. They reported that a single tumorigenic cell clone was isolated among 
a mixed population of cells derived from the ascites of a patient with advanced ovar-
ian cancer. At the same time, another cell clone underwent spontaneous transforma-
tion in a cell culture, thus providing a model of ovarian cancer progression. Both 
cancer-transformed clones possessed stem cell-like characteristics and grew as spher-
oids in vitro, although further maturation and tissue-specifi c differentiation did not 
occur. The tumors grown from these two cell clones after the transplantation into the 
animal models were similar to those in the human disease in their histopathology. 
Ovarian CSCs are considered to be associated with chemo- resistance and radio-resis-
tance that lead to the failure of traditional therapies [ 41 ]. Most therapies are directed 
at the fast-growing ovarian tumor mass, but not the slow-dividing cancer stem cells. 
It is proposed that eradicating cancer stem cells, the root of the cancer’s origin and 
recurrence, represents a promising approach to improve ovarian cancer survival or 
even to cure ovarian cancer patients. It is believed that CSCs are able to survive 
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conventional chemotherapies, which usually target fast-dividing cells, and give rise to 
recurrent tumors that are more resistant and more aggressive [ 42 ]. Recently, chemo-
resistance of ovarian cancers has also been related to the acquisition of epithelial to 
mesenchymal transition in cancer cells that might be linked with the activation of the 
Notch signaling pathway [ 43 ]. Ahmed et al. found that the epithelial to mesenchymal 
transition and cancer stem cell-like phenotypes facilitate chemoresistance in recurrent 
ovarian cancer [ 44 ]. The process of epithelial to mesenchymal transition in ovarian 
cancer enables the otherwise stationary epithelial cells to become motile and invasive 
and to spread and recolonize into surrounding tissues [ 45 ]. It has already been 
reported that the epithelial–mesenchymal transition generated cells with properties of 
stem cells. Indeed, these features of epithelial to mesenchymal transition in ovarian 
cancer have been shown to correlate with a cancer stem cell-like phenotype [ 46 ]. 

 One of the biggest problems related to ovarian cancer is a lack of appropriate 
markers to enable early detection of this diffi cult disease. But recently it was found 
that the markers CD44, CD133, cytokeratin 18 (CK18), and aldehyde dehydroge-
nase isoform 1 (ALDH1) are highly expressed in ovarian CSCs and function as 
tools for their identifi cation and characterization. The expression of the CD133 
antigen in primary ovarian cancer cell lines is regulated by epigenetics [ 47 ]. 
Steffensen et al. reported on epithelial ovarian CSCs which were CD44, CK18, and 
ALDH1 positive and located as clusters close to the stroma, forming the cancer 
stem cell “niche” [ 48 ]. They found that 17.1 % of the ovarian tumor samples 
revealed a high number of CD44+ stem cells with more than 20 % positive cells per 
sample. The number of CD44+ stem cells was signifi cantly higher in patients with 
early-stage ovarian cancer and was associated with shorter progression-free sur-
vival. This study suggested that evaluation of the number of epithelial ovarian CSCs 
in the ovarian tumor can be used as a predictor of disease and could be applied for 
treatment selection in early-stage ovarian cancer. Some other groups also published 
the experimental evidence for ovarian cancer stem cells [ 49 – 51 ]. Empirically, 
tumor cells in ascites are a major source of disease recurrence in ovarian cancer 
patients. Latifi  et al. developed a novel method to separate adherent (AD) and non-
adherent (NAD) cells in ascites cell culture [ 49 ]. The AD cells from both chemona-
ive and chemoresistant ovarian cancer patients exhibited a mesenchymal 
morphology with an antigen profi le of mesenchymal stem cells and fi broblasts, 
while NAD cells had an epithelial morphology with enhanced expression of cancer 
antigen 125 (CA125), epithelial cell adhesion molecule (EpCAM), and cytokeratin 
7 (CK7). They found that NAD cells developed infi ltrating tumors and ascites in 
12–14 weeks after intraperitoneal injections into nude mice, while AD cells 
remained non-tumorigenic for up to 20 weeks. In CR patients there was a tendency 
to enhance mRNA expression of E-cadherin, EpCAM, STAT3, and OCT4 in the 
NAD population of ascites cells. Ricci et al. found that solid ovarian tumors con-
tained a subpopulation of cells (tumor-initiating cells, TICs) that drove and sus-
tained tumor growth and were possibly responsible for recurrence [ 50 ]. After 
enzymatic digestion of primary ovarian carcinoma samples, they isolated a sub-
population of cells as non-adherent (NAD) spheres in a medium suitable for tumor 
stem cells. These cells were able to self- renew in vitro, were tumorigenic, and 
expressed an epithelial-like morphology when grown in FBS-supplemented 
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medium, losing their tumorigenic potential. They showed higher expression of 
genes involved in stemness than differentiated cells derived from them and were 
more resistant to the cytotoxic effects of some drugs. Additionally, these cells 
expressed some mesenchymal markers, and epithelial transition was induced when 
cultured in differentiating conditions, combined with a loss of invasive potential. 
Based on their experimental data, they concluded that ovarian cancer is a stem cell 
disease [ 50 ]. Additionally, our group has presented a clinical case on primitive 
oocyte-like cells in the ovarian surface epithelium of a 67-year-old woman (Fig.  3 ) 

  Fig. 3    Primitive oocyte-like cells ( arrows ) in the ovarian surface epithelium above the autofl uo-
rescent necrotic malignant tissue of a patient with serous papillary adenocarcinoma. ( a ,  b ) SSEA-
4- positive cells ( green ). ( c ,  d ) SOX-2-positive cells ( red ). ( e ,  f ) Non-stained cells ( a ,  c ,  e : fl uorescent 
and light microscopy, magnifi cations ×400;  b ,  d ,  f : fl uorescence and light microscopy, magnifi ca-
tions ×1,000). Figure from [ 51 ]       
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which probably persisted from the fetal period of life or developed from putative 
stem cells and expressed pluripotency-related markers SSEA-4, SOX-2, and germi-
nal marker VASA. These cells represented a pathological condition, which was not 
observed in control healthy ovaries and might be related to serous papillary adeno-
carcinoma manifestation and malignant tissue in this woman [ 51 ]. Moreover, 
recently we discovered a population of small, round cells with diameters of up to 
4 μm expressing some markers of pluripotency in the ovarian cell cultures set up 
after enzymatic degradation of cortex tissue in women with borderline ovarian can-
cer. These cells were also found in healthy human adult ovarian surface epithelium, 
as already discussed above [ 22 – 26 ]. But in women with borderline ovarian cancer, 
comparable small cells were hyperproliferating and formed cell colonies and 
tumor-like structures in vitro (Fig.  4 ) which were positively stained on some mark-
ers of pluripotency (OCT4, NANOG), as can be seen in Fig.  5 ; they also expressed 
some genes related to pluripotency and germinal cells, as revealed by RT-PCR and 
microarrays. These data may indicate the possible relation of putative ovarian CSCs 
to pluripotency and germinal lineage. We suggest that there is a population of small 
putative stem cells in adult human ovaries which might be involved in human 

  Fig. 4    Small putative stem cells with diameters of up to 4 μm, hyperproliferating and forming cell 
colonies, and tumor-like structures in the ovarian cell culture set up after enzymatic degradation of 
ovarian cortex tissue in women with borderline ovarian cancer         
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reproduction and tissue regeneration, but upon an inappropriate condition in the 
body they start to develop in the direction of aggressive ovarian cancer. Further 
research is needed to make a real conclusion in the future.

     Mezencev et al. were trying to identify inhibitors of ovarian cancer stem-like 
cells by high-throughput screening [ 52 ]. From 793 analyzed compounds with evalu-
able data, 158 were found to have signifi cant inhibitory effects on ovarian cancer 
stem cells. Further computational analysis indicated that the majority of these com-
pounds were associated with mitotic cellular responses.  

Fig. 4 (continued)
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  Fig. 5    Ovarian cell culture with forming tumor-like structures which were positively stained for: 
( a ,  c ) OCT4, ( b ,  d ) NANOG, ( e ,  f ) CYTOKERATIN, and (g) negative control       
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11     Ovarian Cortex 

 Beneath the ovarian surface epithelium is a dense connective tissue sheath, the 
tunica albuginea ovarii. The layer of the ovarian stroma lies below the tunica albu-
ginea, composed of connective tissue cells and fi bers, among which primary and 
secondary follicles in various stages of development are scattered [ 1 ].  

12     Ovarian Cortex: Place of Folliculogenesis/Oogenesis 
De Novo?  

 There is an important scientifi c question about the potential folliculogenesis and 
oogenesis de novo in adult human ovaries which remains unresolved. A main rea-
son is that it is very diffi cult to approach this scientifi c problem due to the lack of 
the human ovarian tissue available for research and the impossibility of performing 
the study in vivo. Most studies based on the principles of follicle counting and 
immunostaining of ovarian sections excluded the dynamics of processes such as 
oogenesis and folliculogenesis. For a long time it has been generally accepted that 
the total number of follicles is set at birth. This statement was supported by several 
studies including some recent ones. In one of the last studies Byskov et al. found 
that there is no evidence for the presence of oogonia in the human ovary after their 
fi nal clearance during the fi rst 2 years of life [ 53 ]. They tried to elucidate whether 
oogonia detected by immunohistochemical methods in the human ovary during the 
fi rst trimester were also present in peri- and postnatal ovaries. Almost all oogonia in 
the fetal ovaries were positively stained for SSEA4, NANOG, OCT4, and C-KIT, 
whereas only a small proportion of oogonia were positively stained for MAGE-A4. 
At birth only a few oogonia were positively stained for these markers and even these 
disappeared before 2 years of age, leaving only some diplotene oocytes stained for 
C-KIT. Nevertheless, they found that up to 2 years of age the medulla contained 
conglomerates of healthy and degenerating oogonia and small follicles, “waste bas-
kets”, and oogonia enclosed in growing follicles. Also, medulla of older ovaries 
contained groups of healthy primordial follicles. They concluded that they did not 
fi nd any evidence for the presence of oogonia in the human ovary during the fi rst 2 
years of life and suggested that perinatal medullary “waste baskets” and oogonia 
enclosed in the growing follicles gave rise to the groups of small, healthy follicles 
in the medulla. Similarly this was reconfi rmed by another “genetic” approach. Liu 
et al. found that no early meiotic-specifi c or oogenesis-associated mRNAs for 
 SPO11 ,  PRDM9 ,  SCP1 ,  TERT , and  NOBOX  were detectable in adult human ovaries 
using RT-PCR, compared to fetal ovaries and adult testis controls [ 54 ]. It should be 
stressed that the folliculogenesis/oogenesis is usually estimated only in terms of the 
presence of oogonia and expression of oogonia/oocyte-specifi c markers (transcrip-
tion factors) in ovarian tissue. Still, the follicles/oocytes could also develop from 
some earlier stages—putative stem cells—in different compartments of the ovary 
during the adult period of life. Several studies confi rmed the development of oocyte/
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follicle-like structures in vitro from putative ovarian stem cells [ 22 – 26 ], embryonic 
stem cells or induced pluripotent stem cells [ 55 – 57 ], and stem cells from amniotic 
fl uid in humans [ 58 ]. 

 There were some studies both in the animal models and in humans which showed 
that the possibility of neo-folliculogenesis/oogenesis in adult ovaries is not excluded. 
Johnson et al. treated the prepubertal female mice with the mitotic germ cell toxicant 
busulfan, which eliminated the primordial follicle reserve by early adulthood with-
out inducing atresia. They demonstrated the cells expressing the meiotic entry 
marker synaptonemal complex protein 3 (SCP3) in juvenile and adult ovaries of the 
same mice. Additionally, wild-type ovaries grafted into the transgenic female mice 
with the expression of green fl uorescent protein (GFP) became infi ltrated with GFP- 
positive germ cells that form new follicles. They suggested the existence of prolifera-
tive germ cells—putative stem cells—that sustain oocyte and follicle production in 
the postnatal mammalian ovary [ 14 ]. Moreover, they found that bone marrow trans-
plantation restored oocyte production in wild-type mice sterilized by chemotherapy 
and in ataxia telangiectasia-mutated gene-defi cient mice, which are incapable of 
making oocytes. Their results confi rmed bone marrow as a potential source of stem 
cell-derived germ cells that could additionally sustain the oocyte production in adult 
mouse ovaries [ 15 ]. Some other research groups also confi rmed this fi nding [ 59 ,  60 ]. 

 Based on some experimental evidence, Bukovsky et al. hypothesized that in 
adult human ovaries, mesenchymal cells in the  tunica albuginea  (TA) are bipotent 
progenitors with a commitment for both primitive granulosa and germ cells [ 61 ]. 
Using immunocytochemistry they showed that cytokeratin (CK)+ mesenchymal 
cells in ovarian TA can differentiate into surface epithelium (SE) cells by a mesen-
chymal–epithelial transition. Some segments of SE directly associated with ovarian 
cortex were overgrown by TA and formed solid epithelial cords; these cords frag-
mented into small epithelial nests descending into the lower ovarian cortex and then 
assembled with zona pellucida (ZP)+ oocytes. They observed that germ cells could 
originate from SE cells which covered the TA by asymmetric division. During vas-
cular transport, the putative germ cells grew to the oocyte size and were picked up 
by epithelial nests associated with the vessels. It was further observed that some 
extensions of granulosa cells entered the oocyte cytoplasm during follicle forma-
tion. In the ovarian medulla some occasional vessels showed an accumulation of 
ZP+ oocytes with diameters of 25–30 μm or particles of degenerating oocytes. 
Their results indicated that the pool of primary follicles in adult human ovaries may 
not represent a static but a dynamic population of differentiating and regressing 
structures. De Felici proposed that a small number of primordial germ cells (PGCs)/
oogonia or of PGC-derived undifferentiated cells with some stem cell characteris-
tics could persist in the postnatal ovary and under certain conditions resume mitosis, 
enter meiosis, and give rise to oocytes [ 62 ]. Recently, White et al. found rare mitoti-
cally active cells purifi ed from frozen-thawed ovarian cortical tissue of reproductive 
age women—germline stem cells—that showed a gene expression profi le consistent 
with primitive germ cells [ 63 ]. These cells were successfully expanded in vitro for 
months and spontaneously generated 35–50 μm oocytes, confi rmed by their mor-
phology, gene expression, and haploid chromosomal status. Injection of the GFP- 
labeled human germline stem cells into human ovarian cortical biopsies led to the 
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formation of follicles containing GFP-positive oocytes 1–2 weeks after xenotrans-
plantation into immunodefi cient female mice. Additionally, different studies con-
fi rmed that telomerase, an enzyme complex that binds to the chromosome 
ends—telomeres—and maintains telomere length and integrity, is expressed in 
germ cells, proliferative granulosa cells, germline stem cells, and neoplastic cells in 
the adult ovary, but it is absent in differentiated or aged cells [ 64 ]. 

 Some other studies indicated the stemness of follicular cells. The multipotent sub-
population of luteinizing granulosa cells was isolated from the follicular cells in the 
follicular fl uid of infertile women retrieved by ultrasound-guided oocyte aspiration 
in the in vitro fertilization program [ 65 ]. These cells were successfully cultured over 
a prolonged period of time in the presence of leukemia-inhibitory factor (LIF). They 
expressed mesenchymal lineage markers (i.e., CD29, CD44, CD90, CD105, CD117, 
and CD166) and were differentiated in vitro into different cell types, such as neurons, 
chondrocytes, and osteoblasts. After their transplantation into immunodefi cient 
(SCID) mice, these cells survived and generated in vivo tissues of mesenchymal 
origin. Furthermore, Honda et al. found that thecal stem cells appear to be present in 
neonatal mouse ovaries and can be isolated, purifi ed, and induced to differentiate 
in vitro [ 66 ]. Until now thecal stem cells had not been confi rmed in humans. 

 The principle of folliculogenesis/oogenesis de novo is still strongly criticized 
[ 67 ]. It can be generally summarized from the literature that more evidence is 
needed to sustain the notion of new formation of oocytes in the normal adult mam-
malian ovary [ 62 ,  68 – 73 ]. In any case, further research is needed to answer a diffi -
cult scientifi c question about potential folliculogenesis/oogenesis and to make a real 
conclusion in the future.  

13     Ovarian Cortex Tissue, Stem Cells, and Regenerative 
Medicine 

 The work of our group shows that it is possible to establish long-term ovarian cell 
cultures after enzymatic degradation of ovarian tissue in women of different ages. 
These cell cultures constitute a relatively low proportion of cells expressing some 
markers of pluripotency/multipotency, the small, round cells with diameters of up to 
4 μm and bigger mesenchymal-like cells, and express a degree of plasticity. We 
were able to differentiate these cells in vitro into somatic cells of all three germ lay-
ers: adipogenic and osteogenic cells (mesoderm), neural-like (ectoderm), and 
pancreatic- like cells (endoderm) releasing insulin when exposed to glucose (see 
Fig.  6 ). Further research is needed to better characterize the putative stem cells from 

Fig. 6 (continued) ( d ) Nestin-positive neuronal-like cells. ( e ) β-tubulin III-positive neuronal-like 
cells. ( f ) S-100-positive neuronal-like cells. ( g ) Pancreatic-like cells (endoderm) positively stained 
on the expression of insulin. ( h ) Alkaline phosphatase-positive cluster of ovarian stem cells.  Scale 
bar  = 50 μm, except ( b ,  g ,  h ) 100 μm         
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  Fig. 6    In vitro differentiation of ovarian stem cells into cell types of all three germ layers. ( a ) 
Adipogenic cells, which released lipid droplets, stained with Oil Red O (mesoderm). ( b ) Osteogenic 
cells, confi rmed by von Kossa staining (mesoderm). ( c ) Net of neuronal-like cells (ectoderm). 
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the ovarian cortex and the functionality of in vitro differentiated somatic cells. 
In spite of promising results, the human ovarian tissue represents a diffi cult avail-
able source of stem cells and might be used for a purpose of regenerative medicine 
in rare cases such as the removal of ovaries to prevent breast cancer (ovariectomy).

14        Conclusion 

 From all mentioned fi ndings and quickly evolving new knowledge we can conclude 
that ovarian stem cells are very interesting from different aspects of human life: 
from the reproduction and manifestation of ovarian cancer to the potential use in 
regenerative medicine to autologously treat degenerative disease. Yet further 
research is needed to safely apply them toward creating new strategies of diagnos-
tics and treatment in human medicine. Adult ovary stem cells demand the greatest 
attention and effort in further research.     
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    Abstract     The susceptibility of the prostate to benign prostatic hyperplasia and 
prostate cancer has prompted research into normal prostate stem cells in order to 
reveal the underlying mechanisms of these diseases. Yet, it can be challenging to 
study prostate stem cells because the prostate is a slow cycling tissue. In this chap-
ter, we compare the assays used to study prostate stem cells including castration, 
lineage tracing and tissue recombination and discuss how they may infl uence the 
phenotype of stem cells. We also review the location and characteristics of prostate 
stem cells. In particular, we focus on the evidence for basal and luminal stem cells, 
the role of intermediate cells as transit amplifying cells and the relationship of 
 neuroendocrine cells to the other epithelial cell types.  

  Keywords     Prostate   •   Stem cell   •   Castration   •   Lineage tracing   •   Tissue 
recombination  

  Abbreviations 

   2D, 3D    Two dimensional, three dimensional   
  ALDH    Aldehyde dehydrogenase   
  AR    Androgen receptor   
  BCL2    B-cell CLL/lymphoma 2   
  BMI1    BMI1 polycomb ring fi nger oncogene   

      Adult Prostate Stem Cells 

             Mitchell     G.     Lawrence    ,     Roxanne     Toivanen    ,     Itsuhiro     Takizawa    , 
    Caroline     E.     Gargett    , and     Gail     P.     Risbridger    

        M.  G.   Lawrence •       R.   Toivanen •       I.   Takizawa •       G.  P.   Risbridger (*)     
  Prostate Cancer Research Group, Department of Anatomy and Developmental Biology, 
School of Biomedical Sciences ,  Monash University ,   Clayton ,  VIC 3800 ,  Australia   
 e-mail: gail.risbridger@monash.edu   

    C.  E.   Gargett    
  The Ritchie Centre ,  Monash Institute of Medical Research ,   Clayton ,  VIC  ,   Australia    

mailto:gail.risbridger@monash.edu


266

  BrdU    Bromodeoxyuridine (5-bromo-2′-deoxyuridine)   
  CARN    Castrate-resistant NKX3.1-expressing cell   
  CD44, etc.    Cluster of differentiation 44, etc.   
  CDKN1B    Cyclin-dependent kinase inhibitor 1B (p27 Kip1)   
  CGA    Chromogranin A   
  COX    Cytochrome c oxidase   
  ERG    v-ets erythroblastosis virus E26 oncogene homolog   
  FGF10    Fibroblast growth factor 10   
  FOXA2    Forkhead box a2   
  GSTP1    Glutathione S-transferase pi 1   
  HMWK    High-molecular weight keratin   
  HMGA2    High-mobility group AT-hook 2   
  K8, etc.    Keratin 8, etc.   
  Ki67    Antigen identifi ed by monoclonal antibody Ki-67   
  Lin    Lineage expression of haematopoietic markers (CD31, CD45, Ter119)   
  LSC    Lin − Sca-1 + CD49f +    
  LSCT    Lin − Sca-1 + CD49f hi Trop2 hi    
  NKX3.1    NK3 homeobox 1   
  p63    Tumour protein p63 TP63   
  PCNA    Proliferating cell nuclear antigen   
  PSA    Prostate-specifi c antigen   
  PTEN    Phosphatase and tensin homolog   
  Sca-1    Stem cell antigen-1   
  UGE    Urogenital epithelium   
  UGM    Urogenital mesenchyme   
  UGS    Urogenital sinus   

1           Introduction 

 Stem cells are a dynamic and exciting area of prostate research and there has been 
rapid progress in determining their properties and identity. Changes in the notion of 
what defi nes tissue stem cells are unifying what once seemed to be confl icting 
results, although there is still no complete consensus. It was previously assumed 
that prostate stem cells would be a single, constant and immutable pool of cells. 
This has evolved to a more nuanced view where there are multiple populations of 
prostate stem/progenitor cells, the fate of which is determined by context, including 
the developmental stage and type of tissue regeneration. This shift in thinking has 
been driven by the increasingly sophisticated methods for studying prostate stem 
cells. Early studies relied on morphological and immunohistochemical analyses, 
but it is now possible to isolate, label and grow putative stem cells to study more 
specifi c populations of cells in much greater detail. 

 Two ongoing challenges for the fi eld are to defi ne the identity of prostate stem 
cells and to determine their properties in different contexts. This chapter will examine 
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the identity of different subsets of prostate stem/progenitor cells by separately 
 focussing on basal, luminal, intermediate and neuroendocrine cells. The functional 
assays for studying prostate stem cells will also be compared since these models 
determine the context and, potentially, the characteristics of prostate stem cells.  

2     Background: Cellular Organisation of the Prostate 

 The adult prostate is a system of branching epithelial ducts and glands surrounded 
by fi bromuscular stroma. It produces prostatic fl uids that are secreted into the ure-
thra to become a major component of seminal fl uid, which aids the survival of 
sperm [ 1 ]. The gross morphology of the human prostate has some key differences 
from the mouse and rat prostates, which are commonly used to study stem cell biol-
ogy. The human prostate has three distinct zones, which develop from different 
segments of the prostatic urethra and are positioned in different anatomical planes 
of the adult organ [ 2 ]. The peripheral zone contains the majority (70 %) of the glan-
dular epithelium, while the central zone extends anterior to the prostatic urethra to 
surround the ejaculatory ducts and the smallest component, the transition zone [ 2 ]. 
In contrast, the mouse and rat prostates contain four pairs of lobes; the anterior, 
dorsal, lateral and ventral prostate, named after their anatomical positions in the 
reproductive tract [ 3 ,  4 ]. The dorsal–lateral lobes are believed to most closely 
resemble the main peripheral zone of the human prostate, but there are still inevi-
table differences [ 3 ]. Nonetheless, the specifi c cell types comprising the epithelial 
compartment of the rodent and human prostate share close homology and will be 
the main focus in terms of the identity of prostatic stem cells. 

 Apart from the stroma, the adult prostate consists of four epithelial cell types: 
luminal, basal, intermediate and neuroendocrine cells. The arrangement of each cell 
type is shown in Fig.  1 . Ducts and glands are lined by a layer of tall columnar lumi-
nal cells that secrete kallikrein proteases, including prostate-specifi c antigen (PSA) 
and prostatic acid phosphatase into seminal plasma [ 5 ]. Luminal cells are separated 
from the basement membrane by basal cells with cuboid or fl attened morphology 
that form a continuous layer in humans, but a discontinuous layer in rodents [ 6 ]. 
Apart from their morphology, luminal and basal cells can be distinguished by the 
expression of several markers. Luminal cells typically express K8, K18, high levels 
of AR and, in humans, PSA [ 7 – 9 ]. Basal cells are marked by high-molecular weight 
keratins, K5 and K14, p63, CD44 and low levels of AR and K18 [ 7 – 11 ]. Intermediate 
cells are a third, rare cell type present in either the luminal or basal layer. They are 
identifi ed based on their keratin profi le rather than morphology, expressing K5 but 
not K14, or a combination of both luminal and basal keratins (K8 + , K18 + , K5 +  
K14 +/− ) [ 7 – 9 ,  12 ]. K19 has also been proposed as a marker of intermediate cells [ 9 ]. 
A fourth cell type, neuroendocrine cells, are scattered as rare, single cells extending 
from the basal layer. They have either “closed” morphology, with processes that 
only extend to surrounding cells, or “open” morphology, with dendrites that also 
project towards the glandular lumen [ 13 ]. In addition to their morphological 
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heterogeneity, prostatic neuroendocrine cells secrete different combinations of neu-
ropeptides, although they usually express chromogranin A (CGA), neuron-specifi c 
enolase and serotonin [ 13 ,  14 ].

3        From Prostate Development to Differentiation 

 Development of the prostate from small, homogenous clusters of epithelial cells 
into a complex tree-like network of stratifi ed ducts and glands involves a process of 
epithelial cell lineage differentiation and may, therefore, provide insight into the 
possible hierarchical relationships between each prostate cell type in the mature 

  Fig. 1    Epithelial stem cells in prostate tissue. ( a ) Adult human prostate tissue with luminal cells 
stained with keratin 8/18 (K8/18;  red ) and basal cells stained with p63 ( brown ).  Scale bar  equals 
20 μm. ( b ) Schematic representation of adult prostate tissue showing the ability of luminal and 
basal progenitors to differentiate into each cell type. Luminal cells are shown in  blue , basal cells in 
 red , intermediate cells in  purple  and neuroendocrine (NE) cells in  green . CARN denotes castrate- 
resistant NKX3.1-expressing cells. ( c ) Schematic representation of the ability of basal and luminal 
progenitors to differentiate under different conditions.  Thick arrows  represent common and  thin 
arrows  rare events, respectively. Note that except for CARNs, the ability of luminal cells to dif-
ferentiate in transplantation assays is unknown       
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organ. In the tenth week of human gestation, or embryonic day 17.5 in the mouse, 
prostate development is initiated by a pulse of testicular androgens acting on the 
mesodermal urogenital mesenchyme (UGM) [ 15 ,  16 ]. This stimulates the endoder-
mal urogenital epithelial (UGE) to form solid buds that elongate into the surrounding 
UGM and express markers of the prostate lineage, NKX3.1 and FOXA2 [ 17 ,  18 ]. 
Inductive cues from the UGM then promote the UGE to undergo branching mor-
phogenesis around the third trimester in humans, but predominantly postnatally in 
mice [ 19 ,  20 ]. This is accompanied by canalisation of the solid cords of cells into 
pseudo-stratifi ed epithelium, beginning in the proximal region near the urethra and 
extending to the branching distal tips. The prostate then remains dormant until the 
sharp increase in androgens at puberty induces proliferation and maturation of the 
tracts of epithelial cells into functional ducts and luminal glands. 

 The increasingly complex architecture of the developing prostate is matched by 
progressive changes in the cell types that comprise the epithelium. Prior to the for-
mation of prostatic buds, the UGE has an intermediate phenotype, co-expressing 
luminal (K8, K18), basal (HMWK, p63, GSTP1) and intermediate (K19) markers 
[ 12 ]. As the epithelium buds and elongates, the solid cords of cells have uniform 
undifferentiated morphology. The cells all maintain an intermediate phenotype, 
based on the expression of luminal markers and reactivity with the pan-HMWK 
antibody, 34βE12, which detects K1, 5, 10 and 14 and labels all adult basal cells 
[ 12 ,  21 ,  22 ]. Staining with specifi c K5 and K14 antibodies, however, reveals a more 
sporadic expression pattern than with the pan-keratin antibody, suggesting that 
primitive prostate epithelium is more heterogeneous than fi rst appreciated [ 21 ]. The 
discrepancy between staining patterns might also be due to developmental expres-
sion of K1 and K10, which are expressed in basal metaplasia in adult tissue [ 23 ,  24 ]. 
Nevertheless, as the epithelium canalises, more distinct cell types become evident 
[ 12 ,  25 – 27 ]. Luminally located cells lining acini and an intermediate layer of cells 
below them begin to lose basal cell markers (p63, HMWK), but still express high 
levels of luminal keratins [ 12 ,  21 ,  26 ,  28 ]. The underlying basal cells maintain basal 
markers and decreasing levels of luminal keratins [ 12 ,  26 ]. Yet, most cells still 
express K19, and the basal marker, GSTP1, indicating that basal and luminal dif-
ferentiation are not completed until puberty [ 12 ,  21 ,  26 ]. 

 Different conclusions have been drawn about the identity of adult prostate stem 
cells based on the phenotype of developing epithelium. It has been suggested that 
the multitude of intermediate cells in development represent transit amplifying 
cells derived from basal stem cells and poised to differentiate into luminal cells 
[ 27 ]. Alternatively, it has been argued that the prevalence of intermediate cells in 
development implies that the rare intermediate cells in adult tissue are multipotent 
stem cells that persist from early development [ 12 ]. Finally, based on heteroge-
neous expression of K5 and K14, but consistent K8 expression, it was proposed that 
prostate stem cells have a simple phenotype consisting of the luminal marker K8 
alone [ 21 ]. These three different hypotheses typify the debate about the identity of 
prostate stem cells. Similar datasets can be interpreted in different ways to suggest 
that prostate stem cells have either a basal, intermediate or luminal phenotype. 
Indeed, it is also possible that embryonic and adult prostate stem cells have quite 
different properties. With growing understanding that the characteristics of stem 
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cells can vary depending on the context, be it developmental stage or stem cell 
assay, and ever more sophisticated methods to study stem cells, previous data are 
being reconsidered and retested. In the following sections, we summarise the meth-
ods used to characterise prostate stem cells. We also focus on each cell type within 
the prostate and examine whether, and under what circumstances, they function as 
prostate stem cells.  

4     Stem Cells in Context: Functional Prostate Stem 
Cell Assays 

4.1     Tracking Cells During Homeostasis 

 A range of assays has been used to study prostate stem cells; each has advantages 
and disadvantages and it is possible that the characteristics of prostate stem cells are 
infl uenced by the experimental conditions. It is diffi cult to study prostate stem cell 
activity in normal homeostasis because the adult prostate is growth quiescent; the aver-
age lifespan of adult human epithelial cells is estimated to be more than 2 years [ 29 ]. 
Early studies used immunohistochemistry to examine the expression of markers, 
like keratins, in fi xed tissue specimens. Hierarchical relationships between cell 
types were inferred based on the co-expression of multiple lineage markers. More 
recently, groups of clonally related cells sharing mutations in the mitochondrial 
cytochrome c oxidase (COX) gene have been identifi ed in human tissues based on 
the loss of COX enzyme activity [ 30 ,  31 ]. These groups of cells are thought to arise 
from a single mutated progenitor that has slowly divided over time. Therefore, by 
examining the phenotype of the clones, it is possible to retrospectively trace the 
long-term characteristics of the progenitor in normal homeostasis and deduce 
whether it was unipotent or multipotent. 

 Lineage tracing in transgenic mice has been used as a more dynamic way to fol-
low the fate of cells without risking changes to their normal cellular hierarchy due 
to disruption of the tissue. This technique indelibly labels cells and their progeny 
when a CRE recombinase expressed under the control of a cell lineage-specifi c 
promoter is used to activate a reporter gene that is otherwise repressed by a stop 
cassette [ 32 ]. Keratins are often used for lineage-specifi c promoters of CRE recom-
binase. An important advantage of transgenic lineage tracing over clonal COX 
mutation analysis is that the phenotype of the original labelled cell is known. By 
comparing the number of labelled cells over time, it is also possible to infer whether 
or not a subset of cells has the ability to self-renew. A constant ratio of labelled to 
unlabelled cells implies that self-renewing cells sustain the lineage-marked popula-
tion. However, unlike rapidly proliferating organs such as the digestive tract and 
skin, only a limited number of studies have conducted lineage tracing in the prostate 
under normal physiological conditions [ 28 ,  33 ]. Instead, it has usually been com-
bined with castration–regeneration assays where there is greater turnover of cells.  
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4.2     Castration–Regeneration Assay 

 The castration–regeneration assay overcomes the problems associated with the 
slowly cycling prostate. Normal prostate homeostasis relies on systemic levels of 
testosterone. When male rodents are castrated, the prostate quickly regresses and 
the bulk of epithelial cells undergo apoptosis. The remaining growth-quiescent cells 
survive indefi nitely in the castrate milieu and can rapidly proliferate to restore the 
normal prostate if testosterone is re-administered [ 34 – 36 ]. Remarkably, this regen-
erative capacity is retained for multiple cycles of castration and testosterone replace-
ment [ 37 ,  38 ]. This technique provided some of the fi rst evidence for the existence 
of stem cells in the adult prostate. It is now commonly used to enrich putative stem 
cells, since castration eliminates the bulk of the epithelium. The assay is also used 
to accelerate the turnover of cells and to study a phase of rapid epithelial regenera-
tion. Multiple cycles of castration and regeneration can also be used to test for self- 
renewal [ 39 ].  

4.3     Cell Culture and Transplantation Assays 

 Another common way to study prostatic stem cells is to isolate subsets of epithelial 
cells based on cell surface markers and then test their ability to proliferate and dif-
ferentiate in vitro or in vivo. In vitro methods include colony formation assays under 
standard cell culture conditions, with or without a feeder layer of fi broblasts [ 40 –
 42 ], and three-dimensional spheroid assays where progenitors form clonal colonies 
in Matrigel [ 43 ]. These colonies can be disaggregated and regrown over multiple 
cycles to assess the ability of cells to undergo self-renewal [ 43 ,  44 ]. Further evi-
dence of stem cell properties can be obtained from in vivo assays, where cells are 
transplanted into mice to test their ability to regenerate prostatic glands with the full 
repertoire of cell types. However, this in vivo approach has proved troublesome in 
the prostate fi eld, since isolated prostatic epithelial cells exhibit limited survival 
when grafted alone into mice. This hurdle has been overcome by combining the 
stem cell regeneration assay with tissue recombination. This method, which was 
pioneered in the prostate fi eld by the Cunha laboratory, involves the isolation and 
recombination of different stromal and epithelial components to study their interac-
tions when grafted together in vivo [ 45 ]. Putative prostate stem cells are typically 
recombined with UGM rather than adult prostatic stroma, because it provides a 
more supportive niche for the survival, proliferation and differentiation of prostate 
epithelial cells [ 11 ,  39 ,  42 ,  46 – 51 ]. However, whether inductive mesenchyme stim-
ulates regeneration that accurately replicates normal adult homeostasis has been 
questioned [ 28 ,  33 ,  52 ].   
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5     Localisation of Prostate Stem Cells 

 The localisation of adult prostate stem cells mirrors the proximal to distal pattern of 
prostate development with slow cycling stem cells in the proximal region and 
actively proliferating, possibly transit amplifying, cells towards the distal tips [ 38 ]. 
However, clonal analysis of COX mutations in human prostate tissue identifi ed evi-
dence of multipotent cells throughout the gland, suggesting that stem cells may be 
concentrated, but not exclusively located in the proximal region [ 31 ]. In rodents, the 
proximal region close to the urethra has the greatest telomerase activity and the 
highest expression of stem cell markers, including Sca-1, CD49f, BCL2, CD166 
and BMI1 [ 42 ,  44 ,  53 – 55 ]. Functionally, the proximal region also has the greatest 
regenerative activity in colony forming assays in vitro and in tissue recombination 
assays in vivo [ 38 ,  56 ]. Most label-retaining cells in serial castration–regeneration 
experiments are also in the proximal region, demonstrating that it harbours a popu-
lation of castrate-resistant repopulating cells. In intact proximal prostate tissue, 
putative stem cells marked by BMI1 or Lin − /CD49f + /Sca1 +  (LSC) are predomi-
nantly K5 +  basal cells [ 42 ,  44 ]. Yet, there are both basal and luminal label-retaining 
cells after castration [ 38 ]. This suggests that the proximal region, where the major-
ity of prostate stem cells are localised, may have different populations of stem cells.  

6     Prostate Stem Cell Identities 

6.1     Basal Cells 

6.1.1     Basal Cells in Homeostasis 

 It has long been suspected that basal cells contain a subpopulation of stem cells; 
indeed, they were once referred to as reserve, generative or precursor cells [ 35 ]. 
However, there are differing views about whether adult basal cells are a self- 
sustaining population of unipotent cells or are multipotent progenitors that can dif-
ferentiate into luminal and neuroendocrine cells (Fig.  1b ). Nevertheless, there is 
evidence that basal cells have an important role in the turnover of cells in normal 
homeostasis. Immunohistochemistry for Ki-67 and PCNA shows that most, although 
not all, proliferative cells in adult human prostate tissue are basal [ 9 ,  57 ,  58 ]. These 
proliferative cells may be amplifying cells arising from a subset of quiescent basal 
cells. This is reinforced by the differential expression of CDKN1B (p27 Kip1 ), a cell 
cycle inhibitor, amongst basal cells; there are proliferative CDKN1B negative, and 
quiescent, CDKN1B positive basal cells [ 59 ]. The long-term survival of basal stem 
cells may be supported by the anti-apoptotic protein, BCL2, and telomerase, both of 
which are only expressed in basal cells in benign prostate epithelium [ 60 – 62 ]. 
Immunohistochemistry studies have not only suggested that basal cells have high 
proliferative potential but also that they may be capable of undergoing multilineage 
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differentiation. Rare cells that co-express basal and luminal (HMWK + , PSA + ) or 
basal and neuroendocrine (HMWK + , CGA + ) markers have been regarded as inter-
mediate or transitional cells arising from basal progenitors and undergoing luminal 
or neuroendocrine differentiation [ 8 ,  63 ]. The benefi t of these studies is that they do 
not involve manipulation of the tissue and preserve normal cellular features and 
relationships; however, the results are mostly correlative and fail to provide func-
tional information about the ability of cells to differentiate. 

 The development of methods for clonal analyses and lineage tracing has enabled 
more rigorous examination of the relationships between different cell types in nor-
mal, unmanipulated tissues. Small groups of cells with COX mutations have been 
identifi ed in adult human prostate tissue [ 30 ,  31 ]. Some clusters only contain basal 
cells, suggesting that they arose from unipotent basal progenitors. Other clusters 
contain basal, luminal and neuroendocrine cells, supporting the existence of multi-
potent prostate progenitors, as inferred from earlier studies that detected transitional 
cells with immunohistochemistry. 

 Lineage tracing of basal cells in mice produced similar results to clonal analyses 
of human tissue [ 28 ,  33 ]. K5 +  and K14 +  basal cells tagged in newborn mice, when 
branching morphogenesis is still underway, expanded and underwent multilineage 
differentiation into basal, luminal, intermediate and neuroendocrine cells as the 
prostate matured [ 28 ]. Clonal analysis of small clusters of labelled cells revealed 
different types of basal progenitors in the developing prostate. Luminal-committed 
progenitors only produced luminal cells, while bipotent progenitors generated 
clones with luminal, basal and occasional intermediate cells. Clusters that only con-
tained basal cells may have arisen from unipotent basal progenitors or bipotent pro-
genitors that, by chance, only underwent symmetric cell division to produce more 
basal cells and not asymmetric cell division to produce luminal cells. Compared to 
the developing prostate, basal to luminal differentiation is less common in the adult 
prostate according to K5 lineage tracing experiments [ 33 ]. Over 10 months, K5 +  
basal cells produced mostly basal cells and a small, but increasing, subpopulation of 
luminal cells. This suggests that either the adult prostate has rare multipotent basal 
progenitors and more common unipotent basal cells or that basal cells have the sto-
chastic ability to occasionally differentiate into luminal cells if required. Collectively, 
these studies have refi ned previous theories about the role of basal stem cells in 
homeostasis, indicating that there are subpopulations of unipotent and multipotent 
basal progenitors (Fig.  1b ).  

6.1.2     Basal Cells in Castration 

 Experiments that accelerate the turnover of cells by castration and testosterone 
replacement provide further evidence for basal stem cells. Castration induces apop-
tosis in the majority of luminal cells, but not basal cells, leading to an increase in the 
ratio of basal to luminal cells [ 35 ]. Given that castration and testosterone replace-
ment can be repeated over multiple cycles, it has been suggested that basal cells 
contain a subpopulation of castrate-resistant multipotent stem cells that are capable 

Adult Prostate Stem Cells



274

of regenerating the entire epithelium. Indeed, after re-administration of testoster-
one, a greater percentage of basal compared to luminal cells are actively proliferat-
ing [ 35 ]. An important caveat however, is that luminal cells outnumber basal cells, 
even after castration, so a greater number proliferating cells are actually luminal 
cells [ 35 ]. Furthermore, basal and luminal cells simultaneously begin to proliferate 
after testosterone re-administration. These observations led to the alternative 
hypothesis that basal and luminal cells are separate self-replicating populations, 
rather than basal cells being solely responsible for regenerating the epithelium. 
Lineage tracing has recently been used to help resolve this uncertainty [ 33 ,  64 ]. 
When K14 +  basal cells were followed for two cycles of castration and testosterone 
replacement, only basal progeny were observed, confi rming that basal cells are 
indeed predominantly unipotent in this context [ 64 ]. However, when K5 +  basal cells 
were followed for fi ve cycles, a small but increasing number of labelled luminal 
cells were detected [ 33 ]. These studies demonstrate that there is a population of 
regenerative, castrate-resistant basal cells in the adult prostate, but that multilineage 
differentiation is rare as is the case for tissue homeostasis.  

6.1.3     Basal Cells in Culture and Transplantation 

 Basal cells have remarkable ability to proliferate and differentiate after isolation 
from prostate tissue. Most epithelial cells fail to grow when digested prostate tissue 
is transferred to in vitro culture. However, a fraction of basal cells do attach and 
establish primary cultures before rapidly differentiating into intermediate cells [ 7 , 
 40 ,  65 – 68 ]. They can further differentiate towards a luminal phenotype with 
extended culture [ 7 ,  22 ]. Primary basal cells also form spheroids in Matrigel [ 33 , 
 42 ,  43 ,  48 ]. The spheroids are clonal and can be digested and regrown for several 
generations, suggesting that they are sustained by a subpopulation of cells with the 
ability self-renew. When primary cells or spheroids are recombined with UGM and 
grown in vivo, they form glandular structures with basal and luminal cells [ 43 ,  69 –
 71 ]. This demonstrates that primary cell culture selects a subset of multipotent basal 
cells with repopulating activity. 

 Cell sorting for different combinations of cell surface markers is a more direct 
approach to selectively enrich putative basal progenitors from freshly dissociated 
prostate tissue. One method is to select α 2 β 1  integrin hi  cells based on rapid attach-
ment to collagen I, followed by further enrichment using the AC133 antibody 
against glycosylated CD133 [ 41 ]. Without prior enrichment of α 2 β 1  integrin hi  basal 
cells, CD133 sorting is unsuccessful, possibly because AC133 +  cells are extremely 
rare and even sometimes undetectable [ 41 ,  72 ,  73 ]. A second method to enrich basal 
progenitors from dissociated prostate tissue is to deplete haematopoietic cells (Lin + ; 
CD31 + CD45 + Ter119 + ) and then select the subset of CD49f + Trop2 hi  basal cells [ 48 ]. 
Sca-1 can be used to further enrich mouse basal progenitors as part of the Lin − Sca- 
1  + CD49f hi Trop2 hi  (LSCT) combination of markers [ 42 ,  48 ]. There is no human 
orthologue of Sca-1; however, CD166 can be used to further select repopulating 
basal cells from both the human CD49f + Trop2 hi  and mouse LSCT populations [ 55 ]. 

M.G. Lawrence et al.



275

A third method for sorting repopulating cells is to select Lin − Sca- 
1  + CD133 + CD44 + CD117 +  cells [ 47 ]. Notably, CD117 is expressed by both basal and 
luminal cells in mice, but only by rare p63+ basal cells in humans [ 47 ]. Other pro-
tocols that purify potential stem cells based on functional characteristics, rather than 
cell surface antigens, including assays for Hoechst effl ux and high ALDH activity, 
also enrich prostate basal cells [ 74 ,  75 ]. Therefore, selecting basal cells with cell 
sorting is a useful strategy to enrich regenerative cells from fresh prostate tissue. 

 It is unclear whether the different methods of cell sorting enrich distinct or overlap-
ping populations of basal progenitors. Nevertheless, all methods enhance in vitro or 
in vivo repopulating activity. For example, human α 2 β 1  hi CD133 +  cells form more colo-
nies than unselected basal cells in 2D assays and differentiate into basal and luminal 
cells in vivo when they are xenografted with cultured stroma [ 41 ]. Human 
CD49f hi Trop2 hi  and mouse LSCT cells also have greater ability to form 2D colonies 
and 3D spheroids than unsorted cells, which is further increased by sorting for CD166 
[ 48 ,  55 ,  69 ]. In tissue recombination experiments with mouse UGM, human 
CD49f hi Trop2 hi  cells form clonal glands containing luminal and basal cells [ 11 ]. 
Mouse Sca-1 + , Lin − Sca-1 + CD49f hi  and LSCT subpopulations repopulate clonal glands 
with increasing effi ciency in recombination assays [ 33 ,  42 ,  48 ,  54 ,  76 ]. All subpopu-
lations also undergo multilineage differentiation, in particular LSCT cells, which have 
been shown to produce neuroendocrine cells. Collectively, these studies demonstrate 
that a subset of basal cells has the capacity to proliferate extensively and repopulate 
fully differentiated epithelium after being isolated from adult prostate tissue.  

6.1.4     Basal Cells as a Cell of Origin for Prostate Cancer 

 Basal cells can be a cell of origin for prostate cancer providing further insight into 
their hierarchical relationship with luminal and intermediate cells. Basal cells are 
typically lost in prostate cancer, except those surrounding intraductal carcinoma 
lesions, and rare p63 +  cells in high-grade tumours [ 77 ,  78 ]. It was once assumed that 
the absence of p63 +  in adenocarcinomas meant that basal cells could not initiate 
prostate cancer, but studies using new methods to isolate, tag and transplant basal 
cells haven proven otherwise. Benign human Trop2 hi CD49f hi  basal cells form 
tumours when they are transduced with ERG, AR and activated Akt expression vec-
tors and grafted in tissue recombination experiments [ 11 ]. Similarly, mouse LSC hi  
cells transduced with AR and activated Akt also form tumours when they are recom-
bined with UGM [ 46 ], as do LSC hi  and LSC hi CD166 hi  basal cells from PTEN null 
mice [ 49 ,  55 ]. Basal cells are also susceptible to stromal-induced carcinogenesis 
when they are recombined with human cancer-associated fi broblasts or mouse 
UGM that over-expresses FGF10 or HMGA2, an epigenetic regulator [ 46 ,  79 ,  80 ]. 
Regardless of whether or not tumourigenesis is initiated by direct perturbation of 
basal cells or via the stroma, the resulting tumours in these recombination experi-
ments are predominantly composed of luminal cells, with some intermediate cells 
also detected. This mimics the phenotype of human prostate cancer and indicates 
that adult basal cells are capable of differentiating into intermediate and luminal 
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cells when autocrine or paracrine signalling becomes aberrant. Indeed, lineage trac-
ing experiments, without transplantation, indicate that the differentiation of basal 
cells is a rate-limiting step in carcinogenesis. When PTEN is deleted in K5 +  or K14 +  
basal cells, tumour progression occurs very slowly compared to PTEN loss in 
NKX3.1 +  or K8 +  luminal cells and is always preceded by the appearance of atypical 
luminal cells [ 33 ,  64 ]. This confi rms that initiated basal cells can differentiate into 
luminal cells. It also implies that tissue recombination accelerates this process, 
because tumours develop more rapidly.  

6.1.5     Summary of Basal Cells and Stem Cells 

 The combined results from lineage tracing, castration–regeneration, cell culture and 
recombination studies demonstrate that the basal compartment contains a population 
of stem cells. Yet, the ability of basal cells to undergo multilineage differentiation 
varies depending on the context (Fig.  1c ). During development, most basal cells pro-
duce luminal daughter cells, although there is also a subset of unipotent basal cells 
[ 28 ]. In contrast, adult basal cells rarely undergo multilineage differentiation in 
homeostasis or castration–regeneration assays, but readily differentiate in cell culture 
and tissue recombination experiments. A possible explanation for these discrepan-
cies is that once the prostate matures, separate populations of unipotent and multipo-
tent basal progenitors are activated under different circumstances. Alternatively, a 
single population of basal stem cells may exhibit different properties in different situ-
ations. A further complication, which will be discussed in the following sections of 
this chapter, is that not all prostate stem cells are necessarily basal cells. Nevertheless, 
the two opposing theories that the basal compartment contains either multipotent or 
unipotent progenitors have both now essentially been confi rmed.   

6.2     Luminal Cells 

 Until recently, prostatic stem cells have most commonly thought to be basal cells, 
but there has been lingering suspicion that the luminal compartment may also con-
tain progenitors [ 34 ,  35 ,  81 ]. It has been diffi cult to test this hypothesis, because 
luminal cells exhibit poor survival in culture or when transplanted as isolated cells 
into hosts [ 82 ]. Yet, as the prostate stem cell fi eld has moved towards other 
approaches to study stem cell activity, there has been increasing evidence that the 
luminal compartment also contains a population of stem cells. 

6.2.1     Luminal Cells in Development 

 Some of the fi rst evidence that progenitor activity may not be restricted to the basal 
compartment arose from studies of prostate development. It was noted that a greater 
proportion of luminal cells compared with basal cells were actively proliferating in 
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the early postnatal development of the prostate in rats [ 81 ]. This observation 
 challenged the established idea that all luminal cells are post-mitotic cells arising 
from basal stem cells; it suggested that the luminal compartment may contain a 
subset of progenitors in its own right. This is supported by more recent studies of 
prostate development in transgenic mice. Lineage tracing of K8 +  and K18 +  cells 
during postnatal prostate development shows that they sustain a constant number of 
luminal cells, which is indicative of unipotent luminal progenitors [ 28 ]. Occasional 
K5 +  cells were also detected with K8 +  lineage tracing, perhaps from labelled inter-
mediate cells, which also express K8. Luminal cells may also have a facultative 
ability to be self-sustaining in early prostate development. The prostate normally 
develops from p63 +  cells, but when p63 null UGS is transplanted under the kidney 
capsule of host mice, luminal and not basal cells arise in the grafts [ 83 ,  84 ]. 
Altogether, these studies suggest that the rapid expansion of cells in prostate devel-
opment does not conform to a rigid hierarchy of basal to luminal differentiation, but 
that unipotent luminal progenitor cells co-exist with a variety of basal progenitors.  

6.2.2     Luminal Cells in Castration 

 The castration and testosterone restoration model has provided substantial evidence 
that luminal progenitor cells also exist in the adult prostate. Initial studies showed 
that luminal cells proliferate extensively to help regenerate the prostatic epithelium 
when testosterone is re-administered after castration [ 34 ,  35 ]. A subset of quiescent, 
castrate-resistant luminal cells are also able to persist after multiple cycles of castra-
tion and regeneration according to BrdU labelling experiments [ 38 ]. Lineage trac-
ing studies suggest that most of these cells are unipotent luminal progenitors. When 
PSA +  or K8 +  luminal cells are tagged in intact mice, they only produce further lumi-
nal cells after multiple rounds of castration and testosterone restoration [ 64 ,  85 ]. 
However, a rare subpopulation of multipotent luminal stem cells has also been iden-
tifi ed. In castrated mice, lineage tracing with the prostate-specifi c homeobox gene, 
Nkx3-1, labels CARNs (castrate-resistant NKX3.1-expressing cells) [ 39 ]. CARNs 
persist in a castrate milieu, are strictly luminal, and can give rise to basal, intermedi-
ate and neuroendocrine cells upon testosterone re-administration [ 39 ]. They also 
undergo self-renewal and can regenerate epithelium in tissue recombination assays, 
which was surprising given that luminal cells have notoriously low survival in trans-
plant assays. Whether or not CARNs exist in intact tissue, or only after castration, 
has not been determined. Nevertheless, it is now clear that when testosterone is 
restored after castration, the luminal layer is regenerated by unipotent luminal pro-
genitors and smaller populations of CARNs and multipotent basal cells.   

6.3     Intermediate Cells as a Transit Amplifying Population 

 Intermediate cells are poorly characterised compared with basal and luminal cells. 
This is due to their scarcity in adult prostate tissue and the lack of a single marker 
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to distinguish them from basal and luminal cells, although K19 and prostate stem 
cell antigen (PSCA) may preferentially label intermediate cells [ 9 ]. There are two 
theories about where intermediate cells lie in the lineage hierarchy of prostate cells. 
One hypothesis is that adult intermediate cells are a small subpopulation of multi-
potent stem cells that persist from embryonic development when intermediate cells 
constitute the entire prostate epithelium [ 12 ]. Currently, there is no experimental 
evidence for this proposal, because there are no methods to specifi cally tag or iso-
late intermediate cells. The other theory is that intermediate cells represent transit 
amplifying or proliferating cells transitioning from multipotent basal stem cells to 
terminally differentiated luminal cells [ 66 ,  86 – 88 ]. In this case, intermediate cells 
represent a spectrum of cells that are gradually losing basal markers and gaining 
luminal markers. Intermediate cells may also differentiate into neuroendocrine 
cells, which have a similar keratin profi le [ 89 ]. As transit amplifying cells, interme-
diate cells are also predicted to be highly proliferative, but have less capacity for 
self-renewal compared to basal stem cells [ 66 ]. 

 Intermediate cells are rare in adult prostate tissue, but their increased abundance 
in actively growing prostate epithelium supports their role as transit amplifying 
cells. Lineage tracing experiments show that intermediate cells arise from K14 +  
basal cells during postnatal development of the mouse prostate [ 28 ]. Intermediate 
cells were only observed in multipotent and not unipotent clones, confi rming that 
they represent a transition between basal and luminal differentiation. Yet, interme-
diate cells were not detected in 75 % of multipotent clones, so it is possible that they 
are only transiently present before differentiating into luminal cells. This is sup-
ported by castration experiments in rats, where intermediate cells are abundant dur-
ing the proliferative phase after testosterone is restored, but are scarce once 
regeneration is complete [ 90 ]. An alternative explanation for the relative scarcity of 
intermediate cells is that basal cells can bypass the intermediate phenotype and 
directly differentiate into luminal cells under some circumstances [ 33 ]. Intermediate 
cells are more stable in primary cell culture; they overtake basal cells after a few 
passages, confi rming that intermediate cells are highly proliferative and are likely to 
arise from basal cells. Altogether, these experiments in development, regeneration 
and cell culture support the model where intermediate cells are proliferative transit 
amplifying cells derived from basal stem cells; however, the alternative hypothesis 
that intermediate cells are a subpopulation of multipotent stem cells in their own 
right cannot be eliminated.  

6.4     Neuroendocrine Cells 

 Neuroendocrine cells are the least studied population of cells in the prostate epithe-
lium. They are considered to be non-proliferating, fully differentiated cells; how-
ever, there has been some disagreement about the lineage from which they are 
derived. It was proposed that neuroendocrine cells comprise their own lineage, 
originating from neural crest ectoderm, because CGA positive cells migrate into the 
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UGS prior to glandular budding and differentiation of the developing human 
 prostate [ 91 ,  92 ]. In contrast, it has also been suggested that neuroendocrine cells 
are endodermal, similar to the gastrointestinal tract, and share a common stem cell 
with basal and luminal cells [ 93 ]. Initially, this was based on the discovery of cells 
co- expressing CGA and either luminal or basal cell markers [ 63 ], which were 
thought to be possible intermediaries between a prostatic stem cell and the fully dif-
ferentiated neuroendocrine population [ 93 ]. More recent studies provided func-
tional evidence for this hypothesis. For example, clonal analysis of human prostate 
tissue identifi ed neuroendocrine cells sharing COX mutations with adjacent basal 
and luminal cells that, therefore, must share a common multipotent progenitor [ 31 ]. 
This progenitor can be a basal cell; lineage tracing experiments show that K5 +  and 
K14 +  basal cells produce neuroendocrine cells in postnatal prostate development 
[ 28 ]. Similarly, in tissue recombination assays, K5 +  basal cells and the stem-enriched 
CD117 +  and LSCT populations all regenerate glands containing neuroendocrine 
cells [ 33 ,  47 ,  48 ]. Yet neuroendocrine cells may not exclusively arise from basal 
cells since luminal CARNs produce neuroendocrine cells in both lineage tracing 
and single cell transplantation assays [ 39 ]. These functional studies collectively 
suggest that neuroendocrine cells belong to the same lineage as other prostatic epi-
thelial cells, although it is still possible that a subset of neuroendocrine cells is of 
neurogenic origin, especially in development.   

7     Summary and Future Directions 

 There is emerging consensus that the prostate contains multiple populations of 
epithelial progenitor cells (Fig.  1b ) but several questions remain unresolved. For 
instance, what is the relationship between stem cells in prostate development and 
normal adult homeostasis? The rapid expansion of the developing prostate is medi-
ated by multipotent basal progenitors, unipotent luminal cells and, possibly, unipo-
tent basal cells. It has been proposed that the unipotent cells are derived from 
multipotent progenitors in a hierarchy of cells with decreasing potential to differen-
tiate [ 28 ]. These progenitors seem to persist into adulthood; however, their relative 
abundance or activity changes dramatically (Fig.  1c ). Lineage tracing experiments 
show that multipotent cells become scarce in the adult prostate [ 33 ,  39 ]; indeed, 
they were not detected in some studies [ 64 ,  85 ]. Instead, basal and luminal cells 
become more self-sustaining populations, similar to the breast [ 94 ]. This decline in 
multipotent differentiation refl ects physiological changes in the prostate from 
development, where there is a vast increase in the number of cells, to adulthood, 
where cells are slowly replaced over time. Further studies into these age-related 
differences are warranted because they may reveal the intrinsic mechanisms that 
regulate the fate of prostate stem cells as well as the role of the niche. Differences 
in the properties of progenitors in development and adulthood also serve as 
an important reminder that the characteristics of prostate stem cells may depend 
on the context. 
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 Another important question is why basal cells exhibit different characteristics in 
different assays. Lineage tracing experiments demonstrate that basal cells are pre-
dominantly unipotent in the adult prostate microenvironment, although there is still 
evidence for multilineage differentiation [ 30 ,  31 ,  33 ,  64 ]. However, basal cells 
undergo multilineage differentiation much more readily when they are removed 
from the prostate and grown in cell culture or tissue recombination assays [ 33 ]. 
A similar observation has been reported in the breast where myoepithelial cells are 
unipotent in lineage tracing experiments, but multipotent in single cell transplanta-
tion assays [ 94 ]. This suggests that in situ homeostasis and ex situ regeneration are 
mediated by different basal stem cells or by a single stem cell displaying different 
properties. 

 The limitation of cell culture and transplantation assays is that cells are trans-
ferred from their normal niche, unlike lineage tracing experiments. This means that 
transplantation assays may reveal the potential of stem cells, but not necessarily 
their normal fate. Extreme examples are where stem cells are recombined with 
stroma from different tissues or implanted at different sites [ 95 ,  96 ]. In these cases, 
stem cells partially or completely differentiate into the new tissue, rather than their 
original lineage. Prostate stem cells are typically recombined with mouse UGM 
because it is more inductive than adult prostate stroma. This might accelerate the 
obligate activity of normal prostate stem cells or uncover a facultative capacity of 
other basal cells to undergo multilineage differentiation. Indeed, the rapid prolifera-
tion and differentiation of cells in cell culture and tissue recombination assays is 
probably more akin to development than normal homeostasis, perhaps explaining 
the activation of multipotent basal cells. Nevertheless, even if transplantation and 
cell culture assays favour the potential facultative properties of prostate cells over 
their usual fate, the results are still important. By comparing lineage tracing and 
transplantation assays, the factors that regulate basal to luminal differentiation, and 
possibly the obligate versus facultative properties of stem cells, may be identifi ed. 
This is signifi cant because basal cells must differentiate into luminal cells to be cells 
of origin for prostate cancer. Therefore, the real challenge for the future is to deter-
mine how stem cells identifi ed in any assay relate to human disease, rather than 
simply defi ning the differences between basal stem cells based on specifi c assays. 

 The relationship between unipotent luminal cells and CARNs is another unre-
solved question. K8- and PSA-dependent lineage tracing, initiated in intact mice, 
did not detect CARNs [ 64 ,  85 ]. One possibility is that CARNs are always present in 
the normal adult prostate but are ineffi ciently labelled because they are extremely 
rare. This would be similar to the long-lived epidermal stem cells that are detected 
with some lineage tracing techniques, but not others [ 97 ]. An alternative possibility 
is that CARNs are facultative stem cells that only arise after castration, reminiscent 
of basal cells that may be activated by transplantation. Once again, this highlights 
that the assay used to study stem cells may infl uence their characteristics. Like 
transplantation, it has been questioned whether the castration–regeneration assay 
accelerates normal proliferation and differentiation or alters the lineage hierarchy 
[ 34 ]. Encouragingly though, unipotent luminal cells, unipotent basal cells and 
 multipotent basal cells have all been observed in castration models as well as 
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homeostasis and development, suggesting that castration–regeneration may not be 
drastically different [ 28 ,  33 ,  64 ,  85 ] (Fig.  1c ). CARNs are the exception, so it will 
be interesting to determine whether there are multipotent luminal cells in conditions 
other than castration.  

8     Conclusion 

 An ongoing area of interest and debate is the characteristics of prostate stem cells in 
different conditions. As noted by Evans and Chandler, there is a “need to distinguish 
between different categories of stem cell, depending upon whether a cell exhibits its 
generative capacity normally (“functional” stem cell) or under conditions of dam-
age and regeneration (“potential” or “clonogenic” stem cells) … these functional 
and potential stem cells may not be one and the same” [ 34 ]. Further research into 
these differences will help characterise the features of prostate stem cells more pre-
cisely and reveal the mechanisms that regulate their fate. 

 Whereas the emphasis of stem cell research in many tissues is regenerative medi-
cine, the overall goal in the prostate is to determine whether stem cells have a role 
in the origin and progression of diseases like benign prostatic hyperplasia and pros-
tate cancer. Studies of normal prostate stem cells have provided insight into the 
fundamental biology of the tissue, including different cell–cell interactions, possi-
ble hierarchies and important signalling molecules. Determining how these pro-
cesses are perturbed may provide strategies for preventative medicine by uncovering 
the causes of disease and identify new therapeutic targets once disease has 
developed.     
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    Abstract     Over the past decade a wealth of information has been divulged on stem 
cells present in the lung both in the pulmonary vasculature and the respiratory tract. 
Cells have been identifi ed with the capability of repopulating the lung and others 
that contribute to the pathogenesis or, conversely, have therapeutic benefi t in pulmo-
nary vascular disease. The isolation of a single-resident lung stem cell capable of 
repopulating any lung epithelium still remains elusive. What is currently known 
about stem and progenitor cells in the lung suggests that a non-classical stem cell 
hierarchy exists with a novel array of cellular mechanisms controlling proliferation 
and differentiation of such cells. This chapter serves to provide an up-to-date review 
of what is currently known about stem and progenitor cells within the lung.  
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  Abbreviations 

   5-HT 2B     5-hydroxytryptamine receptor 2B   
  ATI/ATII    Alveolar type I and type II cells   
  BADJ    Bronchoalveolar duct junction   
  BASC    Bronchiolar stem cell   
  BMP    Bone morphogenic protein   
  CCSP    Clara cell secretory protein (also CC10)   
  CGRP    Calcitonin gene-related peptide   
  COPD    Chronic obstructive pulmonary disease   
  CTEPH    Chronic thromboembolic pulmonary hypertension   
  CXCR4    c-x-c chemokine receptor 4   
  EGF/EGFR    Epidermal growth factor/epidermal growth factor receptor   
  EMT    Epithelial mesenchymal transition   
  EndMT    Endothelial mesenchymal transition   
  eNOS    Endothelial nitric oxide synthase   
  EPC    Endothelial progenitor cell   
  FGF    Fibroblast growth factor   
  FOXA2    Forkhead box protein A2   
  FOXJ1    Forkhead box protein J1   
  HSC    Hematopoietic stem cell   
  IL-13    Interleukin 13   
  IPF    Idiopathic pulmonary fi brosis   
  Krt    Cytokeratin   
  LDL    Acetylated low density lipoprotein   
  MSC/MPC    Mesenchymal stem/progenitor cell   
  NEB    Neuroepithelial body   
  OVA    Ovalbumin   
  PH    Pulmonary hypertension   
  PNE/PNEB    Pulmonary neuroendocrine cells/bodies   
  PO 2     Partial pressure of oxygen   
  RA    Retinoic acid   
  SCGB1A1    Secretoglobin, family 1A, member 1 (uteroglobin)   
  SDF-1    Stromal-derived factor 1   
  Shh    Sonic hedgehog   
  SOX2    SRY (sex-determining region Y)-box 2   
  SPA/B/C/D    Surfactant protein A/B/C/D   
  TGF-β    Transforming growth factor beta   
  TNF-α    Tumor necrosis factor alpha   
  TTF-1    Thyroid transcription factor 1   
  VEGFR2    Vascular endothelial growth factor receptor 2   

A.L. Firth et al.



289

1           Introduction 

 The lung is an immensely complex organ consisting of a vast surface area of pulmonary 
epithelium for gas exchange and intertwined pulmonary vasculature transporting 
oxygenated blood to the heart to reach all cells in the body (Fig.  1 ). As such the lung 
is a vital organ which, under normal conditions, has a very slow turnover. In con-
trast, epithelial cells lining the airways, from the trachea to the most distal alveoli, 
experience a much more frequent cellular turnover. This is primarily due to the 
constant exposure to potentially toxic agents and pathogens being inhaled in the air. 
Such agents often cause injury to the epithelial cell layer; throughout life the cells 
in the airway need to be capable of quickly responding to such injury and rapidly 
establishing homeostasis again.

   One should believe that a resident tissue-specifi c stem or progenitor cell would 
be responsible for this repair, being activated by signals from this injury and rapidly 
differentiating to the required cell type. To date no one specifi c stem cell has been 
identifi ed within the respiratory tract capable of the regeneration of all the epithelial 
cells from the most proximal to the most distal epithelium. Utilization of mouse 
models and experimental procedures designed to induce specifi c lung injury has, 
however, led to the discovery of several progenitor cells identifi ed in distinct ana-
tomical regions of the lung (tissue-specifi c stem or progenitor cells). It is currently 
postulated that a non-classical stem cell hierarchy exists in the lung [ 1 ]. In this situ-
ation a normally quiescent differentiated cell is able to respond to injury by dividing 

  Fig. 1    Cast showing the structure of the lung airway and vasculature. Latex cast of the human 
airway ( white ), arterial tree ( red ), and venous tree ( blue ). Reproduced with kind permission from 
The American Physiological Society [ 162 ]       
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into one or more cell types and self-renewing; such a concept has been coined the 
term facultative stem cell. 

 To date the majority of studies investigating the origins of progenitor and stem 
cells in the lung are completed in mouse models. Mouse models are readily acces-
sible; however, they do have defi nitive limitations. There are obvious size differ-
ences with the mouse and human lungs with the total lung capacity changing from 
1 to 6,000 ml and major structural differences with mice having fi ve smaller lobes 
compared to the humans having two larger lobes on the left side of the lung. Of 
more importance to those researching human lung disease may be differences in 
lung branching and airway generations (13–17 for mouse vs. 17–21 for human) and 
of the structure of the respiratory epithelium [ 2 ]. Mice have a thinner epithelial layer 
and a larger lumen to their airways to accommodate the more rapid respiratory rate. 
Sub mucosal glands are also a rarity in mice perhaps compensated for the increased 
presence of Clara cells [ 3 ]. Invariably there will be differences in the identity and 
localization of putative stem and progenitor cells between species. Due to the dis-
tinct differences in mouse and human airway biology, research must also be con-
ducted utilizing reproducible  in vitro  models of the human airway epithelium. 

 Identifi cation of lung progenitor and stem cells and thus understanding the ori-
gins of airway cell progenitors will provide valuable information pertaining to the 
differentiation and maintenance of mature airway cells. Ultimately, this may lead to 
novel therapeutic approaches for lung disease. This chapter summarizes the current 
knowledge regarding the identifi cation of stem and progenitor cells within the lung, 
both in the respiratory tract and the pulmonary vasculature. We highlight strategies 
employed to identify and characterize putative stem cells and indicate the chal-
lenges of future research on lung injury and repair.  

2     Structure and Function of the Adult Lung 

2.1     Development of the Respiratory Tract 

 Distinct regional variation of epithelial cell type and function exists as you transect 
the proximodistal axis of the adult respiratory tract. The luminal surface of the air-
ways comprises endoderm-derived epithelial cells supported by a network of mes-
enchymal derived cells such as airway smooth muscle cells, pulmonary fi broblasts, 
and vascular endothelium. In mice and humans, lung development has been defi ned 
into fi ve stages; in humans the embryonic stage from weeks 0 to 5, the glandular 
from weeks 5 to 16, the canalicular from weeks 16 to 26, the saccular from week 26 
to term, and fi nally, the alveolar stage occurring postnatal. Specifi cation of the cells 
occurs early during embryogenesis where defi nitive endoderm (FOXA2 + , SOX17 + ) 
gives rise to the fi rst lung cells in the anterior foregut endoderm. Signals from the 
surrounding mesenchyme are involved in this process, including Wnt, bone mor-
phogenic protein (BMP), fi broblast growth factor (FGF), sonic hedgehog (shh), and 
retinoic acid (RA) signaling pathways. Complex integration of each of these 
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signaling pathways is essential for proper lung formation. Longitudinal separation 
of this forms two tubes which will eventually generate the esophagus and trachea 
(dorsal and ventral, respectively) [ 4 ]. It was recently shown that conditional deletion 
of SOX2 in this ventral epithelial domain of the early anterior foregut results in 
defective trachea development; tracheas were stunted and grossly contained more 
mucous cells and fewer basal, ciliated, and Clara cells in mice [ 5 ]. TTF-1 or NKX2.1 
is the earliest recognized marker of endodermal cells committed to the pulmonary 
(FOXA2 + ) and thyroid (PAX8 + ) lineages. At E9.5 in mice two buds form from the 
ventral foregut endoderm and develop into the splanchnic mesenchyme expressing 
NKX2.1 and surfactant protein C (SFTPC). From here a complex highly ordered 
branching morphogenesis occurs. This is driven by signaling through shh, BMP4, 
and FGF10 [ 6 – 9 ] and gives rise to the pulmonary tree. For comprehensive reviews 
of the lung morphogenesis, please refer to [ 10 – 12 ].  

2.2     The Airways of the Adult Lung 

 As seen from the airway and pulmonary cast in Fig.  1 , the lung is a complex three- 
dimensional structure. The cells which line the luminal epithelium have distinct 
differences as you move along the proximodistal axis. In the most proximal airways, 
from the trachea to the bronchi, a pseudostratifi ed luminal epithelium exists. This 
predominantly consists of ciliated and mucous-secreting (goblet) columnar cells. 
Basal cells are fl atter lying on the basal side of the epithelium and it is believed that 
these cells are more primitive (or less well differentiated) than the other cells in the 
proximal airways. Their proposed role as progenitor cells will be discussed later. 
The trachea branches into two primary bronchi which further branch into secondary 
then tertiary bronchi. Moving more distally the tertiary bronchi branch into large 
and then small bronchioles. Ciliated columnar cells exist in larger bronchioles and 
the emergence of nonciliated Clara cells in the smaller bronchioles. The fi nal 
branches of the bronchioles are called terminal bronchioles again comprising of 
nonciliated columnar Clara cells and a limited number of ciliated cells. The terminal 
bronchioles divide to generate respiratory bronchioles leading to the respiratory 
portion comprising the alveolar ducts, alveolar sacs, and alveoli. Alveoli are formed 
from type I pneumocytes (95 % of the alveolar surface area) and type II pneumo-
cytes (5 % of the alveolar surface area). Type I cells are larger fl at cells thus having 
a thin diffusion barrier for gas exchange. Type II cells despite only covering 5 % of 
the surface account for around 60 % of the cell number. Their main function is to 
secrete surfactant proteins to decrease surface tension and prevent the alveoli from 
collapsing. The cells are connected by characteristic tight junctions which can be 
identifi ed through the presence of occludin (ZO-1) located at the plasma membrane 
protein of tight junctions. 

 By way of chemical ablation of epithelial cells in the various lung compartments 
it has been shown that regenerative foci are maintained, postulated to be stem or 
progenitor cells in said compartments. A number of cells have been shown to 
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  Fig. 2    Schematic showing the cells of the adult respiratory tract. The trachea, bronchi, and bron-
chioles for the three regions of conducting airways within the lung. The predominant cell types 
comprising the pseudostratifi ed columnar tracheal and bronchial epithelium are basal, goblet, and 
ciliated cells. Neuroendocrine cells are less abundant and exist; less abundant neuroendocrine cells 
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demonstrate progenitor cell properties including basal cells in the proximal airways 
[ 13 ], Clara cells in the bronchioles [ 14 ,  15 ], and type II pneumocytes in the alveoli 
[ 16 ,  17 ]. The pulmonary neuroendocrine bodies (PNEB) may also contain a variant 
Clara cell possessing stem cell properties [ 18 ,  19 ]. More recently a putative stem 
cell has been identifi ed in the bronchioalveolar duct junctions (BADJ) termed a 
bronchiolar stem cell or BASC, unlike all the other progenitor cells which have been 
identifi ed, this cell has been shown to both self-renew and differentiate into multiple 
progeny [ 20 ]. A schematic representation of the cells present in the adult lung air-
ways is featured in Fig.  2 . The identifi cation and isolation of these and other puta-
tive, progenitor cells will be discussed in detail throughout this chapter.

2.3        Pulmonary Circulation 

 The pulmonary system consists of a network of arteries, arterioles, and capillaries 
that transport deoxygenated blood from the heart to the lungs where, in the capillar-
ies, oxygen diffuses out of the alveoli, re-oxygenating before being transported back 
to the heart for circulation around the body. The pulmonary vasculature is unique in 
its reaction to oxygen tension responding to decreased oxygen tension (PO 2 ) by 
contracting to divert the blood to the most oxygenated areas of the lung. As such, 
the cellular and molecular mechanisms controlling blood fl ow in the pulmonary 
circulation are often considered independent of systemic vasculature. The pulmo-
nary vascular structure is reminiscent of the systemic arteries. The main pulmonary 
artery consists of a  tunica intima  formed from a single layer of endothelial cells 
lining the lumen and an internal elastic lamina; surrounding this is the  tunica media , 
consisting of concentric layers of smooth muscle cells and an external elastic lam-
ina; the outermost layer is the  tunica adventitia , a strong layer of longitudinally 
arranged fi bro elastic connective tissue. Figure  3  provides a schematic representa-
tion of the adult cells in the pulmonary vasculature in the lung.  

 The precise identity and roles of progenitor cells in the pulmonary vasculature 
remains somewhat poorly defi ned. There are no single markers that can successfully 
identify a stem or progenitor cell; so immunophenotyping, sorting, and functional 
characterization are still all essential [ 21 ]. Putative stem and progenitor cells in the 
pulmonary vasculature are either circulating hematopoietic stem cells (HSC), 

Fig. 2 (continued) occur in the neuroendocrine bodies (NEB) in close proximity to bronchiole 
junctions. Submucosal glands (SMG) contain predominantly mucous and serous tubules and exist 
in the interstitium of the more proximal cartilaginous airways. As you move more distally through 
the airways, the epithelium contains mainly Clara and ciliated cells. Variant Clara cells are found 
in the bronchioalveolar duct junctions (BADJ) and are proposed to have stem cell properties. The 
most distal cells involved in gas exchange and pulmonary surfactant production in the alveoli are 
Type I and Type II pneumocytes (or alveolar cells, AT1 and AT2, respectively). Adapted from 
[ 163 ] with permission from Elsevier       
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endothelial progenitor cells (EPC), resident tissue stem cells and  multipotential 
stem/progenitor cells (MSC/MPC). Each of these will be discussed in more detail 
later in the chapter.   

3     Stem Cells in the Adult Lung: Respiratory Tract 

3.1     Proximal Airways: Tracheal and Bronchial Stem Cells 

 Ciliated cells and mucous-secreting cells (goblet cells) act in concert to provide and 
innate defense system in the airways. Mucociliary clearance may be defective in 
patients with hereditary lung conditions such as asthma, COPD, cystic fi brosis, and 
ciliopathies or in response to viral infections or environmental stimuli (such as 
smoke). Goblet cell hyperplasia and hyper secretion of mucus is a defi ning patho-
physiological feature of asthma and COPD [ 22 ,  23 ]. Goblet Cell hyperplasia in a 
patient with COPD is clearly depicted in the immunohistochemistry images shown 
in Fig.  4 .

   Understanding the mechanisms leading to this increase in goblet cell generation 
and thus excess mucus production may open the door for new therapeutic approaches. 
Knowledge of the progenitor cell type differentiating to goblet cells is essential in 
this process and is currently poorly understood. One of the most widely supported 

  Fig. 3    Schematic showing the structure of the adult pulmonary vasculature. The pulmonary artery 
indicated on the left comprises the  Tunica Intima , a single layer of endothelial cells, the  Tunica 
Media  formed from several layers of concentrically arranged smooth muscle cells and connective 
tissue, and the  Tunica Externa  comprising the adventitia. Veins transport the deoxygenated blood 
leaving the capillary bed back to the lungs, they are less muscular having a thinner  Tunica Media  
and contain valves preventing backfl ow       
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rational for goblet cell metaplasia suggests that Clara cells act as a goblet cell pro-
genitor changing phenotype via a trans-differentiation process. Data from mouse 
models indicate that Clara cells are capable of undergoing a trans-differentiation to 
goblet cells. In an ovalbumin (OVA)-induced mouse model of allergic asthma, 
Hayashi and colleagues observed an increase of mucous-secreting (goblet) cells in 
the intrapulmonary bronchus and bronchioles compared to unchallenged mice. 
These cells resembled nonciliated epithelial cells which were similar to Clara cells 
of normal mice, containing homogeneous electron-dense secretory granules and 
mitochondria with poorly developed crista [ 24 ]. Notably there was a distinct lack of 
ciliated and basal cells and all indications suggested a trans-differentiation of Clara 
cells to a mucous-secreting goblet cell. Other studies verify this notion: in the same 
mouse model over a 22-day period decreases in Clara and ciliated cells by 75 and 
25 %, respectively, were observed with a 70 % increased presence of mucous cells 

  Fig. 4    Goblet cell hyperplasia. Representative images of normal and COPD bronchial epithelia. 
A marked expansion of mucous secretory cells in the COPD bronchus ( blue-stained material  in the 
 right panels ).  AB-PAS  alcian blue–periodic acid Schiff’s stain,  H&E  hematoxylin and eosin. 
Reprinted with permission of the American Thoracic Society. Copyright © 2013 American 
Thoracic Society [ 161 ]       
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in the proximal airways [ 25 ]. Again, in-depth analysis indicated a Clara cell 
metaplasia to mucous cells was occurring. Furthermore, after a single aerosol anti-
gen challenge, Evans and colleagues noticed an increase in mucin secretion from a 
specifi c subset of Clara cells which also retained their expression of CCSP [ 3 ]. 
Other studies also support a direct differentiation of Clara cells to goblet cells via a 
mechanism involving activation of epidermal growth factor receptors (EGFR) in the 
tracheal epithelium and their direct role in the activation of CCSP [ 26 ]. EGFR was 
fi rst noted for its role in the upregulation of cell proliferation in terminal bronchioles 
after naphthalene induced Clara cell injury [ 27 ]. In rat models EGFR stimulation by 
ligands EGF and TGF-α triggers MUC5AC expression, and in OVA sensitized rats, 
pretreatment with an EGFR tyrosine kinase inhibitor prevented the goblet cell 
hyperplasia observed in its absence [ 28 ]. 

 The fi rst study to investigate this phenomena in human airway reported a slightly 
different story. Using a cell lineage-tagging approach, Turner and colleagues inves-
tigated the generation of goblet cells from ciliated, FOXJ1-expressing, progenitor 
cells [ 29 ]. EGFP-labeled ciliated cells were generated using two lentiviral vectors, 
a FOXJ1 promoter-dependent CRE expression and a CMV-fl oxed EGFP. The fate of 
these FOXJ1-expressing cells in response to goblet cell driving interleukin-13 (IL- 
13) was monitored and data revealed an increase in EGFP positive goblet cells, 
suggesting the goblet cells were derived, at least in part, from FOXJ1 expressing 
progenitor cells [ 29 ]. 

 In the pseudostratifi ed airway epithelium, whether or not the Clara cells undergo 
a complete cell phenotype change to a goblet cell or just demonstrate a greater plas-
ticity allowing for structural changes and greater secretory stimulation remains to be 
truly defi ned. In humans current evidence suggests that FOXJ1-expressing ciliated 
cell differentiation may account for the increased goblet cell expression; this may 
suggest different mechanisms occurring between the mouse and human airways. 

 In this same region of the airways, basal cells are also proposed to retain 
progenitor- like properties. In fact some of the earliest studies in a variety of animals 
indicated the presence of two distinct types of progenitor cells in the conducting 
airways: basal cells and Clara cells [ 30 – 33 ]. Basal cells have the fundamental role 
of anchoring the tracheobronchial epithelium to the basement membrane. They 
form a continuous monolayer becoming more clustered and individual in the smaller 
terminal bronchioles and represent 6–30 % of the cell population. A high percent-
age of basal and para-basal cells contribute to the proliferative fraction of the con-
ducting airway in humans making them potential progenitor candidates [ 34 ]. 

 An early study in Sprague–Dawley rats indicated that the nonciliated columnar 
cells and not the basal cells represented the progenitor cells [ 35 ]. Many subsequent 
studies provide evidence to the contrary. In rabbits two distinct cell populations were 
endowed with stem cell potential, namely, basal cells and bronchiolar Clara cells 
[ 36 ]. Using a xenograft model of proximal human airway, recombinant retrovirus 
reporter genes were used to infect human bronchial epithelial cells and seeded on to 
denuded rat trachea transplanted into athymic mice. Analysis of the clonal expansion 
revealed that basal and differentiated columnar cells were capable of self- renewal and 
multipotency [ 37 ]. In a more recent and similar study, basal cell marker- expressing 
cells (tetraspanin (CD151) and tissue factor (TF)) were isolated and used in the same 
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xenograft model in mice as well as  in vitro  in an air–liquid interface. These cells were 
capable of restoration of a fully differentiated functional airway epithelium [ 38 ]. 
Lineage tracing experiments also identify Trp-63 (p63), cytokeratin 5 (Krt5), or 
Krt14-expressing basal cells from both mouse and human trachea as being capable of 
self-renewal and multilineage differentiation [ 39 ,  40 ]. The role of basal cells as stem 
cells in the lung has recently been reviewed, please refer to the papers by Rock and 
colleagues for more information [ 40 ,  41 ]. The theoretical hierarchy of stem cells in 
the pseudostratifi ed airway epithelium is shown in Fig.  5 .

3.2        Bronchiolar Stem Cells 

 Moving to more distal-conducting airways, the bronchioles are a simple layer of 
epithelium comprised of Clara cells and ciliated cells. It is believed that the progeni-
tor cells in this region are relatively quiescent and have the ability to respond to 

  Fig. 5    Proposed stem cell hierarchy in the respiratory epithelium. The  red arrows  indicate the 
self-renewal and known progeny of proposed stem cells in the respiratory epithelium. Clara, basal, 
and variant clara cells are currently thought to be the predominant progenitor cells in the proximal 
airways and AEC Type II (AEC2) in the more distal airways       
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injury by proliferation and/or differentiation. Again, most evidence supports a 
progenitor role for Clara cells in this region of the airways. More specifi cally a 
Clara cell resistant to chemically induced airway injury and closely associated with 
neuroepithelial bodies (NEB) seems to retain progenitor cell properties, this cell is 
commonly referred to as a variant Clara cell. An NEB comprises clusters of pulmo-
nary neuroendocrine cells (PNE). PNE were originally considered to be terminally 
differentiated and mitotically inert therefore unable to possess the proliferative and 
self-renewing properties of a progenitor cell. Like Clara cells, however, PNE cells 
have been shown to proliferate in response to certain environmental stresses and 
both populations are now known to colocalize in the NEB [ 19 ]. 

 Reynolds and colleagues were the fi rst group to really demonstrate the existence 
of at least two epithelial cell variants with progenitor properties being maintained in 
the NEB environment [ 19 ]. One cell is a phenotypic intermediate of a Clara and 
PNE cell expressing calcitonin gene-related peptide (CGRP) and the other a variant 
Clara cell lacking immunoreactive CYP-2F2 protein. Both these cells are naphtha-
lene resistant and when the ultrastructural characteristics of these cells in the NEB 
were investigated, a nonciliated epithelial cell or a modifi ed/variant Clara cell was 
discovered; this cell lacks typical Clara cell features such as secretory vesicles and 
CYP-2F2, but are CCSP positive [ 19 ]. Subsequent studies by the same group indi-
cated that the variant Clara cell was the most likely progenitor cell as CGRP express-
ing PNE, while able to proliferate, were unable to regenerate the airway after 
naphthalene injury [ 18 ]. Studies ensued to investigate the mechanisms by which 
these variant Clara cells were activated after lung injury and it was found that the 
Wnt/Fgf10 embryonic signaling cascade was again active in mature PSMCs (para-
bronchial SMC progenitors found in the distal mesenchyme) [ 42 ]. Subsequent to 
naphthalene-induced ablation of Clara cells, it was shown that Wnt7b expression 
was induced in surviving ciliated cells which were able to stimulate Fgf10 in PSMCs. 
Epithelial repair was induced by the secreted Fgf10 stimulating epithelial repair via 
Notch-induced Snai1 expression in variant Clara cells and a transient epithelial to 
mesenchymal transition (EMT) allowing them to become progenitors (Sftpc, 
Fgfr2b, and Snail1 positive) [ 42 ]. PSMCs should therefore be considered a putative 
stem cell niche important for epithelial repair post-lung injury. The mechanisms 
controlling the ability of lung epithelial cells to sense environmental insult and acti-
vate progenitor cells to repair the lung are still relatively poorly understood. It is 
becoming increasingly evident that this adaptability is reliant upon a reversible 
acquisition of mesenchymal features in the epithelial cells; it will be interesting to 
see if these observations from mouse models refl ect changes in the human lung. 

 A very similar population of cells was also discovered at the bronchioalveolar 
duct junctions (BADJs). They were resistant to lung injury, exhibited clonal cell 
proliferation and multipotent potential  in vitro  and regenerated the respiratory epi-
thelium  in vivo  [ 43 ,  44 ]. These cells, also known as bronchioalveolar stem cells 
(BASC), while capable of maintaining both bronchiolar Clara and alveolar cells are, 
however, proposed to be the precursor cells for adenocarcinomas [ 43 ,  45 ]. One of 
the most recent studies investigating this suggested that while Clara cells, the puta-
tive BASC, and alveolar type II cells (ATII) are cells of origin for K-Ras-induced 
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lung hyperplasia, it was only the ATII cells that progressed to the stage of adenocar-
cinoma [ 46 ]. Interestingly, these cells are potentially important in smoke-induced 
epithelial injury. De novo increases in Claudin-3 and CC10 are potential markers for 
early tobacco smoke-induced epithelial injury in alveolar duct epithelial cells [ 47 ]. 

 Relatively little is known about BASC in terms of their specifi c identity; a recent 
study undertook a micro RNA (miRNA) screening and found a signature of miRNA 
in BASC but not control cells. This study was carried out in cells isolated from 
mouse lungs and BASC were sorted by fl ow cytometry gated on 
CD31 − CD45 − CD34 + Sca-1 +  and the control cells as CD31 − CD45 − CD34 − Sca-1 − . The 
miRNA profi ling showed 56 upregulated and 60 downregulated in BASCs com-
pared with the control cells suggesting a potential role for these miRNA in the 
 self- renewing and differentiation capacity of BASC [ 48 ]. 

 The presence and role of BASC is also somewhat controversial. A study by 
Rawlins and colleagues was the fi rst to really follow the lineage fate of these postu-
lated BASC [ 14 ]. In order to address the role of Clara cell and variant Clara cell 
populations (including BASC), Rawlins generated mice where CreER was “knocked 
into” the endogenous  Scgb1a1  locus; a gene expressed in all of these populations. 
This system allowed for lineage tracing of the labeled Clara type cells and there was 
no evidence for a signifi cant contribution of the labeled cells to the alveoli. Scgb1a1 +  
cells could function as long-term progenitors in the bronchioles where Scgb1a1 +  
cells surviving naphthalene-induced lung injury could divide and regenerate the 
airway epithelium. In the trachea, however, most Clara cells appeared to be derived 
from a transiently activated population of Scgb1a1 −  basal cells during a steady state; 
after injury any surviving labeled Clara cells did show an increase proliferation and 
capability to generate ciliated cells [ 14 ]. The bronchiolar stem cell niche is shown 
in Fig.  6 .

   Among the most specifi c markers known to identify epithelial stem cell popula-
tions are members of the leucine-rich repeat-containing G protein-coupled receptor 
(Lgr) family [ 49 ,  50 ]. Oeztuerk-Winder and colleagues carried out an extensive 
study in human bronchiolar cells and gathered a novel E-Cad + /Lgr6 +  signature [ 51 ]. 
 In vitro  they also expressed ATII (SP-C) and Clara (CC10); however, these markers 
were not evident in the  in vivo  studies. These cells were able to migrate and differ-
entiate into bleomycin-injured human lungs and nude mice generating ATII, ATI, 
and Clara cells essentially regenerating the bronchiolar epithelium [ 51 ].  

3.3     Alveolar Stem Cells 

 Flattened squamous and cuboidal pneumocytes (Type I and Type II pneumocytes, 
respectively) line the alveoli. For the longest time the type II pneumocyte (alveolar 
type II or ATII) has been indicated both  in vivo  and  in vitro  to be a progenitor for 
both type I and type II pneumocytes in the alveoli [ 52 – 54 ]. Type II cells comprise 
15 % of all lung cells but only cover <5 % of the surface epithelium. Their primary 
role is surfactant protein production; however, no single surfactant component can 
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  Fig. 6    Bronchoalveolar    duct junction stem cells and lung injury. ( a ) The image indicates in situ 
mRNA levels of CC10 96 h post-naphthalene injury. The  red circles  highlight the regions of high-
est expression occurring in an orderly and progressive fashion at bifurcations. ( b ) The schematic 
shows a bronchiole neuroendocrine body (NEB). Variant clara cells are also termed bronchioal-
veolar stem cells (stem cells). Post-naphthalene-induced lung injury these stem cells are capable of 
repopulating the terminal bronchioles and alveolar surface. Notably, naphthalene treatment of con-
ditional K-ras mice (in which K-ras is switched on by AdenoCre) induces enhanced proliferation 
of these stem cells but does not stimulate proliferation of lung alveolar cells. Panel  a  is reproduced 
with kind permission from the American Physiological Society [ 164 ] and panel  b  is adapted with 
kind permission from [ 165 ]       
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specifi cally identity type II cells. More distinct markers are the lamella bodies 
which contain surfactant and are readily observed by phase contrast microscopy. 

 ATII cells have long been established as being able to both proliferate and to dif-
ferentiate into type I cells; they are capable of repopulation of the alveoli after injury 
[ 55 ,  56 ]. Such division and transformation/differentiation of the cells is also thought 
to occur in normal alveolar cell turnover. The earliest studies investigating the 
mechanisms of this transformation were complicated by extrapulmonary and 
humoral factors  in vivo  and the inability to sustain ATII cell phenotypes  in vitro . 
Kinnard and colleagues were the fi rst to really establish an  in vitro  lung explant 
system in which ATII cell proliferation and differentiation could be monitored [ 57 ]. 
The ability to monitor the differentiation from an ATII to ATI cell type is critically 
dependent upon specifi c identifi cation of both cell types. Analysis of ultrastructural 
components, lamellar bodies, apical microvilli, cell to cell junctions, and cell shape 
allow for a good distinction [ 58 ]. The presence of cell surface markers is less precise 
as it is widely accepted that the cells pass through intermediate cell stages during 
the differentiation and marker expression varies with developmental/differentiation 
stage [ 59 ,  60 ]. A recent study made observations on the contrary where it was the 
ATI cells that had the potential to both proliferate and express markers of other dif-
ferentiated airway epithelial cells  in vitro . The  in vitro  plasticity of a pure popula-
tion of RTI40 and aquaporin 5 expressing rat ATI cells was demonstrated by the 
induced expression of SP-C, a marker of the ATII cells and CC10, a marker of Clara 
cells [ 61 ]. Cell proliferation was evident in conditions that ATII cells do not prolif-
erate. In response to infection in the lungs such as pneumonia ( Pseudomonas aeru-
ginosa ), FoxM1 was demonstrated to be crucial for the proliferation and 
differentiation of ATII cells to ATI cells and thus restoration of alveolar homeostasis 
[ 62 ]. In a progenitor population isolated from piglet lungs, extensive self-renewal 
and the capacity for both ATI and ATII cell differentiation were evident. These cells 
were characterized by the presence of stem cell and epithelial markers and the 
absence of common mesenchymal and hematopoietic markers. (SSEA-1 + , pancyto-
keratin + , krt-18 + , occludin + , CD44 − , CD29 CD90 − , CD45 − ). Interestingly these cells 
were able to support active replication of the infl uenza virus which subsequently 
caused cell lysis and a reduction in the progenitor population [ 63 ]. These cells may 
prove important in the development of novel therapeutic approaches for infl uenza. 
From the studies discussed above it is clear that there may be distinct differences 
related to the choice of animal model. A summary of the various stem cells identi-
fi ed in the lung is included in Table  1 . It will be important to know how well the 
particular models refl ect the progenitor populations in the human lung.

   Until recently, there was no lung progenitor cell identifi ed with the potential to 
generate ATII cells known in human lungs [ 16 ]. A clonogenic population of cells, 
coined alveolar epithelial type II progenitor cells or AEPCs, was isolated from adult 
human lungs that expressed both CD90 and vimentin (MSC markers) and pro-SPC, 
SPA, SPC, and SPD (ATII markers). The cells also expressed transcription factors 
found in the developing mesenchyme (Foxf1 and Tbx4) also indicating a mesen-
chyme origin of these AEPC. After  in vitro  differentiation the cells adopted a cuboidal- 
shaped morphology with lamellar bodies evident upon histological examination. 
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The expression of MSC markers was downregulated, while the expression of ATII 
markers was upregulated. Evidence suggests a role for the canonical wnt pathway 
in the transition from murine MSC to ATII [ 64 ]. Increasing knowledge about mes-
enchymal stem cells has led to several recent efforts to utilize them as novel cell-
based therapeutic approaches for lung disease [ 65 – 68 ]. Preclinical data is particularly 
promising for the therapeutic benefi t in acute lung injury [ 69 ,  70 ] and bronchopul-
monary dysplasia and emphysema [ 71 ,  72 ]. In these studies several key features 
were noted including a preferential attraction of MSCs to the damaged lung versus 
normal lung, improved survival and attenuation of alveolar and lung vascular injury, 
weight gain, prevention of alveolar growth arrest, and suppression of infl ammation 
of neonatal rats [ 72 ,  73 ]. It is important to note that the actual engraftment of exog-
enous MSC was particularly low in the lung; thus it is thought that the benefi cial 
effects are mediated via a paracrine-mediated pathway. There is also potential use 
in the types of lung cancer. Using MSC as a vehicle to deliver IFN-alpha via i.v. 
injection in a mouse model of melanoma lung metastasis, a signifi cant reduction in 
proliferation and angiogenesis and an increase in apoptosis reduced the growth of 
lung metastasis [ 74 ]. 

   Table 1    Proposed stem/progenitor cells in the adult airways   

 Cell  Location  Markers  Progeny  Species  Reference 

  Clara    Trachea, main 
Bronchi, 
bronchioles  

  CCSP  
  Scgb1a1  

  Goblet, 
Ciliated  

  Ms, Rt, Rb   [ 3 ,  14 , 
 24 – 26 , 
 28 ,  36 ] 

  Basal    Trachea, main 
bronchi, 
bronchioles  

  CD151, TF, TP63, 
Krt5, Krt14  

  Clara, 
Ciliated  

  Rb, Hu, Ms   [ 36 – 40 ] 

  Variant 
Clara  

  Close proximity 
to NEB  

  Scgb1a1, CYP-2F2, 
Sftpc, Fgfr2b, Snail1  

  E-Cad   +   /Lgr6   +   

  ATII, ATI, 
Clara  

  Hu, Ms,   [ 14 ,  18 ,  19 , 
 42 ,  51 ] 

  PNE    NEB    CGRP    Clara    Ms   [ 19 ] 
  BASC    BADJ    CD31  −  CD45  −  CD34   +   

  Sca-1   +   
  Clara, ATI, 

ATII  
  Ms   [ 43 ,  44 ,  48 ] 

  ATII    Alveoli    SPC, FOXM1, SSEA-1, 
Krt18, occludin, 
(CD44  −  , CD29  −  
 CD90  −  , CD45  −  )  

  ATI    Ms, Pg, Rt   [ 52 – 57 ] 

  AEPC    No precise 
location  

  CD90, vimentin, 
pro-SPC, SPA, 
SPC, SPD  

  ATII    Hu   [ 16 ] 

 ATI  Alveoli  RTI40, AQP5  ATII  Rt  [ 61 ] 
 Ciliated  Trachea and 

main bronchi 
 FOXJ1  Goblet  Hu  [ 29 ] 

   CCSP  Clara cell secretory protein,  FOXJ1  Forkhead box protein J1,  BASC  bronchioalveolar stem 
cell,  BADJ  bronchioalveolar duct junction,  NEB  neuroepithelial body,  PNE  pulmonary neuroendo-
crine cells,  ATI  alveolar type I,  ATII  alveolar type II. Species:  Ms  mouse,  Rt  rat,  Rb  rabbit,  Hu  
human 

 The non-bold items are cells with less evidence for a role as an actual stem or progenitor cell  
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 Going back to the ATII cells, their progenitor cell-like properties seem to make 
them targets for the development of lung cancer. ATII cells have long been associ-
ated with the development of type II cell carcinomas of varying glandular (acinar, 
adenoidcystic, or bronchioloalveolar) origin [ 46 ,  75 – 77 ]. While it is beyond the 
scope of this chapter to go into detail on this, it will be vital to decipher the molecu-
lar and cellular level on which this occurs. Furthermore, ATII cells are also targets 
of repeated lung injury leading to pulmonary fi brosis and lung cancer and again, 
little is known regarding the precise mechanisms governing this [ 78 – 80 ].   

4     Stem Cells in the Adult Lung: Pulmonary Vasculature 

 The identity and role of stem and progenitor cells in the pulmonary vasculature are 
equally as complex as occurs in the airways. Such cells may be circulating or resi-
dent in the pulmonary vascular tissues themselves and recruitment of these cells in 
response to vascular stress or injury is routinely observed. What is somewhat more 
controversial is the role that those cells play once recruited: there is evidence for 
both pathogenic and restorative roles. Despite being seemingly contradictive is per-
fectly viable the stem and progenitor cells are indeed both. The identity and roles of 
such cells has recently been discussed in [ 21 ,  81 ,  82 ] and will be discussed briefl y 
in the following sections of this chapter. 

4.1     Endothelial Progenitor Cells 

 Endothelial progenitor cells or EPCs circulate within the bloodstream and have the 
ability to differentiate into mature endothelial cells. These cells are essential for 
adult neovascularization, both physiological and pathological [ 83 ]. EPC have also 
been shown to be both therapeutic and pathogenic having roles in the development 
of myocardial infarction, myocardial and limb ischemia, the healing of wounds, 
atherosclerosis, endogenous endothelial barrier repair, thrombosis, and vasculariza-
tion of tumors [ 84 – 87 ]. 

 The fi rst concrete evidence for the existence of an EPC came in the late 1990s 
when the generation of mature endothelial cells from CD34 +  and von Willebrand 
factor (vWF + ) bone marrow-derived cells with a capacity for acetylated low-density 
lipoprotein (LDL) uptake was demonstrated [ 88 ,  89 ]. Prior to this discovery new 
blood vessel formation was thought to rise from the proliferation, migration, and 
remodeling of mature endothelial cells. Precise identifi cation of an EPC is con-
founded by similarities to circulating endothelial cells and hematopoietic stem cells. 
A number of key features can be used to more precisely identify an EPC [ 90 ]: (1) 
they are circulating bone marrow-derived cells with a phenotype and function dis-
tinct from a mature endothelial cell; (2) they are capable of differentiation to fully 
functional endothelial cells; (3) they can undergo vasculogenesis; (4) common cell 
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surface markers include CD34, VEGFR2 (KDR, Flk-1), and CD133; and (5) they 
are able to uptake LDL [ 91 – 93 ]. 

 EPC in the pulmonary vasculature have been extensively investigated. A hierar-
chy exists with subdivisions characterized by the cells’ potential to divide and pro-
liferate in a clonogenic nature [ 94 ,  95 ]. The terminology EPC is often used to refer 
to all of these cells when it should be restricted to those cells fi tting the criteria 
outlined above. As mentioned above, the roles of EPCs in the pulmonary vascula-
ture are paradoxical: physiological, having the ability to repair the pulmonary endo-
thelium and pathological, where they can migrate and differentiate to mesenchymal 
cells contributing to intimal hyperplasia. The latter will be discussed in Sect.  4.1.1 . 

 The physiological properties of EPC whereby the can restore function to the 
endothelial barrier has been extensively studied and, indeed, clinical trials are 
underway exploiting this property for the treatment of pulmonary arterial hyperten-
sion [ 96 – 98 ]. The Pulmonary Hypertension and eNOS Cell Therapy (PHACeT) 
trial is a phase 2a dose-ranging randomized trial started in 2007 comparing the 
effects of conventional therapy with or without the intravenous infusion of EPC in 
patients with IPAH; signifi cant improvements in the mean walk test, mean pulmo-
nary arterial pressure, pulmonary vascular resistance, and cardiac output in the EPC 
treated [ 96 ]. This trial is ongoing and highlights the potential for clinical use of 
EPC [ 98 ]. 

 Data obtained in animal models of pulmonary hypertension (PH) have shown 
signifi cant therapeutic potential for exogenous EPC. Transplantation of autologous 
EPC from peripheral blood caused neovascularization and a reduction in mean pul-
monary arterial pressure (mPAP), cardiac output (CO), and pulmonary vascular 
resistance (PVR) in both canine and rat monocrotaline (MCT)-induced PH models 
[ 99 ,  100 ]. Observations from Zhao et. al further showed that in MCT rats delivery 
of fl uorescently labeled endothelial-like progenitor cells lead to a marked improve-
ment in survival, which was signifi cantly greater in EPC transduced with eNOS 
[ 100 ]. EPC are mobilized in response to vascular injury; increased VEGF and shear 
stress are factors known to mobilize EPC and promote their differentiation to mature 
endothelial cells [ 101 ]. Once mobilized or transplanted how do these cells get 
recruited to the site of injury? Homing is most likely to involve chemokine receptor 
CXCR4 and the chemoattractant pull of SDF-1 released from EC and platelets. 
High levels of β2 integrins on EPC can interact with their ligands P-selectin, 
E-selectin, and ICAM-1 that are expressed on EC [ 102 ] and studies in mice indicate 
a role for erythropoietin/erythropoietin receptor (Epo/EpoR) system in recruiting 
EPC to the pulmonary [ 103 ]. It is known that a severe depletion of circulating EPCs 
correlates to the development of chronic lung disease, idiopathic pulmonary fi brosis 
(IPF), and PH [ 104 ,  105 ]. IPF patients developing secondary PH had a substantially 
worse depletion of EPC [ 105 ]; however, an increase in circulating endothelial cells 
was demonstrated recently in the most severe of IPF [ 106 ]. The number of circulat-
ing EPC is now known to correlate to cardiovascular risk and a disposable microfl u-
idic platform capable of selectively capturing and enumerating EPC directly from 
human whole blood has been developed with the aim of being used in screening and 
monitoring of patients with PAH [ 107 ]. 
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4.1.1      Endothelial Mesenchymal Transition 

 The ability of pulmonary endothelial cells to trans-differentiate to mesenchymal 
cells was fi rst described in 1992 by Arciniegas et al. [ 108 ]. Cells are able to 
undergo a transformation from vWF-expressing endothelial cells to α-smooth 
muscle actin (α-SMA)-expressing smooth muscle-like mesenchymal cells (myofi -
broblasts). It is believed that such a transition is both important for embryonic 
development, in the pathogenesis of pulmonary hypertension by contributing to 
the signifi cant vascular remodeling and in pathological lung fi brosis. The myofi -
broblast is believed to be an intermediary cell that is a key mediator of pulmonary 
fi brosis [ 109 – 112 ]. A myofi broblast may derive from resident mesenchymal cells 
and epithelial or endothelial cells via epithelial/endothelial–mesenchymal (EMT/
EndMT) transition [ 113 ]. EndMT can be induced by transforming growth factor β 
(Tgf-β) signaling through Tgf-β receptor 1 (Tgf-βR1)  in vitro  [ 108 ,  114 ]. Marked 
increases in transcriptional repressors snail and slug are observed during EndMT 
and depletion of these factors has been shown to be suffi cient to block the process, 
as was inhibition of the Tgf-βR1 [ 114 ,  115 ]. Caveolin-1 is known to be important 
for Tgf-βR1 signaling and studies in murine lung ECs also confi rm a prominent 
role for caveolin-1 in EndMT [ 116 ]. In several animal models of pulmonary fi bro-
sis (bleomycin induced), EndMT is evident as a major pathological process [ 110 , 
 112 ]. In addition to EndMT, EPCs are known to substantially contribute to the 
development of plexiform lesions in PH [ 117 ] and to the fi brotic embolism in 
patients with CTEPH [ 118 ]. 

 From both a clinical and experimental perspective it is particularly noteworthy 
that using imatinib mesylate (Gleevec ® ), a cAbl kinase inhibitor, or rottlerin, a 
PKC-δ inhibitor, was able to signifi cantly block TGF-β-induced α-SMA expression 
and snail-1 induction thus preventing EndMT [ 115 ]. The activity of these small 
molecules in preventing EndMT may prove to be effective therapeutic approaches 
for pulmonary fi brosis. Unfortunately the fi rst clinical trial using imatinib to treat 
idiopathic pulmonary fi brosis did not show very promising effects on survival or 
lung function [ 119 ]. A greater understanding of EndMT is necessary to develop 
novel therapeutic approaches for pulmonary fi brosis (Fig.  7 ).

4.2         Other Circulating Stem Cells 

4.2.1     Mesenchymal Stem Cells 

 Mesenchymal stem cells (multipotential stem cells or MSC) are also bone 
 marrow- derived circulating stem cells. This cell population has been fairly exten-
sively investigated; however, defi nitive cell surface markers still remain elusive. 
Currently they are characterized by a panel of cell surface markers (CD29 + , 
CD105 + , CD73 + , CD44 + , CD90 + , CD166 + , CD45 − , CD14 − , and CD11b −  to name 
a few), their adherence and growth on plastic surfaces and their ability to 
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differentiate into, at minimum, adipocytes, chondrocytes, and osteoblasts [ 120 , 
 121 ]. MSC are known to be resident is a wide variety of postnatal perivascular 
tissues including the adventitial layer of the pulmonary vasculature [ 122 ,  123 ]. 
They are known to have the property of strong homing to the lung and thus have 
been widely investigated a therapeutic approach for pulmonary vascular disease. 
The mechanisms by which MSC preferentially home to the lung are largely 
unknown; however, it appears that circulating platelets can facilitate it [ 124 ]. The 
homing was prevented by use of an anti-P- selectin antibody and tirofi ban, a gly-
coprotein (integrin) IIb/IIIa inhibitor, indicating the involvement of platelets in the 
homing process. Homing is also demonstrated through the stromal-derived 
factor-1 (SDF-1)/CXCR4 pathway [ 125 ,  126 ]. A number of studies are now utilizing 
ex vivo MSC derived from bone marrow, adipose tissues, and embryonic and 
induced pluripotent stem cells either as a direct cellular therapy or as a modality 

  Fig. 7    Endothelial mesenchymal transition (EndMT). Primary pulmonary endothelial cells were 
treated with TGF-β1. ( a ) Endothelial cells acquire a fi broblast-like appearance and initiate 
 expression of α-SMA. ( b ) Upregulation of Snail during EndMT. Reproduced with kind permission 
from [ 115 ]       
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to deliver specifi c genes to lung [ 124 ,  127 – 132 ]. It is beyond the scope of this 
particular chapter to discuss these in detail by readers are encouraged to look at 
recent reviews [ 21 ,  65 ,  98 ,  133 ,  134 ]. 

 The value of MSC as a tool for drug/gene delivery is demonstrated in experi-
ments where considerable improvements in the pathogenesis of PH have been 
observed. Agents including angiopoietin-1 for acute lung injury [ 135 ], endothelial 
nitric oxide synthase (eNOS) for PAH-related right ventricular impairment [ 136 ], 
heme-oxygenase-1 for PH [ 137 ], CGRP in SMC proliferation [ 132 ], and 
prostacyclin- synthase for PH [ 138 ] have all been delivered by MSC cell therapy 
with positive therapeutic effects. On the other hand a distinct pathogenic role for 
these cells has also been widely demonstrated. Circulating fi brocytes (progenitor 
derivatives of MSC) contribute extracellular matrix deposition in pulmonary fi bro-
sis [ 139 ]. They also contribute to pulmonary vascular remodeling in hypoxia- 
induced pulmonary hypertension, along with MSC [ 140 – 142 ]. Here inhibition of 
the CXCR4/SDF-1-signaling pathway can prevent the mobilization of BM-MSC to 
the pulmonary vasculature [ 143 ]. Hypoxia-induced mitogenic factor (HIMF/FIZZ1/
RELM α) may also act as a chemotactic agent for BM-MSC-mediated remodeling 
of the pulmonary vasculature [ 144 ]. The expression of 5-HT 2B  receptors on 
BM-MSC is also implicated in the development of PAH in mice [ 145 ]. In this mouse 
study, restricted expression of 5-HT 2B  receptors in bone marrow cells developed 
hypoxia or monocrotaline-induced PH; however, restricted expression of 5-HT 2B  
receptors conferred a complete resistance [ 145 ]. It should be noted that MSC-like 
cells have been shown to be recruited to the fi brotic embolism in chronic thrombo-
embolic pulmonary hypertension (CTEPH) [ 146 ] and to be prominent in the devel-
opment of hypoxia-induced pulmonary vascular remodeling [ 147 ]. The precise 
nature of the MSC recruitment to these areas is not clear. It is also interesting to note 
that intratracheal delivery of MSC in rats with CTEPH saw a substantial improve-
ment in relevant clinical parameters [ 125 ]. The therapeutic benefi t was both local 
and systemic, having notable effects on secondary liver fi brosis likely via reductions 
in caspase 3 cleavage and NFκB signaling [ 125 ]. It is seemingly evident that resi-
dent MSC or MSC-like cells can be recruited to sites of lung injury potentially 
contributing to the pathogenesis of the disease, whereas as exogenous delivery of 
MSC poses a signifi cant therapeutic benefi t.  

4.2.2     Hematopoietic Stem Cells 

 Hematopoietic stem cells (HSC) are the most extensively studied and characterized 
stem cell population. They have the capacity for long-term self-renewal and differ-
entiation into every cell type in the blood. In the lung their roles are less defi ned 
though HSC or HSC-like progenitor cells have been shown to be present in both the 
airways and the vasculature in the lung. Adult HSC reside primarily in the bone 
marrow and are round nonadherent cells with a high nucleus–cytoplasm ratio. They 
can be mobilized from the niche and the SDF-1/CXCL12)/CXCR4 axis is critical 
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for such mobilization and subsequent homing of HSC [ 148 ]. This mechanism has 
also been shown to be important for homing of c-Kit +  hematopoietic progenitor 
cells to a perivascular pulmonary niche in mice [ 149 ]. In this study, antagonism of 
CXCR4 prevented PH and reduced the associated vascular remodeling and perivas-
cular accumulation of hematopoietic progenitor cells [ 149 ]. 

 Hematopoietic progenitor cells have also been shown to accumulate at sites of 
injury in the lung [ 150 – 152 ]. A recent study identifi ed a clonogenic population of 
hematopoietic progenitor cells using a novel organotypic ex vivo pneumoexplant 
model of mammalian lung injury [ 153 ]. Repopulating CD45 +  and CD11b +  cells, 
with subpopulations enriched in PECAM, AQP5, αSMA, SCGB1A1, and SPC, 
were identifi ed in the free-fl oating anchorage-independent cells (termed AICs) 
[ 153 ]. The authors postulated that AICs could be resident stem cells in the lung 
interstitium which are activated/mobilized in response to lung injury. Further studies 
are necessary to fully characterize the regenerative potential and  in vivo  function of 
these cells. These cells have a signature very similar to that of cells referred to as 
fi brocytes characterized by the expression of both leukocytic markers (CD45, 
CD34, CD11b, CD14) and mesenchymal markers (α1-procollagen) [ 154 ]. 
Fibrocytes are known to be rapidly recruited to the adventitia in animals exposed to 
chronic hypoxia where they differentiate to myofi broblast [ 147 ]. Importantly, deple-
tion of fi brocytes from the circulation could attenuate vascular remodeling. 
Fibrocytes and the pathogenesis of a variety of lung disease have been discussed in 
a number of recent reviews [ 155 – 159 ].   

4.3     Resident Tissue-Specifi c Stem Cells 

 It is also possible the adventitia provides a niche where populations of dormant stem 
cells reside and can be activated in response to certain physiological changes in the 
vasculature. The diagram in Fig.  8  shows the potential niches for stem cells in the 
pulmonary vasculature. Indeed a subpopulation of adventitial fi broblasts are acti-
vated by a variety of stimuli, such as hypoxia, and differentiate into cells with a 
myofi broblast phenotype [ 160 ]. The accumulation of αSMA in the adventitial fi bro-
blasts is the key phenotypic change during de-differentiation to a myofi broblast. It 
is possible that these progenitor cells are also a subpopulation of MSC [ 122 ]. In 
studies looking at the cellular mechanisms contributing to CTEPH, a large number 
of myofi broblasts were present in the fi brotic clot occluding the airway; these cells 
had the properties of a myofi broblast and were capable of multilineage differentia-
tion like MSC [ 146 ]. It seems plausible that this adventitial-residing progenitor cell 
can trans-differentiate to a myofi broblast and contribute to the progression of many 
fi broblastic lung diseases.
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5         Conclusions 

 This chapter provides a recent update on the identifi cation of stem cells within the 
airways and vasculature of the lung. While there has been an extensive amount of 
research into the identity and location of stem cells, it is evident that the precise 
identifi cation of stem and progenitor cells is not easy. Furthermore, the roles of 
these stem cells in physiological and pathophysiological processes is complicated 
and likely confounded by the microenvironments in which they reside. On the other 
hand, exogenous application of EPC and MSC seems to have substantial therapeutic 
promise. It will be exciting to follow developments in the complicated fi eld of stem 
cells in the adult lung as they emerge.     

  Fig. 8    Stem cell niches in the pulmonary vasculature. Adult blood vessels provide an environmen-
tal niche where organ-specifi c stem cells, pericytes, and endothelial cells can exist. Endothelial 
cells are able to undergo endothelial to mesenchymal transition (EndMT) and pericytes and other 
resident cells are able to give rise to mesenchymal progenitor cells contributing to the mesenchy-
mal/myofi broblast cell pool. In addition circulating fi brocytes and endothelial progenitor cells are 
progenitors that exist circulating through the lumen of blood vessels       
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    Abstract     The liver possesses a remarkable ability to restore, through compensatory 
hyperplasia or regeneration, its original mass following partial or massive parenchymal 
cell loss. However, this ability is compromised in most relevant pathological condi-
tions of clinical interest, with liver transplantation being at present the only resolutive 
treatment for severe acute liver failure (ALF), chronic inborn, or acquired end-stage 
liver diseases. 

 Replacing diseased hepatocytes and stimulating endogenous and exogenous 
regeneration by stem cells represent the main aims of liver-oriented cell therapy. 
Recent developments in stem cell technology have raised the hopes of identifying 
new expandable sources of liver cells for use in regenerative medicine and prompted 
studies on the best support for their growth. 

 In this chapter    we will offer an overview of concept and data from available 
current literature by focusing the attention fi rst on liver regeneration and the role of 
liver progenitor cells or adult liver stem cells and to then analyze current status of 
the therapeutic use of extrahepatic stem cells for liver diseases in either preclinical 
or clinical studies.  
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1           The “Clinical” Liver Scenario and the Need 
for Hepatic Regenerative Medicine 

1.1     Acute and Chronic End-Stage Liver Diseases: 
Epidemiological Data 

 As it is well known, the liver possesses a remarkable ability to restore its original 
mass following partial or massive parenchymal cell loss by ensuing compensatory 
hyperplasia or regeneration. However, in most relevant pathological conditions of 
clinical interest orthotopic liver transplantation (OLT) is indeed the only resolutive 
treatment for severe acute liver failure (ALF), chronic inborn, or acquired end-stage 
liver diseases [ 1 ]. 

 Along these lines, ALF is commonly defi ned as a multi-organ syndrome 
occurring in previously healthy subjects (that is, in the absence of underlying liver 
disease) which is characterized by severe hepatocellular dysfunction and often rapid 
progression to death. Major causes of ALF are represented by acetaminophen or 
non-acetaminophen drug-induced toxicity, prominent in Western countries, as well 
as by hepatitis viruses (mainly developing countries). Although the last two decades 
have been characterized by a consistent overall improvement in critical care and 
OLT, ALF is still associated with high mortality rate (30–100 %) and the USA data 
indicate that ALF has an incidence of 3.5 deaths per million population, then 
accounting for approx. 5–6 % of all OLT [ 2 ,  3 ]. 

 Epidemiological data for chronic end-stage liver diseases (CLD) are more relevant 
and outline a global scenario dominated by an increasing worldwide prevalence of 
liver cirrhosis, mostly related to chronic infection by hepatitis C or B virus, alcohol 
consumption and nonalcoholic fatty liver disease (NAFLD) [ 4 – 8 ]. At present, 
approx. 170 million patients worldwide are estimated to be affected by a form of 
CLD and 25–30 % of these patients are expected to develop with time signifi cant 
fi brosis and eventually cirrhosis and related complications. The latter scenario has a 
relevant clinical impact since, among disease of the GI tract, liver cirrhosis now 
represents the most common non-neoplastic cause of death in Europe and USA, as 
well as the seventh most common cause of death in Western countries. Moreover, 
particularly in Western countries, cirrhosis also represents the main predisposing 
cause for hepatocellular carcinoma (HCC), accounting for 85–90 % of primary liver 
cancers and representing the fi fth most common human cancer and the third most 
common cause of cancer mortality worldwide [ 9 ]. 

 The overall liver scenario, as for current epidemiological analysis, needs to take 
into account a peak for advanced CLD which is predicted to occur in the next 
decade, resulting then in a signifi cant increase of the numbers of patients reaching 
end-stage disease and potentially requiring OLT that should face a predictable 
shortage of donor livers. Moreover, current knowledge suggests that OLT procedures 
can be further complicated by immunological incompatibilities and by the fact that 
OLT is not always effective. Clinical evidence has outlined the existence of a subset 
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of patients, particularly within those undergoing OLT for hepatitis C virus 
(HCV)-related cirrhosis, which can develop fulminant fi brotic progression to cir-
rhosis within a relatively short period of time (i.e., 2–3 years) [ 4 – 7 ]. Although 
OLT could be considered as an essentially successful surgical procedure, it should 
be emphasized that, in addition to the problem of the shortage of donor organs, OLT 
still suffers from operative damage. Therefore, recent attention has been focused on 
the ability to use cellular resources to bridge patients until transplantation or to 
restore liver mass and function [ 10 ].  

1.2     The Need for Hepatic Regenerative Medicine: 
Introductory Remarks 

 Liver transplantation is the gold standard procedure for treating acute and chronic 
end-stage liver disease and the demand for treatment of end-stage liver disease will 
continue to rise and will drive development of alternatives [ 1 ]. Hepatocyte trans-
plantation has been proposed to replace whole liver transplantation at least for 
selected cases of inherited liver disorders, but there are several limitations for the 
use of liver cell therapies. Studies on stem cells and on their potential sources have 
been intensifi ed in recent years, given the promise of their clinical application, espe-
cially in regenerative medicine [ 11 ]. The behavior and composition of both multi-
potent and pluripotent stem cell populations are exquisitely controlled by a complex 
interplay of extracellular matrix and cell–cell interaction. An interesting review was 
recently published on developments of arrayed cellular environments and their con-
tribution and potential in stem cells and regenerative medicine. Arrayed cellular 
environments provide a set of experimental elements with variation of one or sev-
eral classes of stimuli across elements of the array with the capability to provide an 
understanding of the molecular and cellular events that underlie expansion and 
specifi cation of stem cell and therapeutic cell populations [ 12 ]. 

 Success for stimulating stem cells to differentiate into hepatocytes and other liver 
cell types has been reported; however, it appears that it is very diffi cult to obtain 
differentiated human hepatocytes from human cord blood or human cord mesen-
chymal stem cells. These cells only mimic the hepatocyte function and are usually 
called hepatocyte-like cells [ 13 ]. 

 Replacing diseased hepatocytes and stimulating endogenous and exogenous 
regeneration by stem cells represent the main aims of liver-oriented cell therapy 
[ 14 ,  15 ]. Recent developments in stem cell technology have raised the hopes of 
identifying new expandable sources of liver cells for use in regenerative medicine 
[ 16 ] and prompted studies on the best support for their growth. Embryonic stem 
cells can be considered the best model of multipotency, but their use is limited due 
to ethical concerns [ 17 ] and the neoplastic risks after their in vivo use [ 18 ] have led 
to adult stem cells being considered a more acceptable source. 

 Adult stem cells have consequently been widely explored in recent years as 
a more acceptable source of cells, including the mesenchymal stem cells (MSCs), 
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a population of multipotent progenitors capable of differentiating towards 
adipogenic, osteogenic [ 19 ], and hepatogenic lineages [ 20 ,  21 ] with a low immuno-
genicity [ 22 ]. 

 Cell transplantation is a practical procedure compared with organ transplanta-
tion. It can be performed with much less risk to the patient and much reduced cost 
for the healthcare system. Furthermore, given the little invasiveness of systemic 
administration, this method could be also applied to patients who are severely ill 
and would not be able to tolerate organ transplantation. 

 Recently, we have characterized a novel MSC population obtained from human 
umbilical cord (UCMSCs) and we have induced their differentiation towards hepatic 
lineages in vitro seeking the best cell support for this purpose. The main aim of our 
study was to evaluate the therapeutic potential of adult UCMSCs in a murine model 
of acute liver injury using carbon tetrachloride, a potent hepatotoxic chemical. 
Phenotypic analysis showed a profi le compatible with MSCs and the simultaneous 
high expression of CD166, CD105, and CD73 demonstrated that our cells were a 
novel MSCs population. The morphological features, loss of MSC phenotype, gene 
expression changes, immune-cytochemical staining, albumin secretion, urea pro-
duction, and glycogen storage all suggested that these cells can grow and differentiate 
into functional hepatocyte-like cells without any biological support [ 23 ]. 

 However, we had previously reported that stem cell differentiation can be stimu-
lated by growth factors and extracellular matrix components used as a cell culture 
support. Using a homologous acellular matrix derived from surgical specimens rep-
resents an interesting tissue engineering approach since the matrix is biocompatible, 
contains adhesion molecules and growth factors, and is obtained from a healthy 
organ [ 24 ,  25 ]. 

 Interestingly enough, more recently, the fi eld of cell microencapsulation technol-
ogy has opened many new perspectives. The immobilization of cells into polymeric 
scaffolds releasing therapeutic factors, such as alginate microcapsules, has been 
widely employed as a drug delivery system for numerous diseases for many years. 
Stem cells represent an ideal tool for cell immobilization and so does alginate as a 
biomaterial of choice in the elaboration of these biomimetic scaffolds [ 26 ]. 

 Bone marrow (BM) is considered the main source of MSCs [ 27 ], but their 
number decreases signifi cantly with age [ 28 ,  29 ] and this has led to the evaluation 
of alternative sources such as adipose tissue [ 30 ] and embryo-derived tissues, 
e.g., placenta [ 31 ], amniotic fl uid [ 32 ], umbilical cord blood [ 33 ], and umbilical 
cord [ 34 ]. 

 Moreover, regenerative medicine methods and technologies are currently being 
developed to manufacture different segments of the entire digestive tube [ 35 ]. 
The conveyance of these results into clinical practice would need to be considered 
with caution because more information is needed on cell behavior in vivo before 
any clinical applications can be hypothesized. 

 Continued research in this area and continued industry attention focused on 
developing liver support and cellular therapies should accelerate because of the ever 
pressing demand. It is this demand that has and will continue to drive us to push the 
limits, test new hypotheses, and take new risks [ 1 ]. 
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 In this chapter we will offer an overview of concept and data from available 
current literature by focusing the attention fi rst on liver regeneration and the role 
of liver progenitor cells or adult liver stem cells and to then analyze current status of 
the therapeutic use of extrahepatic stem cells for liver diseases in either preclinical 
or clinical studies.   

2     Liver Regeneration and Liver Progenitor Cells/Adult 
Liver Stem Cells 

 The liver has a remarkable capacity for regeneration [ 36 ]. This capacity is known 
since the ancient Greek myth of Titan Prometheus and his punishment for deceiv-
ing Zeus and protecting mankind. The myth of Prometheus is known to most mem-
bers of the scientifi c community who study hepatic diseases, mainly because 
Prometheus’s liver was the target of torture. The Myth of Prometheus is also known 
and cherished by many, because, according to one version, Prometheus created the 
fi rst man. The ancient poet Hesiod (eighth century BC) [ 37 ] records that Prometheus 
twice tricked the gods. First, he offered mortals the best meat from a slaughtered 
cow and gave the fat and bones to the gods. Then, when an infuriated Zeus pun-
ished man by taking fi re, Prometheus stole it back for mankind. Accordingly, Zeus 
punished Prometheus binding him on the mountain Caucasus. More explicitly, for 
students of the liver, an eagle fed from his liver each day, but the liver regenerated 
overnight [ 38 ,  39 ]. Self-renewal of hepatocytes is the main mechanism responsible 
for liver mass homeostasis and for liver regeneration after acute (moderate) liver 
injury and reduction of liver mass [ 40 ]. However, in conditions of chronic liver 
injury or submassive liver cell loss, such capacity for self-renewal is overwhelmed, 
exhausted, or impaired, leading to liver failure or insuffi ciency. In those conditions, 
hepatic progenitor cells (HPCs), which are dormant and found in periportal 
location in a healthy liver, actively proliferate and yield transit-amplifying cells 
(or oval cells). Since the 1950s, when Opie and Farber described a category of 
small hepatic cells that they called oval cells, emerging from the canal of Hering, 
where bile canaliculi connect with bile ducts, it has become a hackneyed term used 
to defi ne a highly heterogeneous population of cells whose fate is classically bipo-
tent giving rise to both hepatocytes and cholangiocytes at least in vitro and at least 
in rodents [ 41 ]. 

 This reaction is known as ductular reaction in human beings or oval cell prolif-
eration in rodents [ 42 – 44 ]. Although the initiating mechanisms of liver regeneration 
may be similar in rodents and humans, the time course of the process differs among 
species. Nevertheless, in rats and mice, the original liver mass is restored to approxi-
mately 100 % in 7–10 days. In humans, there is a very rapid increase in liver mass 
during the fi rst 7 days after partial liver transplantation, leading to complete restoration 
by 3 months [ 45 ]. 
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2.1    Cellular Mechanisms of Liver Regeneration 

 As already mentioned before, what is unique to the liver is that differentiated hepa-
tocytes constitute the fi rst line of response to injury or resection, while progenitor 
cells function as a reserve compartment. This differs from other tissues, such as 
skeletal muscle, in which differentiated myocytes do not replicate, but regeneration 
after injury can occur through the proliferation of precursor cells (satellite cells) 
[ 46 ] or the heart, in which there is little if any proliferation of differentiated myo-
cytes or immature precursors [ 47 ]. 

 Furthermore in highly proliferating tissues such as the skin and the gut, progeni-
tor cells continuously produce transit-amplifying cells that differentiate and replen-
ish short-lived mature cells [ 48 ,  49 ]. By contrast, the liver has very low levels of cell 
turnover, and it primarily relies on replication of highly differentiated parenchymal 
hepatocytes to regenerate in response to loss of liver mass [ 50 – 52 ]. 

 Physiological turnover of liver parenchyma was originally proposed to follow 
the model of the “streaming liver,” an hypothesis suggesting that young hepatocytes 
are formed in the portal area and then migrate towards the central vein to progres-
sively replace older cells [ 53 ]. Although this concept has received some confi rma-
tion [ 54 ] other data do not support this hypothesis [ 43 ]. Whatever the mechanism or 
model involved, two concepts are widely acknowledged: (1) physiological hepato-
cyte turnover is slow, with a reported average life span of approx. 200–300 days, 
and (2) liver parenchyma turnover mostly depends on proliferation of adult hepato-
cytes and bile duct epithelial cells (BDEC), with a still debated, presumably minor, 
contribution by progenitor or stem cells [ 43 ]. 

 Liver regeneration involves coordinated action of distinct cytokines and growth 
factors, which regulate three temporal stages of hepatocyte proliferation, namely, 
priming, DNA synthesis, and cell division, followed by growth termination. Tumor 
necrosis factor α (TNFα) and interleukin 6 (IL-6) are critical priming factors, which 
facilitate G0 to G1 transition of hepatocytes, rendering them competent to respond 
to growth factors. Mice lacking TNF receptor 1 show delayed liver regeneration, 
which could be reversed by administration of IL-6, whereas IL-6 defi ciency induces 
severe apoptosis because IL-6-induced STAT3 activation is essential for liver regen-
eration. Following priming, growth factors provide mitogenic signals that facilitate 
competent hepatocytes to progress through the cell cycle [ 55 – 57 ]. For example, 
under the standard experimental conditions of 2/3 partial hepatectomy, any hepato-
cyte may undergo one or two rounds of cell division (sustained by HGF, IL-6, TNF, 
TGFα, EGF) within 24–48 h. This is followed by wave of proliferation involving 
other hepatic cell populations called non-parenchymal cells (NPCs). 

 NPCs in the liver include stellate cells/myofi broblasts, which are the main pro-
ducers of collagen; macrophages, which are involved in tissue remodeling and 
fi brosis resolution after extensive damage; endothelial cells, which are able to form 
new vessels; and other leukocytes recruited by local infl ammation. NPCs produce 
cytokines and growth factors, like transforming growth factor β, that infl uence oval 
cells/HPCs and hepatocyte proliferation, but most of the signals they exchange with 
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the oval cell/HPC compartment and their role in regulating oval cell/LPC behavior 
has yet to be fully elucidated. Moreover, studies have demonstrated that in liver 
injury a proportion of myofi broblasts and macrophages are recruited from the BM. 
It has been claimed that oval cells are of BM origin; however, other studies have 
found that oval cells are intrinsic to the liver and not of BM origin [ 58 – 60 ].  

2.2    Liver Progenitor Cells 

 Impairment of the replicative capacity of most remnant hepatocytes induces an 
alternate regenerative process from HPCs. These cells (also called oval cells in 
rodent) are located in the most peripheral branches of the biliary tree (canal of 
Hering). 

 Once activated, HPCs proliferate in the portal region and migrate into the hepatic 
lobule where they undergo further differentiation into hepatocytes or bile duct cells 
to repopulate the hepatic parenchyma (Fig.  1 ). This proliferative response charac-
terized by the appearance of bile duct-like structures in humans is referred to as 
atypical ductular reaction [ 61 ].

   While the term oval cell is widely used to describe liver progenitors, investigators 
do not agree on the phenotype and molecular signature of these cells. The terminal 
bile ductular system (i.e., the canal of Hering) is thought to be the main source of 
oval cells [ 62 ]. 

 The oval cell compartment can probably not be attributed to a single cell type 
[ 63 ]. In order to avoid misunderstandings, the term oval cell activation is used to 
describe the heterogeneous cellular changes accompanying the appearance of 
progenitor cells, whereas the term oval cells refer to the progenitors themselves. 
Oval cells are considered bipotential transit-amplifying cells derived from normally 
quiescent “true stem cells” that reside in the biliary tree [ 62 ]. Proliferating oval cells 
constitute a heterogeneous population justifying the different names used to describe 

  Fig. 1    Immune-histochemistry for cytokeratin 7 (CK-7, used as a marker to identify HPCs and 
cells derived from HPCs) in a human liver specimen obtained from a HCV-related cirrhotic patient. 
Positive stain is found in cholangiocytes and ductular-like structures (either typical or atypical) as 
well as in HPCs at the border of fi brotic septa or hepatocyte-like cells within the pseudo-lobule. 
Original magnifi cation is indicated       
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them: ductular progenitor cells, atypical ductular cells, periductular liver progenitor 
cell, or individual progenies [ 63 ]. 

 We summarize the current complexity of terminology as follows:

    (a)    Hepatic adult stem cells (HASC), normally quiescent and otherwise termed 
“oval” or HPC-precursor cells [ 43 ] that reside in portal areas within the canals 
of Hering, envisaged as the hepatic niche for progenitor cells.   

   (b)    Activation of the HASC compartment (as in ALF or chronic liver injury) leads 
to the appearance of oval cells, described as bipotential transient-amplifying 
cells or as bipotential HPC.   

   (c)    The classic view implies that during activation of the stem/progenitor compart-
ment adult liver bipotential HPC can generate either hepatocytes or BDEC. 
A variant of this model hypothesizes the existence of different steps of maturation, 
with the most mature oval cell being bipotential and able to generate precursors 
of either hepatocytes or cholangiocytes, sometimes referred to as pre- hepatocytes 
or intermediate hepatocyte-like cells [ 58 ].     

 Furthermore oval cell activation can be envisaged as a process involving four 
distinct phases: [ 43 ] (1) activation, the phase in which the stem/precursor cell com-
partment is activated, leading to the emergence of oval cell or HPC, sustained and 
induced to proliferate by growth factors (Oncostatin M or OSM, IL-6, LIF) signal-
ing through the JAK/STAT and other factors (TNF, TWEAK, IFNγ, SCF, COX-2); 
(2) oval cell population is further amplifi ed by several polypeptide growth factors 
(TGFα, TGFβ, HGF, FGF-1, Sonic and Indian Hedgehog); (3) migration of pro-
genitor cells, in response to the chemokine SDF-1 (CXCL12) or factors like uPA 
and tPA of the plasmin activator cascade; and (4) differentiation, the fi nal step leading 
to either hepatocytes or BDEC in response again to LIF, OSM, or Dlk. This scenario 
has been recently implemented by an excellent in vivo study showing that in both 
human diseased liver and mouse models of the ductular reaction Notch and Wnt 
signaling are relevant in directing specifi cation of HPCs via their interactions with 
activated myofi broblasts or macrophages [ 64 ]. In particular, during biliary regen-
eration, expression of Jagged 1 (a Notch ligand) by myofi broblasts promoted Notch 
signaling in HPCs and thus their biliary specifi cation to cholangiocytes. Alternatively, 
during hepatocyte regeneration, macrophage engulfment of hepatocyte debris 
induced Wnt3a expression that resulted in canonical Wnt signaling in nearby HPCs, 
thus maintaining in these cells expression of the factor Numb and then promoting 
their specifi cation towards hepatocyte phenotype. It is suggested that indeed these 
two pathways can regulate and/or promote adult parenchymal regeneration during 
chronic liver injury [ 64 ]. Another very recent experimental study has investigated in 
vivo the capacity of HPC to differentiate into hepatocytes and to contribute to liver 
regeneration. By performing lineage-tracing murine experiments (involving either 
regeneration and/or injury of liver parenchyma) in order to follow the fate of HPC 
and biliary cells, authors were able to show that hepatobiliary precursors do not 
contribute to liver mass homeostasis or to liver regeneration in the healthy liver [ 44 ]. 
By contrast, in conditions of chronic liver injury expanded transit-amplifying cells 
(HPC) were able to give rise to a small proportion of hepatocyte-like cells that were 
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shown to be well differentiated, polarized, and respond to pro-mitogenic stimuli as 
normal hepatocytes. Repopulation effi ciency by HPC and/or biliary cells increased 
when extracellular matrix and laminin deposition were reduced. 

 However, it should be underlined that at present human HPCs have not been used 
in clinical trials. Although they can be differentiated in vitro into hepatocyte-like 
and cholangiocyte-like cells and effectively transplanted and engrafted into immune- 
compromised mice, HPCs exhibit phenotypical instability and in certain cases 
produce tumors in mice. Meanwhile, in vitro expansion of HPCs prior to the 
differentiation or transplantation into mice opens the prospect for development of 
liver stem cell therapy and exploitation of “humanized mouse models” [ 65 ].   

3     Therapeutic Use of Extrahepatic Stem Cells 
in Liver Diseases: Preclinical Studies 

 According to the previous section, one can say that the application in clinical prac-
tice of hepatocyte transplantation as well as the use of hepatocytes in bio-artifi cial 
livers still poses considerable problems, including also the intrinsic diffi culty of 
obtaining human hepatocytes as well as to maintain them viable and into the 
differentiate phenotype when cultured in vitro. These limitations have favored the 
alternative cell therapy approach consisting in the use of stem cells and growth 
factor. Indeed, a growing range of potential applications for therapeutic use of stem 
cells in liver diseases can be envisaged, with many pilot clinical studies already 
undertaken. As properly suggested in a recent editorial [ 66 ], one may identify a 
number of areas in which stem cell therapy could reasonably represent a future 
realistic aim, including the attempt: (a) to improve liver repopulation and reduce 
excess deposition of extracellular matrix and scarring by upregulating hepatic’s 
own regenerative processes; (b) to inhibit immune-mediated liver injury; and (c) to 
obtain hepatocyte-like cells from stem cells and to employ them either for cell trans-
plantation (i.e., to support or replace hepatocyte function) or in extracorporeal 
bio- artifi cial liver apparatus. The fi rst available literature data in this fi eld already 
suggest that a critical issue may be represented by the choice of therapeutic cell to 
be employed that may be tailored to the specifi c type of liver disease. 

3.1     Stem Cells from Bone Marrow (BM-SCs) 
and Other Extrahepatic Sources 

 The rational suggestion to use autologous transplantation of BM-SCs as a putative 
strategy of intervention in liver diseases was initially proposed more than a decade 
ago on the basis of pioneer studies [ 67 – 69 ]. However, positive (although relatively 
modest) features from these initial experimental studies, some based on transplanta-
tion of hematopoietic stem cells and indicating recruitment to the injured liver of 
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these cells and their apparent differentiation into hepatocyte-like cells, were later 
shown to have resulted essentially from fusion between transplanted donor cells and 
resident recipient hepatocytes [ 70 – 72 ]. 

 Having established this relevant point, several laboratories adopted a different 
strategy and reported successful “in vitro” differentiation of extrahepatic multipo-
tent stem cells into hepatocyte-like cells (i.e., cells expressing defi ned hepatocellu-
lar antigens and functional properties). The list of multipotent cells employed for 
this purpose includes (1) so-called multipotent adult progenitor cells [ 73 ,  74 ], a 
unique population, originating from long-term culture of non-hematopoietic adher-
ent cells (i.e., mesenchymal stem cells [MSC)]) from bone marrow, displaying the 
ability to differentiate into multiple lineages [ 75 ]; (2) MSC derived from either bone 
marrow [ 21 ,  76 – 78 ] as well as adipose tissue [ 79 ,  80 ], umbilical blood cord [ 23 , 
 81 ], or even dental pulp [ 82 ]; and (3) multipotent stem cells from amniotic fl uid and 
membranes [ 83 ,  84 ]. 

 Whatever the source of multipotent stem cells, several laboratories reported suc-
cessful “in vitro” differentiation of these extrahepatic cells into hepatocyte-like 
cells, that is, cells expressing defi ned hepatocellular antigens and functional proper-
ties that should include at least the following: (a) phenotypic changes leading to the 
acquisition of a polygonal (i.e., polarized) morphology; (b) expression of specifi c 
proteins like albumin, alpha-fetoprotein (α-FP), and cytokeratin 18 (CK-18); (c) the 
ability to synthetize urea as well as to synthetize and store glycogen; (d) acquisition 
of further antigens and/or functional activities such as expression of isoforms of 
cytochrome P450 and of drug metabolism-related enzymes; and (e) expression/
activity of more selective proteins or enzymes, including glucose-6-phosphatase, 
tyrosine aminotransferase, triptophane-2,3-dioxygenase, hepatic nuclear factor 4, 
and canalicular antigen 9B2, to name just a few [ 58 ]. 

 In most of these studies “in vitro” differentiation was based on a rather common 
scheme of experimental protocol which typically required fi rst a so-defi ned differ-
entiation step followed then by a maturation step. The protocol established for 
human MSCs by Lee and coworkers [ 21 ] may serve as a paradigm. In this study the 
differentiation step was sustained by treatment of MSCs with hepatocyte growth 
factor (HGF), fi broblast growth factor (FGF), and nicotinamide; in the maturation 
cells were exposed to a medium containing oncostatin M (OSM), dexamethasone, 
insulin, transferrin, and selenium.    Once hepatocyte-like cells were obtained, several 
laboratories transplanted in vivo these cells to test their effi ciency in animal models 
of ALF or of CLD and most of these experimental studies have reported that trans-
planted cells can effectively engraft injured liver parenchyma [ 73 ,  84 – 90 ]. However, 
results in terms of repopulation were not numerically impressive, possibly depend-
ing on the specifi c protocol adopted [ 21 ,  73 – 79 ]. Best results were obtained in 
those experiments in which MSC-derived hepatocyte-like cells were transplanted. 
The overall scenario from these preclinical studies can be completed by a number 
of encouraging results reported in experimental protocols designed to prevent liver 
fi brosis [ 85 ,  86 ] or in studies that reported some improvement in parameters related 
to ALF [ 87 – 89 ]. Concerning prevention of liver fi brosis, however, it should be cau-
tionary recalled that at least two studies could not document any signifi cant 
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anti- fi brotic effect following transplantation of either murine MSC or human MSC 
(in NOD-SCID mice) [ 77 ,  90 ]. Moreover, at least three different laboratories have 
provided evidence indicating that BM-SCs engrafting the liver during the course of 
experimental model of chronic liver injury, in particular MSC [ 77 ,  91 ,  92 ] or fi bro-
cytes [ 93 ], have the potential to differentiate into hepatic myofi broblast-like cells 
(MFs). As originally proposed by Forbes and coworkers, these results envisage a 
potential risk for these transplanted cells to contribute to liver fi brogenesis, although 
several authors believe that such a contribution should be considered as minor with 
hepatic stellates and portal fi broblasts being by far the most relevant sources of 
hepatic MFs [ 94 – 96 ].  

3.2    The Use of Induced Pluripotent Stem Cells 

 A more recent approach for producing hepatocyte-like cells has taken advantage of 
induced pluripotent stem cells (iPSCs), one of the most exciting recent discoveries 
in the fi eld of biology.    iPSC cells by defi nition are somatic cells (of either murine or 
human origin) that are engineered (and then reprogrammed) in order to express 
combinations of defi ned transcription factors and to become pluripotent, remark-
ably resembling embryonic stem (ES) cells [ 97 – 100 ]. iPSCs are typically generated 
by retroviral induction of transcription factors such as Oct3/4, Sox2, KLF4, and 
c-Myc, in fi broblasts. Lentivirus and adenovirus induction, induction with other gene 
combinations and virus-free approaches such as using plasmids, small molecules, 
and recombinant proteins have also been reported (reviewed in [ 100 ]). In addition, 
it has been shown that iPSCs can be generated from a variety of cell types such as 
pancreatic cells, meningiocytes, keratinocytes, hematopoietic cells differentiated 
from ESCs, and primary human hepatocytes [ 101 – 103 ]. 

 iPSCs are indeed very promising cells potentially able to overcome controversies 
and ethical concerns associated with the use of human embryonic stem (ES) cells 
and their availability has theoretically opened the way to their use for a number of 
perspectives and applications, including the possibility to use these cells in order to 
(1) design and test patient-customized (i.e., autologous) cell therapy with no need 
for immune suppression; (2) modeling inherited metabolic human diseases and 
investigate in detail pathogenic mechanisms; (3) drug discovery and testing, possi-
bly patient customized. Unfortunately, at present the use of iPSCs for regenerative 
medicine is limited by two major and still unresolved concerns, the oncogenic 
potential of these cells and the so-called epigenetic transcriptional memory of 
somatic cells, that can affect the desired differentiation into the desired specifi c 
lineages [ 99 ,  100 ,  104 ,  105 ]. 

 Whether the use of iPS cells in relation to liver diseases is concerned, different 
laboratories have used protocol similar to those designed for ES cells in order to 
obtain hepatocyte like cells from human [ 106 – 108 ] or murine [ 109 ,  110 ] somatic 
cells. This protocol usually requires from three to four steps with the following 
sequence: (a) endodermal differentiation step following exposure to activin A; 
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(b) hepatic specifi cation step as for exposure to fi broblast growth factor-2 (FGF-2) 
and bone morphogenetic protein-4 (BMP-4); (c) proliferation step elicited by HGF; 
and (d) maturation step by a specifi cally designed hepatocyte culture medium 
(HCM) containing oncostatin M (OSM) [ 111 ]. 

 According to limitations for the use of iPS cells previously described, attempts 
to obtain engraftment and proliferation of hepatocytes-like cells from iPS cells led 
to limited and mostly disappointing results (reviewed in [ 111 ]) with just one appar-
ent exception for a murine study [ 112 ]. In the latter study murine somatic cells were 
reprogrammed to iPSCs and when transplanted in vivo in the experimental model of 
mice carrying fumaryl-acetoacetate hydrolase defi ciency (FAH −/− mice), these iPS 
cells apparently underwent normal ontogenic development into mature hepatocytes 
[ 111 ]. In particular, these murine iPSCs cells were injected into blastocysts of 
FAH −/− mice originating a generation of chimeric mice in which iPSC-derived 
hepatocytes proliferated (even responding to two/third partial hepatectomy) and 
repopulated the liver rescuing the chimeric mice. However, the FAH −/− mice is a 
rather unique and favorable model in the scenario of hepatic regenerative medicine 
and one should emphasize the fact that such a procedure (i.e., to inject iPS cells into 
blastocysts) is rather irrelevant for regenerative medicine if the fi nal goal is to obtain 
safe and adult/mature hepatocyte-like cells to transplant under postnatal settings. 

 Literature indeed suggests that iPSC lines can be generated from patients suffering 
from specifi c diseases, providing a unique source for study and disease modeling. 
Along these lines, iPSC generation has been reported from individuals affected by 
several diseases, including neurodegenerative diseases, juvenile diabetes mellitus, 
muscular dystrophy, hematological diseases, Down syndrome, as well as ischemic 
heart failure [ 112 ]. In another recent study, human hepatocyte-like cells derived 
from iPSCs (obtained by reprogramming dermal fi broblasts) have been obtained 
from patients affected by inherited metabolic disorders like α1-antitrypsin defi -
ciency (AAT), glycogen storage disease type 1a defi ciency (GSD1), hereditary tyro-
sinemia type 1, Crigler–Najjar syndrome, and familial hypercholesterolemia (FH) 
[ 113 ]. Authors were able to generate a library of patient-specifi c human iPS cells 
to be then differentiated into hepatocyte-like cells and then characterized iPS cell-
derived hepatocytes from patients affected by AAT, GSD1, and FH. Of interest, 
hepatocyte-like cells obtained in this way exhibited all phenotypic abnormalities of 
primary hepatocytes from patients carrying these diseases and, as also suggested by 
other researchers in a different study, potentially used in order to investigate disease 
pathogenesis and to test drugs in a patient-customized manner [ 114 ]. 

 An even more interesting approach, with a potential future application in the 
fi eld of ALF, is the one recently published in a study in which iPSCs as well as 
ESCs have been injected into hollow fi ber (HF)/organoid culture in order to form 
organoid in the lumen of HF [ 115 ]. This study reported that the exposure of iPSCs 
and ESCs to agents able to promote differentiation resulted in upregulation of 
differentiation- related genes and a very effi cient cell proliferation and organoid 
formation inside HFs characterized by a high cell density and promising results in 
terms of gain of liver-specifi c functions. This may represent a critical report implying 
the use of these cells as source for obtaining a hybrid-type artifi cial liver (HAL).   
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4     Therapeutic Use of Extrahepatic Stem 
Cells in Liver Diseases: Clinical Studies 

 There is an increasing range of potential applications of stem cells in liver diseases, 
with many clinical studies already undertaken. Whilst there have been advances in 
our understanding of the role of stem cells in liver damage and repair as well as 
encouraging results using stem cells as cell therapy in preclinical animal models, the 
precise mode of action and optimal cell usage has not been completely defi ned. 

 Cell therapy can be defi ned as “the use of living cells to restore, maintain, or 
enhance tissue and organ function” [ 116 ] and has several potential advantages when 
compared to OLT, since transplantable cells can be (a) expanded in vitro and cryo-
preserved, thus abolishing the limit of organ shortage; (b) genetically manipulated, 
to correct inborn errors of metabolism; c) cryopreserved for future use and infused 
without major surgery; and (d) obtained from the same patient, avoiding risk of 
rejection and need for lifelong immune-suppression [ 117 ]. 

 Ideally, allogenic hepatocytes, ex vivo derived hepatocytes, or cells capable of 
hepatocyte differentiation could be administered directly and repopulate the failing 
liver. Allogenic hepatocyte transplantation has been explored as an alternative to 
OLT in ALF and metabolic liver diseases. However, diffi culties in harvesting and 
storing suffi cient quantities of hepatocytes and signifi cant cell loss following trans-
plantation have so far limited the potential of this therapy [ 118 ]. 

 Given the right environment and stimuli, stem cells and certain progenitor cells 
can differentiate into hepatocytes. Stem cells are undifferentiated cells capable of 
proliferation, self-maintenance, and differentiation into functional progeny with 
fl exibility or plasticity in these options [ 119 ]. Embryonic stem cells (ESCs) have 
pluripotency and unlimited capacity for self-renewal. In contrast, adult stem cells 
have a restricted differentiation capability and because of this they may be more 
correctly called progenitor cells. Despite the apparently limited differentiation 
capability of progenitor cells, given appropriate stimuli, progenitor cells can trans- 
differentiate into other cell lines. The ideal cell source to support hepatic regenera-
tion must be reliably identifi able, be able to generate hepatocytes effi ciently, evade 
the immune defenses, and behave predictably with a high safety profi le. 

 Successful cell therapy depends on the innate clonogenicity of the administered 
cells or on the favorable condition in which transplanted cells have a selective growth 
advantage over the indigenous population. In the diseased human liver there may not 
be the substantial selective growth advantage for transplanted cells that pertains in 
many rodent models where it is possible to enrich for cells that continue to expand in 
the recipient liver in the absence of a major growth stimulus. Such cells might simply 
be fetal cells or a subpopulation of antigenically distinct adult cells [ 120 ]. 

 Of the clinical studies published, the overwhelming data suggest that stem cell 
therapy is safe [ 121 ], although there are possible concerns regarding the route of 
delivery of cell therapy. Whilst no studies report superior outcomes when cells are 
directly injected into the liver (portal vein or hepatic artery), there have been com-
plications such as hepatic artery dissection [ 122 ] and increased portal hypertensive 
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bleeding [ 123 ] following this approach. Furthermore, the intravenous administration 
of autologous BM mononuclear cells resulted in hepatic homing of the injected 
cells suggesting this easier, safer route may be an adequate option for cell delivery 
[ 124 ,  125 ]. Assuming that delivery to the liver is important for stem cell infusions 
to exert their optimal effect, then developing a better understanding of the mecha-
nisms regulating their hepatic ingress may allow for further improvements to treat-
ment protocols. Whilst patients with a wide range of disease severity have been 
included in clinical trials, the priority remains to irrefutably confi rm the effi cacy 
of cell/stem cell therapy. In this regard, choosing patients in which the benefi t may 
be most reliably determined and of greatest value is important. Patients verging on 
the cusp of requiring a liver transplant (e.g., with MELD score approaching/just 
below 15) are good candidates as even a small percentage improvement in liver 
function may be suffi cient to signifi cantly delay or indeed remove altogether the 
need for liver transplant.     
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    Abstract     Type 1 diabetes is an autoimmune disease where self-reactive T cells attack 
and destroy insulin-producing beta cells. The prevalence of type 1 diabetes is increasing 
worldwide, but therapeutic options to cure diabetes are presently restricted to transplanta-
tion of cadaveric insulin-producing (islet) cells. One of the limitations to success of islet 
transplantation therapy is the lack of donor pancreatic islets. An alternative is to generate 
insulin-producing (β-like) cells in the laboratory. Various sources of stem/progenitor cells, 
such as those from the umbilical cord blood, bone marrow, as well as embryonic stem (ES) 
cells/induced pluripotent stem (iPS) cells, have been tested for their potential to differenti-
ate into an endocrine pancreatic lineage. These studies have confi rmed that it is very dif-
fi cult to generate a cell type that is able to produce physiologically signifi cant amounts 
of insulin and secrete it in response to glucose, in a manner similar to that demonstrated 
by pancreatic beta cells. This chapter reviews the differentiation and commitment of adult 
pancreatic progenitor/stem cells to endocrine pancreatic lineage and discusses the practical 
diffi culties towards using these for treatment of diabetes in humans.  
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  Abbreviations 

   EMT    Epithelial-to-mesenchymal transition   
  ES    Embryonic stem   
  Glp1R    Glucagon-like peptide 1 receptor   
  hIPCs    Human islet-derived progenitor cells   
  hUCB    Human umbilical cord blood   
  iPS    Induced pluripotent stem   
  PDX1    Pancreas-duodenal homeobox gene 1
ICAs Islet-like Cell Aggregates   

1           Introduction 

 The prevalence of type 1 diabetes is increasing worldwide, estimated to rise from 135 
million in 1995 to 300 million in 2025 [ 1 – 3 ]. Recent estimates indicate that 6–27 % of 
the deaths in the world between 35- and 64-year-old individuals are attributable to dia-
betes [ 2 ]. Type 1 diabetes is characterized by loss of insulin- producing beta cells. The 
present therapy involves daily administration of insulin, which does not mimic regula-
tion of glucose in real time. Transplantation of cadaveric human islets has been demon-
strated as a successful therapy in treatment of diabetes [ 4 – 6 ]. However, increasing lack 
of donor islets and low effi ciency of isolating islets from cadaveric pancreas limit this 
therapy from being available to millions of diabetic individuals worldwide [ 7 ,  8 ]. An 
alternative to using cadaveric islets is to produce β cells in the laboratory. Being able to 
create β cells is one of the “holy grails” of diabetes research. Until now, several labora-
tories have demonstrated generation of insulin-producing cells in the lab [ 9 – 25 ]. Some 
of these (and several not cited here due to space limitations) have tested the potential of 
non-pancreatic cells, such as those from the umbilical cord, cord blood mononuclear 
cells, bone marrow- derived mesenchymal cells as well as embryonic stem (ES) cells/
induced pluripotent stem (iPS) cells, to differentiate into an endocrine pancreatic lin-
eage. However, the effi ciency of insulin expression that is generally achieved by using 
such cells is very low. Therefore, although understanding the differentiation and com-
mitment of such stem cells to endocrine pancreatic lineage is scientifi cally intriguing, it 
would be practically diffi cult to use these for treatment of diabetes in humans.  

2     Epigenetic Regulation of Lineage Commitment 

 Majority of the cells in our body undergo a process during embryonic (and/or postna-
tal) development, which leads to their differentiation to a specifi c cellular lineage. At 
the molecular level, this process is now known to involve multiple histone 
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modifi cations as well as DNA methylation. Histones are positively charged (basic) 
proteins around which mammalian DNA is wrapped so as to package this 2 m long 
DNA into a space (nucleus) that is generally smaller than 4 μm in diameter. Localized 
addition of a negative charge to histone tails (for example by acetylation of histones) 
results in looping out of the DNA in that region, thereby allowing for easier accessibil-
ity to gene transcription. Some methylation signatures (discussed below) can deliver 
such a localized positive or negative charge on the histones, thereby modulating the 
DNA–histone interactions and ultimately infl uencing the accessibility of DNA to 
transcriptional machinery. DNA methylation involves the methylation of only those 
cytosine residues that precede a guanine [ 26 ]. These CG dinucleotides are seen to be 
present mostly around gene promoters and may undergo covalent modifi cations 
wherein hydrogen H5 of the Cytosine is replaced by a methyl group. It is estimated 
that in mammalian genome, 60–90 % of CpGs are methylated [ 27 ]. DNA methylation 
regulates binding of transcription factors/proteins to target sites on DNA, thereby 
infl uencing gene expression and also chromatin organization [ 28 ,  29 ]. The regulation 
of these molecular events leads to generation of a specifi c spatial/physical structure 
that is inherited through cellular divisions/proliferation and successive generations of 
these cells. Such modifi cations are collectively referred to as “epigenetic” changes 
and are central to lineage commitment in development of the cellular phenotype. 

 During the past decade, we [ 13 ,  30 – 34 ] and others [ 35 – 38 ] proposed that 
mesenchymal- like stem cells derived by epithelial-to-mesenchymal transition (EMT) 
of human pancreatic islets are the most effi cient stem cells for differentiation to endo-
crine pancreatic lineage since they retain the epigenetic memory that defi nes an active 
insulin promoter region [ 33 ,  36 ]. These studies also conclusively demonstrated by 
lineage-tracing analysis [ 12 ,  31 ,  33 ,  35 ,  36 ] that human pancreatic beta cells prolifer-
ate in vitro to generate a population of lineage-committed human islet- derived pro-
genitor cells (hIPCs). Until now, several progenitor cell types have been proposed to 
be useful for replacement therapy in diabetes (few outlined in Fig.  1a ). It was demon-
strated [ 39 – 43 ] that forced expression of “reprogramming factors” (also known as the 
“Yamanaka factors”) allowed for conversion of fi broblasts or somatic cells to an 
embryonic stem cell-like state (Fig.  1a ). These cells, referred to as induced pluripotent 
stem (iPS) cells are popular since they can be derived from adult somatic cells, includ-
ing those from diabetic patients [ 25 ,  44 ], and could be potentially used for autologous 
transplantation in diabetes,  if effi cient differentiation is achieved . Another study [ 24 , 
 45 ] also demonstrated that forced expression of pancreatic transcription factors (Pdx1, 
Ngn3, and MafA) induced insulin expression in exocrine pancreatic (acinar) cells 
(Fig.  1a ). We and others have also demonstrated [ 32 ,  33 ,  35 ,  46 ] the role of several 
regulators (Fig.  1a ) in generation of islet-derived progenitors (via EMT) and their 
conversion to insulin-producing cells (via reverse EMT or MET). We believe that it is 
presently diffi cult to achieve effi cient differentiation of iPS or exocrine pancreatic 
cells to insulin-producing lineage unless accompanied by genetic manipulation. This 
is a big limitation that needs to be overcome by newer effi cient technologies using, 
say, small regulatory molecules, which could achieve generation of such cell types 
without genetic manipulation. The ability to effi ciently transcribe insulin gene depends 
on several factors that limit accessibility of transcriptional machinery to the insulin 
promoter region. Some of these regulatory factors are the enzymes that directly 
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infl uence the open or compact structure of chromatin (Fig.  1b ). An open chromatin 
conformation would allow the transcriptional machinery to “sit” or physically occupy 
a binding site upstream of the insulin promoter region and “read” through the entire 
gene (Fig.  1c ). The open or compact conformations of chromatin are regulated during 
embryonic development, when cells commit to specifi c lineages.    Recruitment of spe-
cifi c enzymes (Fig.  1d ) that methylate or acetylate histones is one of the regulatory 
events that decide the accessibility of gene promoters and, therefore, the effi ciency of 
gene expression.

   Stem/progenitor cells (discussed above) are thought to be alternative cells for 
replacement therapy in diabetes. Although studies on ES cells have shown to mimic 
pancreas development in vitro, thereby leading to differentiation into insulin- 
producing cells [ 47 – 49 ], several issues related to safety as well as effi ciency of the 
protocol with other ES/iPS cells need to be addressed before thinking of their role for 
cell therapy in treatment of human diabetes. Other important sources of progenitors 
are mesenchymal stem cells derived from various adult tissues such as the bone mar-
row. Several different strategies have been used to induce differentiation of these pro-
genitors into beta-like insulin-producing cells. Apart from these, transdifferentiation 
of liver cells or acinar cells or alpha cells into beta cells is also considered as an 
important source of obtaining insulin-producing cells. These cells have been used 
based on their ontogenic relation to beta cells; all being derived from developing 
endoderm. Most of these differentiated cells were also able to reverse experimental 
diabetes in rodent animal models. However, the amount of insulin produced by them 
is far less than that seen in adult human islet β cells. As of now, the best replacement 
for human pancreas are the pancreatic islet cells themselves, which is unequivocally 
proved through several transplantations using isolated islets from cadaveric human 

  Fig. 1    Epigenetic regulation of cellular plasticity. It has been demonstrated that forced expression 
of master regulatory genes (shown in  a ) can induce the potency of fi broblasts or other cell types. 
Conversion of islets to hIPCs is now a well-known mechanism for generation of lineage- committed 
pancreatic stem cells. Chromatin conformation ( b ) decides for the accessibility of transcriptional 
machinery to physically bind the gene promoter ( c ) and read through (transcribe) the gene of interest. 
A number of different histone-modifying enzymes are known to play an important role in achieving 
an open or compact chromatin structure       
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donors [ 50 ,  51 ]. However, their availability and yield remain to be some of the major 
constraints. In order to overcome this problem, attempts were made to expand/grow β 
cells in vitro. Pancreatic β cells have a fairly long life (predicted at least ~4 months) 
and they do not proliferate rapidly in vivo. Although there are observations supporting 
in vivo proliferation of β cells [ 52 – 54 ], in vitro proliferation of β cells is diffi cult to 
achieve unless allowing for their dedifferentiation. We demonstrated earlier [ 13 ,  30 , 
 33 ,  34 ] that pancreatic β cells rapidly lose their identity in culture and dedifferentiate 
into mesenchymal-like cells through a process identifi ed as epithelial-to-mesenchy-
mal transition (EMT). However, there has been a debate regarding EMT of human β 
cells in cultures [ 31 ]. Reports from mouse pancreatic islets show that mouse beta cells 
may not proliferate as mesenchymal progenitors in cultures. However, in the last few 
years, we and others have independently demonstrated that human pancreatic β cells 
proliferate in vitro and also undergo EMT to generate proliferative population of mes-
enchymal progenitor cells. We believe that human islet-derived progenitor cells 
(hIPCs) are better islet cell progenitors than other embryonic stem/pluripotent cells, as 
they are derived from cells that know (epigenetic memory) how to produce insulin. 
Such hIPCs retain an active chromatin conformation at the insulin promoter region 
[ 33 ,  55 ] even after thousand fold expansion in vitro. As hIPCs have epigenetic mem-
ory of producing insulin, they can be differentiated into insulin-producing cells in 
vitro with better effi ciency as compared to other progenitor cells that have either a 
globally open chromatin conformation (such as embryonic stem cells) or inactive 
chromatin conformation at insulin promoter region (such as skin cells). Embryonic 
stem cells are said to have a “ground state” chromatin conformation where most of the 
chromatin is transcriptionally active. Such an open chromatin is accessible to various 
external signals and transcription factors that eventually direct the differentiation of 
these embryonic stem cells and their progenies. Embryonic stem cells therefore 
require passing through several stages involving a delicate balance of different tran-
scription factors and signaling molecules before differentiating into insulin- producing 
cells. It is therefore proposed that pancreatic islet-derived progenitors need fewer 
steps to commit again to insulin-producing cells [ 56 ].  

3     Cell Replacement Therapy in Diabetes 

 Diabetes affects ~300 million individuals globally and is a major health concern 
worldwide. Type 1 diabetes is characterized by hyperglycemia due to loss of func-
tional beta cell mass, while type 2 diabetes is characterized by insulin resistance and 
ultimately may involve exogenous insulin administration. Although daily insulin 
injections can regulate blood glucose concentrations, the long-term complications 
of diabetes, affecting other body organs, are unavoidable. Islet transplantation under 
immunosuppressive regimen has been shown to be successful for up to 5 years post-
transplantation and is presently used as a cell-based therapy for diabetes [ 8 ,  57 ]. 
However scarcity of available pancreas and low yields of isolated islets make it 
necessary to look for alternate sources of insulin-producing cells. 
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 Stem cells from both adult and embryonic sources offer a promising resource to 
generate a wide range of tissue types for the treatment of a variety of degenerative 
and autoimmune diseases, such as Parkinson’s disease, spinal cord injuries, myo-
cardial infarction, and diabetes [ 58 – 65 ]. However, as discussed above, there is now 
increasing evidence and rationale to believe that adult stem cells hold greater promise 
for cell replacement therapy in diabetes.  

4     Adult Stem Cells 

 A stem cell is an undifferentiated cell that can be distinguished by its ability to 
proliferate through asymmetric cell division; a process wherein one of the daughter 
cells commits to a specialized lineage while the other continues as an undifferenti-
ated stem cell retaining the capacity to undergo multilineage differentiation [ 66 ]. 
This unique property of asymmetric division makes stem cells a potential key thera-
peutic source for restoring cells and tissues and to treat a wide range of diseases, 
including diabetes [ 60 ,  67 ]. Although asymmetric division is believed to be a prop-
erty of embryonic stem cells, it is now well agreed that even adult stem cells show 
asymmetric division to produce a differentiated cell type while retaining their own 
stem cell population. Adult stem cell research is becoming increasingly popular as 
it does not raise the common controversies that embryonic stem cells do. Adult 
stem cells can be obtained from different tissues, including the umbilical cord, 
bone marrow, adipose tissue, and pancreatic cells. This chapter describes the stem 
cells derived from these different adult tissues and discusses their potential as a 
source for cell replacement therapy in diabetes.  

5     Human Umbilical Cord Blood-Derived 
Mesenchymal Stem Cells  

 We demonstrated that mesenchymal-like cells obtained from umbilical cord blood 
are lineage-committed pancreatic progenitor cells [ 17 ]. We fi nd that human umbili-
cal cord blood (hUCB)-derived mesenchymal cells naturally express two important 
pancreas-specifi c gene transcripts: pancreas-duodenal homeobox gene 1 (PDX1) 
and glucagon-like peptide 1 receptor (Glp1R) [ 17 ]. Pdx1 is a homeodomain tran-
scription factor expressed by cells lining the primitive gut tube, which eventually 
give rise to the pancreas [ 68 ]. Presence of PDX1 in the nucleus of hUCB-derived 
mesenchymal cells indicates that pdx1 is transcribed, translated, phosphorylated, and 
translocated to the nucleus of these cells. Although PDX1 is critical for pancreas 
development, it is also known to be necessary for effi cient insulin gene transcription 
[ 69 ]. Glp1R is an important cell surface receptor that controls expression of pdx1 dur-
ing early development and also controls the beta-cell function in adult life [ 70 ]. 
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Expression of pdx1 along with glp1r is shown to promote growth and differentiation 
during embryonic development as well as improved glucose homeostasis [ 71 ]. The 
expression of pancreas-specifi c genes by hUCB-derived mesenchymal cells is 
indeed intriguing. The potential of hUCB-derived mesenchymal cells to differenti-
ate into endocrine pancreatic lineage is therefore very high. However, one of the 
limiting factors that we observe is the number of such cells obtained from human 
umbilical cord blood. When we attempted to grow these hUCB-derived mesenchy-
mal cells in vitro, pancreas-specifi c transcription factors decreased in abundance 
indicating that endocrine pancreatic progenitors either die and/or get diluted out or 
change/dedifferentiate further, as these cell populations proliferate in vitro. A few 
studies have shown the potential of MNCs to differentiate in NOD/SCID β-2 micro-
globulin null  mice following intravenous infusion [ 72 ] and exhibit improvement in 
prediabetic status in experimental animals [ 73 ,  74 ]. Their role in alleviation of dia-
betic symptoms is attributed to the high T(reg) cell population present within MNCs 
[ 75 ]. In order to test their potential to cure diabetes, hUCB-derived mesenchymal 
cells were transplanted under the kidney capsule of NOD/SCID mice or encapsu-
lated in a commercially available immunoisolatory device (Theracyte™) and 
implanted subcutaneously in immunocompetent (FVB/Nj) mice [ 17 ]. Here, 50 % of 
the pancreas was removed following partial pancreatectomy to develop transient 
diabetes in a group of transplant recipients. Partial pancreatectomy is a well-estab-
lished model [ 76 ,  77 ] to study regenerative biology of the pancreas, even in diabetic 
mice. Mice were sacrifi ced at predefi ned time intervals and animal sera and trans-
plant grafts were collected. Quantitative estimation of insulin transcripts and serum 
insulin concentration data suggests that hUCB-derived mesenchymal cell grafts 
synthesize, process, and secrete insulin. Interestingly, the (pro-) insulin transcript 
abundance in grafts and mature human insulin in circulation were found tenfold and 
fi vefold more, respectively, in the pancreatectomized group as compared to the 
sham-operated mice. These data indicate that mononuclear cells do have potential 
to differentiate to insulin-producing cells upon transplantation in immune-compro-
mised as well as immune-competent mice. Furthermore, factors secreted during 
pancreatic regeneration may help in achieving better differentiation/maturation of 
transplanted hUCB-MNCs into insulin-producing cells. Identifi cation of such 
molecular regulators will allow us to devise protocols for effi cient differentiation of 
these pancreatic progenitor cells in vitro. 

 Identifi cation of potential pancreatic progenitors is becoming increasingly 
important to generate more “transplant friendly” source of cells for replacement 
therapy in diabetes. The discovery of endocrine pancreas-specifi c transcription 
factors and cell surface markers in hUCB-derived mesenchymal cells is very excit-
ing. Although we remain unaware of the exact molecular mechanisms that are 
turned on during the development of blood cells, it is important to learn their devel-
opmental biology, so as to identify and develop approaches to expand these in culture, 
and optimize suitable differentiation protocols that would make further use of stored 
umbilical cord blood samples for treatment of diabetes.  
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6     Bone Marrow-Derived Stem Cells 

 The bone marrow is one of the most common primitive progenitor/mesenchymal 
cell type derived for treating a wide range of diseases [ 67 ,  78 – 83 ]. The bone marrow 
contains a number of distinct stem cells such as hematopoietic stem cells, mesen-
chymal stems cells, endothelial progenitor cells, and fi brocytes [ 84 ,  85 ]. 
Mesenchymal stem cells (MSCs) are a class of adult progenitor cells capable of 
differentiation to multiple lineages. They can be isolated from many tissues, with 
the bone marrow being the most common site for isolation of MSCs [ 86 ]. In order 
to isolate MSCs, needle aspirates are obtained through a relatively painful proce-
dure from the bone marrow and then mononucleated cells are isolated and grown 
prior to using these in any differentiation procedures. Although such MSCs can be 
made available in large numbers, several studies presented until now have failed to 
achieve effi cient differentiation of bone marrow-derived MSCs to insulin-producing 
beta cells. Some studies have failed to achieve any differentiation of bone marrow 
cells to express insulin [ 87 ,  88 ]. A study by Lechner et al. [ 88 ] did not fi nd bone 
marrow-derived cells to contribute to regeneration of pancreatic endocrine cells. 
A study by Choi et al. [ 87 ], which applied GFP-tagged bone marrow cells into irra-
diated mice with also the addition of low-dose streptozotocin (STZ), a beta-cell 
toxin, indicated that these cells cannot endure any insulin expression even with low 
exposure to STZ. Further clarifi cation would require understanding the potential of 
bone marrow stem cells to be a source in contributing to or for differentiating into 
functional insulin-producing cells. 

 It is generally observed that human bone marrow-derived mesenchymal cells 
(hBMCs) isolated from fetal, young adult, or elder donors show homogenous 
expression of mesenchymal markers and also exhibit plasticity when induced to 
differentiate into hematopoietic, adipogenic, chondrogenic, osteogenic, or neural 
lineage [ 18 ]. However, these studies also indicate that hBMCs from fetal and young 
adult donors could be expanded over billion fold in vitro whereas those from elder 
donors were diffi cult to expand beyond 2,000-fold. These observations suggest that 
human bone marrow cells may offer best expansion potential (unlike cord blood- 
derived mesenchymal cells), when isolated from younger donors. It has been 
 demonstrated that hBMCs play a role in organ-specifi c repair and regeneration [ 89 ]. 
We fi nd that hBMCs, during initial phase of expansion, express islet-specifi c tran-
scription factors such as Hlxb9, Nkx6.1, Pax6, Isl1, Brn-4 (Pou3F4), as well as Gcg 
along with Gata4 and Gata6. Our in vitro differentiation studies reveal that hBMCs 
transition into epithelial lineage following induction of differentiation. NeuroD was 
not detected in the differentiated cells in vitro possibly due to the histone deacety-
lases 1 and 3 [ 90 ] expression in the hBMC-derived islet-like cell aggregates/ICAs 
[ 18 ]. Although we were able to achieve increased abundance of pancreas-specifi c 
transcription factors (ngn3, brn4, nkx6.1, pax6, and isl1) as well as endocrine pan-
creatic (pro-) hormone transcripts (gcg and sst) were observed, pro-insulin tran-
script expression was not seen indicating the ineffi ciency of this protocol to induce 

W. Wong et al.



347

differentiation into mature insulin-producing cells. We recently reported that 
hBMCs derived from chronic diabetic patients expressed C-peptide and insulin 
[ 91 ]. Insulin expression, albeit at very low levels, suggests the potential of hBMCs 
to differentiate into endocrine pancreatic lineage. Our studies suggest that paracrine 
factors and the in vivo niche may actually be critical in promoting the differentiation 
of hBMCs in vivo. We therefore transplanted lineage-committed hBMCs (hBMCs 
that have undergone mesenchymal–epithelial transition) under the kidney capsule 
of NOD/SCID mice that were pancreatectomized (as discussed earlier in hUCB- 
derived cells). Signifi cant increases in pro-insulin transcripts were seen in trans-
planted hBMCs [ 18 ] as compared to in vitro differentiated hBMCs [ 92 ]. Ai et al. 
[ 93 ] demonstrated that human fetal BMCs successfully mature into insulin- secreting 
islet-like clusters in fetal pancreatic microenvironment. Transfection of three genes, 
Pdx-1, NeuroD1, and Ngn3 in hBMCs followed by in vitro differentiation, created 
cells that were less glucose responsive in vitro but then became more effi cient after 
transplantation [ 94 ]. Since transplantation of ICAs in pancreatectomized mice 
model signifi cantly enhanced the expression of the pancreatic hormones, it is specu-
lated that certain key factors from the pancreatic niche are essential for maturation 
of hBMC-derived ICAs. Studies carried out in our laboratory demonstrate that in 
vitro expanded hBMCs show signifi cantly higher H3K9-me2 and H3K27-me2 
(inactive marks/compact chromatin) at the insulin promoter region, as compared to 
human pancreatic islet cells [ 18 ]. As discussed earlier (Fig.  1 ), acetylation or 
deacetylation of histone terminal domains is known to regulate gene expression. 
We therefore hypothesized that paracrine factors secreted from regenerating pan-
creas may target localized acetylation and/or methylation at insulin promoter region. 
To test this, we modifi ed our in vitro differentiation protocol so as to assess the 
potential of HDAC inhibitors and DNA methyl transferase inhibitors. hBMCs were 
grown in cell culture media containing DNA methylation inhibitor (5-aza-2′-
deoxycytidine) along with a histone deacetylase (HDAC) inhibitor (Trichostatin A), 
prior to inducing differentiation using our conventional protocol [ 18 ]. We observe 
signifi cant increase in the levels of all endocrine gene transcripts [ 18 ] including 
Pdx1 and glucokinase in these clusters. These data demonstrate that DNMTase and 
HDAC inhibitors can signifi cantly enhance in vitro differentiation of hBMCs [ 18 ]. 
Recently Haumaitre et al. [ 95 ] demonstrated that exposure of murine embryonic 
pancreas to trichostatin A and sodium butyrate enhanced the pool of β cells within 
the embryonic pancreas. It appears that the in vivo niche possibly works through 
induction of chromatin modulators by recruiting specifi c methyl transferases and/or 
demethylases, so as to bring about changes in gene expression. In summary, hBMCs 
represent a class of pancreatic progenitors that express mesenchymal gene tran-
scripts as well as key pancreatic transcription factors that are known to be necessary 
for normal development of endocrine pancreas. The use of a xeno protein-free 
media in our protocol [ 18 ,  91 ,  96 ] further helps in optimization of expansion proto-
cols for human bone marrow-derived mesenchymal stem cells. Further studies will 
help in optimizing methods for effi cient differentiation of hBMCs to endocrine pan-
creatic lineage for replacement therapy in diabetes.  

Lineage-Committed Pancreatic Progenitors and Stem Cells



348

7     Hepatic and Biliary Stem Cells 

 The liver is the central organ for homeostasis, responsible for balancing multiple 
metabolisms such as for carbohydrate, lipid, and glycogen storage [ 97 ]. Liver stem 
cells have the capacity to trans-differentiate into functional endocrine cells such as 
insulin-secreting cells [ 98 – 103 ]. Forced expression of pdx1 (the key regulator of 
pancreatic development) in liver cells has been identifi ed to be suffi cient for inducing 
insulin expression in liver cells [ 15 ,  22 ,  99 ,  100 ]. However, no small molecules or 
other non-genetic manipulation methodologies have been identifi ed as yet to mimic 
this effect. Genetic manipulation of cells is a major concern in cellular therapies for 
human trials and therefore more and more emphasis is now given to developing our 
understanding about small regulatory molecules and other naturally occurring insu-
lin-producing cells. One of the most interesting fi ndings from our group and others 
in the past decade was the identifi cation of insulin-producing cells in the biliary duct 
and the gallbladder [ 19 ,  104 – 108 ]. Human gallbladder/biliary duct epithelial cells 
express islet-specifi c hormones and transcription factors, albeit at very low levels, in 
their natural state [ 104 ]. We observe that human gallbladder or biliary duct epithe-
lial cells contain insulin-producing cells [ 19 ,  104 ] and proliferate in vitro when 
exposed to growth-promoting medium. In fact, the proliferating population of cells 
originates from the native insulin expressing cells in the gallbladder epithelium 
(unpublished data and personal communications). Since human gallbladder epithe-
lial cells produce insulin and other pancreatic hormones in their normal state, it is 
becoming increasingly interesting to use these cells for generation of pancreatic 
progenitors. These cells have at least two major advantages: fi rst, there are a large 
number of human gallbladders available from cholecystectomies (surgical removal 
of gallbladders), thereby making it easier to have these available in plenty, and sec-
ond, they do not need any genetic manipulation for insulin production. However, 
the major limitation is that the level of insulin produced by these cells is very low 
as compared to adult human islets. Nonetheless, these are at par with (or better than) 
the level of insulin reported in most differentiated stem cells. Further studies are 
therefore needed to understand the molecular mechanisms that allow for enhancing 
the expression of insulin in human gallbladder epithelial cells. Identifi cation of such 
regulatory mechanisms will aid in development of endocrine pancreatic lineage-
committed cells for treatment of diabetes.  

8     Human Pancreatic Stem Cells 

 Pancreatic stem cells have been extensively studied for their potential to regenerate 
islet cells [ 84 ,  109 – 114 ]. Pancreatic islets, ducts, and acinar cells are believed to 
harbor stem cells that have the potential to differentiate into insulin-producing cells. 
The potency of these cells (uni-, multi-, or pluripotency) is a matter of debate. 
With the recent progress in generation of iPS cells, it would be possible to convert 
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these into pluripotent cells with the possibility of retaining their epigenetic state [ 115 ]. 
These fi ndings demonstrated that the differentiation potential of iPS cells may 
depend on their origin and iPS cells derived from pancreatic beta cells would have 
several signifi cant advantages over conventional pluripotent cells. 

 Pancreatic “stem cells” have been isolated and expanded from adult human pancre-
atic ducts and induced to differentiate into insulin-producing cells [ 10 ,  34 ,  116 – 118 ]. 
Studies carried out in mice with experimentally induced diabetes (using STZ) sug-
gest that mouse pancreatic duct precursor cells retain the capacity to regenerate the 
entire pancreas following surgical resection and give rise to functional insulin- 
producing cells in vivo [ 76 ,  119 ,  120 ]. Although these studies carried out in the 
intact animal as well as studies carried out in vitro [ 121 ] indicate that pancreatic 
duct cells are capable of differentiation to endocrine pancreatic lineage, even in the 
diabetic condition, these studies lack the lineage studies that could confi rm the role 
of pancreatic duct cells in restoration of beta-cell mass in diabetic mice, following 
pancreatectomy. 

 As discussed earlier (Fig.  1a ), the exocrine pancreas is one of the most interest-
ing sites to look for pancreatic stem cells. The exocrine pancreas is a bag full of 
enzymes and the islets (interestingly located within the pancreas) face risk of being 
autolyzed following exposure to the cocktail of digestive enzymes produced by the 
exocrine pancreas. However, studies presented and discussed above (Fig.  1a ) dem-
onstrate that although these exocrine cells are functionally very diverse to the endo-
crine pancreas, forced expression of a combination of pancreas-specifi c transcription 
factors (such as Pdx1, MafA, and Ngn3) can lead to induction of insulin expression 
in these cells. A model of effi cient insulin gene expression is presented in Fig.  2 . 
As shown here, Pdx1 and MafA—the two most important transcription factors 
essential for effi cient production of insulin—are localized to chromosomes other 
than those containing the insulin gene. It is believed that the epigenetic state of 
pancreatic beta cells allows for the chromatin to be in a physical conformation that 
allows for these (and/or other) transcription factors to loop in to a single transcrip-
tion factory (dotted arrow to the left in Fig.  2 ), so as to enhance insulin gene tran-
scription. Since ES cells or other pluripotent cells may lack this physical 
conformation, these cell types would be mostly able to synthesize very low levels of 
insulin. An endocrine pancreatic lineage-committed cell would be one that is gener-
ated from insulin- producing cells, such as the gallbladder epithelial cells, or ideally, 
from human pancreatic islet beta cells.

   Human islet-derived progenitor cells (hIPCs) have been widely discussed until 
now. Studies presented by the group of Prof. Shimon Efrat [ 35 ,  36 ] as well as our 
group [ 30 – 33 ] indicate using lineage-tracing studies that human pancreatic beta 
cells proliferate and give rise to mesenchymal cells in vitro. However, one of the 
disadvantages reported [ 13 ] was that the effi ciency of differentiation of these hIPCs 
decreased with increasing passage numbers. This may potentially happen for two 
reasons: (1) the epigenetic marks that defi ne the insulin-promoter region in pancre-
atic beta cells may change following exposure to different conditions and following 
over million-fold expansion and (2) pancreatic beta cells may proliferate at a slower 
rate than other pancreatic islet cells in culture, thereby leading to increased dilution 
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of beta-cell progenies in the subsequent passages. This can be overcome by sorting 
for beta cells using highly specifi c cell surface markers. However, effi cient tech-
nologies for retaining chromatin conformation, DNA methylation, and cellular tran-
scriptome need to be developed in order to identify beta-cell proliferation strategies 
for generation of insulin-producing beta-like cells.  

9     Conclusions 

 A stem cell can be derived from the embryo or in case of adult stem cells; these can 
be found in umbilical cord blood, adipose tissue, and other tissues as discussed 
above. In general, a stem cell is believed to have the ability for self renewal as well 
as differentiation/lineage commitment. Depending on their potency (uni-, multi-, or 
pluripotency), they are also capable of forming any type of tissue or organ in the 
body. ES cells originate from the inner cell mass of blastocysts. They are pluripotent 
and capable of differentiating to any lineage. Adult stem cells are generally restricted 
to differentiate into a specifi c lineage, often restricted to the tissue that these are 

  Fig. 2    A dynamic model of chromatin loop interactions in lineage-committed cells. It is well 
known that the mammalian genome is well organized inside the nucleus and that there are chromo-
somal territories that are retained by specifi c cell types. The densely staining regions of the nucleus 
observed after exposure to a nuclear dye such as DAPI or Hoechst 33372 indicates the heterochro-
matin (inactive) regions. It is now well known that chromosomal loops “swing” into the euchroma-
tin region to form a part of transcriptional factories ( black circles ). The insulin, Pdx1, and MafA 
genes are localized on different chromosomes and are believed to loop in to a highly effi cient 
insulin-producing factory, in pancreatic beta cells. The presence or absence of these transcription 
factors and their physical conformation would play a major role in deciding the fate of insulin 
production in such stem/progenitor cells       
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derived from. For example, a “stem” (precursor) cell isolated from the fat pads in 
mouse limbs can be expanded/propagated and differentiated to produce more adipo-
cytes/fat storing cells. However, it may be diffi cult to turn such cells into neurons. 
Lineage commitment is the checkpoint in development, which is diffi cult to be 
reversed by conventional growth and propagation techniques. ES cells are pluripo-
tent as they have not committed to any specifi c lineage. However, when we speak of 
cell replacement therapy for diabetes, the question that we really need to ask is: do 
we need to start with pluripotent cells? There are several limitations as we discussed 
earlier. One of these is the ability to achieve effi cient and homogeneous differentia-
tion in all the ES/pluripotent cells that are used. This is often an uphill task with 
little success achieved in the differentiation protocols across the world. The major 
issue that marks a red fl ag to research on embryonic stem cells is their potential to 
form teratomas in vivo. With the heterogeneity that is achieved in differentiation of 
cell types, it is easy to imagine that a few ES cells may remain undifferentiated 
within a cluster of seemingly differentiated, insulin-producing cells. However, a few 
ES cells can proliferate in vivo and form tumors. This is a major limitation of most 
pluripotent cells. 

 Restricting the lineage to pancreatic lineage has several advantages. The major 
advantage is that the insulin gene would be in a physical conformation that is poised 
to transcribe insulin. Epigenetic regulation of gene expression is well recognized as 
a critical factor in cellular differentiation. Heterochromatinization of DNA through 
histone methylation as well as DNA methylation of CpGs are mechanisms of gene 
silencing. DNA methylation is believed to present a more stable form of gene 
repression. During ES cell differentiation, histone modifications at Oct-3/4 
(a pluripotency- associated gene) occur prior to DNA methylation. Interestingly, 
heterochromatinization alone was seen to be able to inhibit the reactivation of Oct-3/4 
expression when the process of differentiation was terminated, but this alone was 
not enough to prevent reprogramming of the differentiated cells. However, DNA 
methylation at Oct-3/4 promoter was shown to be capable of ensuring that differen-
tiated cells would not easily return to the pluripotent state [ 122 ]. Epigenetic signa-
tures such as DNA methylation and histone modifi cations thus play an important 
role in defi ning the differentiation potential of adult stem cells. As discussed above, 
adult stem cells that are committed to endocrine pancreatic lineage hold great promise 
for cell therapy. Understanding molecular mechanisms that can help in increasing 
the levels of insulin gene expression in these naturally occurring tissues (such as the 
gallbladder) or in lineage-committed stem cells (such as hIPCs) would help in 
generating substantial numbers of clinically important stem cells for cell replacement 
therapy in diabetes.     
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    Abstract     Mesenchymal Stem Cells (MSC) are non-hematopoietic adult stromal cells 
that reside in a perivascular niche in close association with pericytes and endothelial 
cells and possess self-renewal and multi-lineage differentiation capacity. The origin, 
unique properties, and therapeutic benefi ts of MSC are under intensive investigation 
worldwide. Several challenges with regard to the proper source of clinical-grade 
MSC and the effi cacy of MSC-based treatment strategies need to be addressed 
before MSC can be routinely used in the clinic. Here, we discuss three areas that can 
potentially facilitate the translation of MSC into clinic: Generation of MSC-like 
cells from human pluripotent stem cells, strategies to enhance homing of MSC to 
injured tissues, and targeting of MSC in vivo.  
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  Abbreviations 

   AMD    Age-related macular degeneration   
  AMI    Acute myocardial infarction   
  Bzb    Bortezomib   
  CCR1    C-C Chemokine receptor type 1   
  CXCR4    C-X-C Chemokine receptor type 4   
  EB    Embryoid body   
  FAK    Focal adhesion kinase   
  GMP    Good manufacturing practice   
  hESC    Human embryonic stem cells   
  HLA    Human leukocyte antigen   
  hPSC    Human pluripotent stem cells   
  ICM    Inner cell mass   
  iPSC    Induced pluripotent stem cells   
  MHC    Major histocompatibility complex   
  miRNA    MicroRNA   
  MSC    Mesenchymal stem cells   
  Runx2    Runt-related transcription factor 2   
  SCID    Severe combined immunodefi ciency   
  SDF-1α    Stromal cell-derived factor-1   
  siRNA    Small-interfering RNA   

1           Introduction 

 Mesenchymal stem cells (MSC) are multipotent cells that were fi rst identifi ed by 
Friedenstein as bone marrow osteogenic stem cells [ 1 ]. The term “mesenchymal 
stem cell” was coined by Caplan to describe a population of cells that are involved 
in the formation of bone and cartilage during embryonic development, bone turn-
over, and repair throughout adulthood [ 2 ]. However, the term “mesenchymal” is 
contentious and not generally accepted [ 3 ]. Other names also exist for MSC includ-
ing multipotent mesenchymal stromal cells, skeletal stem cells, adult stromal stem 
cells, and bone marrow stromal cells [ 4 ,  5 ]. MSC are defi ned as non-hematopoietic, 
plastic adherent multipotent stem cells that are present in the bone marrow stroma 
and can differentiate into cells of mesodermal lineage including osteoblasts, adipo-
cytes, and chondrocytes. In ex vivo culture, MSC are positive for a number of CD 
markers: CD105, CD106, CD90, CD73, CD140b, CD166 and negative for CD31, 
CD45, CD34, CD14, CD133 and the major histocompatibility complex (MHC) 
class II markers [ 4 ,  6 ]. In addition to their presence in bone marrow, MSC-like cell 
populations have been isolated from the stromal compartment of adipose tissue, 
umbilical cord, dental pulp, skeletal muscle, synovium, and periodontal ligament 
[ 7 – 13 ]. While MSC-like cell populations share a common molecular signature with 
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bone marrow MSC, they exhibit differences in their molecular phenotype and 
differentiation potential characteristic for their tissue of origin [ 14 ]. A common in 
vivo location of MSC in the bone marrow and in other tissues is in a perivascular 
niche in close association with pericytes and endothelial cells [ 15 ].  

2     Towards Clinical Use 

 MSC hold a great promise for clinical use in tissue regeneration in a large number of 
clinical conditions. 379 clinical trials, worldwide, are currently undergoing investi-
gations into the therapeutic benefi ts of MSC (  http://clinicaltrials.gov    ). These range 
from enhancing hematopoiesis following hematopoietic stem cell transplantation to 
enhancing tissue regeneration for cardiomyopathies, nerve tissue, bone and carti-
lage repair following injury and chronic disease. 

 Several factors limit the clinical use of MSC [ 16 ], including the inability to 
obtain the large number of MSC required for clinical transplantation due to in vitro 
replicative senescence [ 17 ], heterogeneity of ex vivo cultured MSC with respect to 
their differentiation capacity, and lack of specifi c markers that identify MSC prospec-
tively and are predictive of their in vivo phenotype. In the current review, we will 
discuss progress in studies related to three areas that received a lot of attention due to 
their possible use to facilitate clinical use of MSC: (1) use of human pluripotent stem 
cells as a source for generation of an unlimited number of MSC, (2) development of 
approaches to enhance in vivo migration of MSC into injured tissues, and (3) novel 
strategies for targeting MSC in vivo with the aim of enhancing bone formation.  

3     Generation of MSC-Like Cells from Human 
Pluripotent Stem Cells 

 Human pluripotent stem cells (hPSC) are a group of specialized cells that have the 
unique ability to differentiate into cells of the mesoderm, endoderm, and ectoderm 
lineages and are thus termed pluripotent. There are two major sources of hPSC: 
human embryonic stem cells (hESC) and induced pluripotent stem cells (iPSC). 
hESC are generated through isolation of the inner cell mass (ICM) from a 5- to 
6-day-old human blastocyst [ 18 ]. Since the derivation of hESC by Thomson in 1998 
[ 18 ] much effort has been focused to develop protocols for differentiation of hESC 
into lineage-specifi c cell types [ 19 ]. The creation of induced pluripotent stem cells 
(iPSC) from adult somatic cells [ 20 – 22 ] has added a new dimension to the fi eld of 
regenerative medicine by offering the possibility of generating autologous pluripo-
tent stem cells [ 23 ]. ESC and iPSC are similar in their expression of the self- renewal 
markers and ability to differentiate into the three basic cell lineages: ectoderm, endo-
derm, and mesoderm [ 20 – 22 ,  24 ,  25 ]. Pluripotent stem cells offer much promise 
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within the fi eld of regenerative medicine due to their unlimited proliferation ability, 
scalability, and differentiation capacity. 

 A number of methods have been reported for derivation of functional MSC-like 
cells from PSC, using embryoid body formation (EB), monolayer differentiation, 
coculture, selective isolation of spontaneously differentiated cells, and cultures 
using biomaterials [ 23 ,  26 – 29 ]. 

  EB Formation  : Standard methods demonstrate that EBs can be formed spontaneously 
from small clumps of pluripotent cells that are passaged either mechanically or 
using enzymatic methods and cultured in suspension using low adhesion plastic 
vessels. This method allows spontaneous nondirected differentiation or directed 
differentiation of PSC, through addition of growth factors/morphogens/cytokines. 
EBs imitate the structure of the early embryo and recapitulate many of the early 
embryonic developmental events like gastrulation, polarization, and primitive streak 
formation [ 26 ,  30 ]. However, a disadvantage of the EB method is that it provides 
heterogeneous populations of MSC-like cells. In an attempt to reduce cellular 
heterogeneity, a number of alternative approaches have been developed including 
methods of synchronized growth and differentiation through forced aggregation by 
centrifugation [ 31 ], bioreactor cultures [ 32 ], and stirred suspension cultures [ 33 ] 
and recently Son et al. [ 34 ] published data demonstrating a simple method using 
periodic passaging of hEBs to maintain uniformity on size and proliferation whilst 
preserving their differentiation potential.  

  Monolayer Differentiation  : 2-D PSC cultures have an advantage over EB-based 
differentiation as it is possible to visualize the progression of ex vivo differentiation. 
However, this technique fails to recapitulate the gastrulation-like processes apparent 
in EB formation. Development of MSC-like cells has been obtained by using 
induction media that allows synchronized differentiation, e.g. adding Rock inhibitor 
Y27632 [ 35 ], by selection by continuous subculture over a number of weeks to 
select for stromal (MSC-like) cells [ 36 ,  37 ], or by cell sorting based on specifi c 
surface markers, e.g., the selection of a CD105 + /CD24 −  cell population [ 38 ].  

  Coculture  : A number of groups have used coculture of hESC with differentiated 
cells to induce differentiation into an MSC-like phenotype. Barberi et al. employed 
coculture with murine OP9 cells followed by sorting for CD73 +  MSC-like cells 
[ 39 ]. This method of induced differentiation presupposes that secreted factors from 
the differentiated cells can supply microenvironmental cues necessary for 
differentiation, but the nature of these factors is not known.  

  Spontaneous Differentiation  : Spontaneous differentiation into MSC-like cells often 
occurs at the edges of the hPSC colonies, obtained when hPSC are cultured in a 
feeder-free system. In the “raclure” method, the cells at the edges of the colonies are 
manually scrapped [ 40 ,  41 ], or cells can be enriched through adherence to selective 
extracellular matrix components such as hyaluronic acid (HA)-coated plates [ 28 ], 
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or through forced differentiation through overgrowth of cultures [ 42 ]. In our 
laboratory, we found that selection of MSC-like cells based on selective adherence 
to HA-coated culture plates resulted in obtaining a morphologically homogeneous 
cell population with a similar phenotype to bone marrow-derived MSC [ 28 ]. 
In addition, Liu et al. demonstrated that hESC and iPSC differentiated into MSC-
like cells through plating of single cells on a fi brillar type 1 collagen matrix [ 29 ].  

 The MSC-like cells derived from hESC or iPSC using the above-mentioned 
approaches exhibit a phenotypic profi le comparable to MSC as defi ned by CD 
markers and differentiation ability into one or more of the osteoblastic, chondro-
cytic, or adipocytic lineages. While most of the reported differentiation capacities 
are based on in vitro data, a number of groups have demonstrated the ability of 
hPSC-derived MSC-like cells to form bone in vivo following osteogenic induction 
ex vivo or through direct implantation of the cells in osteoinductive scaffolds [ 28 , 
 43 ,  44 ].  

4     Concerns of Using hPSC-Derived MSC-Like 
Cells in Cellular Therapy 

 For clinical use, hPSC-derived MSC-like cells should be obtained from GMP (good 
manufacture practice) compliant hPSC lines. There have been an increasing number 
of reported hESC lines [ 45 – 48 ] and iPSC lines [ 49 ] derived under GMP standards. 
Additionally, clinical-grade derivation protocols for MSC-like cells have been 
reported [ 50 ]. The necessity for extensive ex vivo culture, which would be required 
for clinical therapy, has raised concerns about the possibility of genetic changes and 
the development of a transformed phenotype. A number of reports have highlighted 
the issue of karyotypic stability during routine maintenance of hESC cultured ex 
vivo where gains in chromosomes 12, 17, and X have been reported [ 51 – 55 ]. Of 
additional concern is the unintentional transplantation of undifferentiated hPSC in 
conjunction with their differentiated progeny that may lead to teratoma formation 
upon transplantation. As the purity of hPSC differentiated cultures is variable, 
attempts are being made to deplete undifferentiated hPSC within the cultures either 
by using cytotoxic agents, mechanically removing undifferentiated cells [ 56 ,  57 ], or 
separating out undifferentiated cells using fl uorescent tags which identify undiffer-
entiated cells [ 58 ,  59 ]. Thus, before hPSC-derived MSC are considered for cellular 
therapy safety criteria are needed to be instituted [ 60 ,  61 ]. 

 MSC-like cells derived from iPS cells should be compatible with their recipient 
and thus will not elicit an immunological rejection reaction. Interestingly, differen-
tiated cells derived from hESC may be hypoimmunegenic. Drukker et al. [ 62 ] dem-
onstrated absence of the MHC class II molecules and the presence of low levels of 
class I molecules in hESC. Additionally, normal irradiated mice transplanted with 
bone marrow from immune compromised (SCID) mice were transfused with human 
peripheral blood mononuclear cells to test the possible immunological reaction or 
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rejection of transplanted hESC. Over the course of a month, transplanted hESC did 
not demonstrate signifi cant rejection [ 62 ]. More recently Araki et al. demonstrated 
limited or no immune response in differentiated mouse ESC and iPSC [ 63 ]. 

 It is envisaged that off-the-shelf MSC-like cells should be available in stem cell 
banks that contain hPSC lines that cover the majority of the Western European 
population tissue types. It has been estimate that 150 hESC cell lines in Europe [ 64 ] 
and 170 cell lines for the Japanese population [ 65 ] would be needed to obtain an 
acceptable degree of HLA matching which would only require a minimum of 
immune suppressor therapy. 

 iPSC were initially derived using a combination of four transcription factors 
(OCT4, SOX2, KLF4, and cMyc) to reprogram the somatic cells to their pluripotent 
status [ 20 ]. Whilst the success of reprogramming was a huge step forward towards 
generation of cells for therapy, standard methods used to generate iPSC may result 
in cells not suitable for therapy due to the use of viral vectors. New strategies are 
being developed to overcome these concerns using plasmids [ 66 ], recombinant 
proteins [ 67 ], or RNA molecules [ 68 ,  69 ].  

5     Directing MSC to Injured Tissues 

 Current thinking vis-a-vis the clinical use of MSC in therapy is modeled on the 
hematopoietic stem cell transplantation model where HSC are infused intravenously 
and consequently home to the bone marrow where they establish hematopoiesis 
[ 70 ]. Although homing of MSC to sites of injury and their involvement in healing 
and/or regeneration of defected tissues is a natural repair mechanism, it was 
observed that this endogenous ability can be further enhanced by exogenously 
administered MSC [ 71 ,  72 ]. Systemic infusion of MSC for treatment of tissue injury 
represents a more attractive procedure for clinical applications. In addition, studies 
on MSC migration to injured tissues have been shaped by concepts related to leuko-
cyte recruitment from the circulation to infl ammation sites, through a coordinated 
multistep biological process termed “cell homing” that includes infused cell rolling/
adhering onto sinusoidal endothelial cells followed by their fi rm adhesion pre-
venting their back movement to circulation, resulting in transmigration to their des-
tined tissues [ 73 ]. Employing this model for MSC has been supported by evidence for 
the presence of osteoprogenitors or MSC-like cells in the circulation that can home 
to bone marrow or infl ammatory sites [ 74 ]. 

 Following injury, damaged cells secrete a number of chemokines that act as 
attractants to cells participating in tissue repair [ 75 ]. However, one of the major 
challenges facing MSC-based cell therapy is the observed low and ineffi cient homing 
of systemically infused MSC to non-injured tissues [ 76 ]. Several groups have dem-
onstrated successful but limited homing after systemic delivery to ischemic, irradi-
ated, or otherwise injured skeletal tissues in which only a small fraction of 
transplanted MSC can be found in the target tissue [ 77 – 79 ]. 
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5.1     Novel Approaches to Enhance Homing of MSC 
into Injured Tissues 

 It is well known that adhesion and integrin molecules are important key players in 
determining the potential of cellular homing [ 80 ]. For example, the CD44 antigen 
is a cell surface glycoprotein involved in cell adhesion and migration [ 81 ]. A spe-
cialized glycoform of CD44 called hematopoietic cell E-/L-selectin ligand (HCELL) 
is an E-selectin ligand expressed on human cells [ 82 ]. Using real-time confocal 
microscopy cell traffi cking was monitored in immune-compromised mouse cal-
varia. These results indicated that overexpression of HCELL E-selectin on MSC 
caused, within hours, enhanced osteotropic migration to the bone marrow [ 83 ]. 
Recently, modifi cation of MSC cell surface integrins to enhance homing of MSC to 
bone surfaces was achieved by attaching a synthetic ligand (LLP2A) against integ-
rin α4β1 on the MSC surface to a bisphosphonate (alendronate, Ale). Upon admin-
istration in in vivo animal models the LLP2A-ALE-modifi ed MSC showed enhanced 
homing to bone surfaces with improved bone formation at the endo-cortical, tra-
becular, and periosteal surfaces when compared to non-modifi ed MSC [ 84 ]. In 
another study, cell adhesion molecules were chemically attached to the cell surface 
to improve rolling effi ciency of MSC. This chemical approach involved introduc-
tion of biotin groups to the cell surface by treatment with sulfonated biotinyl- N -hy-
droxy-succinimide, the addition of streptavidin, and attachment of a biotinylated 
cell rolling ligand (sialyl Lewisx (SLeX)) found on the surface of leukocytes [ 85 ]. 
This approach can be used to potentially target P-selectin expressing endothelium in 
the bone marrow or at sites of infl ammation [ 86 ]. 

 Another hypothesized explanation for the poor homing capacity of MSC is their 
inadequate expression of homing-associated chemokines. For example, CXCR4, a 
homing signaling molecule known for its interaction with its cognate ligand Stromal 
cell-derived factor-1 (SDF-1α), is expressed at low levels on the MSC cell surface 
[ 87 ,  88 ]. In a number of in vivo studies, homing of transplanted MSC to tumors 
[ 89 ], myocardium [ 90 ], and bone marrow [ 78 ] has been improved by overexpres-
sion of CXCR4 on the MSC surface. For example, MSC overexpressing CXCR4 
were infused intravenously 24 h after coronary occlusion in a rat model of AMI and 
were found to home to the infarcted myocardium resulting in better recovery of left 
ventricular function as compared to rats infused with control (low CXCR4 express-
ing) cells [ 87 ]. In another study, C3H10T1/2 cells, a multipotent mouse stem cell 
line, overexpressing CXCR4 were injected intravenously in immune-competent 
glucocorticoid-induced osteoporotic mice. These cells had enhanced homing effi -
ciency to the bone marrow and increased bone mass in the osteoporotic mice [ 79 ]. 
Another member of the chemokine family is the C-C chemokine receptor type 1 
(CCR1), known to be involved in the recruitment of immune cells to sites of infl am-
mation, e.g., injured myocardium [ 91 ]. Mouse bone marrow MSC, overexpressing 
CCR1, were injected intra-myocardially in a mouse model of AMI. One hour post 
coronary artery ligation, MSC overexpressing CCR1 had accumulated in the 
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infarcted myocardium at signifi cantly higher levels than control MSC. This led to 
signifi cant reduction in infarct size, reduced cardio-myocyte apoptosis, increased 
capillary density, and restoration of cardiac function via enhancement of trans-
planted cells’ viability and engraftment [ 92 ]. 

 All these studies demonstrate work in progress towards developing a clinically 
relevant protocol for intravenous infusion of the MSC to patients in need of enhanced 
tissue regeneration.   

6     Targeting of MSC In Vivo 

 Therapeutic strategies that employ ex vivo cultured cells are associated with some 
limitations such as the need for substantial number of cells requiring extensive 
ex vivo cell expansion, the need for GMP facilities, as well as development of robust 
methods for differentiation induction [ 16 ]. Targeting of the endogenous MSC popu-
lations, using small molecules, small-interfering RNA (siRNA), or MicroRNA 
(miRNA), is an attractive alternative and is suitable for treatment of diseases where 
the mature cell populations, which are to be targeted by the drug, are depleted or do 
not respond to standard treatment. An example of such a clinical setting is the use 
of osteoblast-targeting anabolic therapies for treatment of bone loss, in which osteo-
blasts are decreased in number and activity [ 93 ]. 

 Small molecules are very attractive agents to be used in clinical applications, due 
to the opportunity of fi ne-tuning their chemical structure using traditional chemistry 
techniques, high stability, adaptability to large-scale production leading to substan-
tial reduction of the treatment costs, and a potential for oral delivery [ 39 ,  94 ,  95 ]. 
Some examples of these approaches have been recently reported. 

 Bortezomib (Bzb) is a small molecule proteasome inhibitor that is used in the 
clinic for treatment of multiple myeloma [ 96 ]. It has been shown that Bzb targets bone 
marrow MSC in vivo and induces their differentiation toward the osteoblastic lineage 
through regulation of runt-related transcription factor 2 (Runx2), known as a master 
regulator of osteogenesis [ 97 ,  98 ]. Intraperitoneal (i.p.) administration of Bzb to mice 
for 3 weeks increased bone mass, trabecular bone connectivity, trabecular number, 
serum osteocalcin, as well as bone formation rate demonstrating enhanced in vivo 
osteoblastic bone formation activity. Moreover, it was shown that in contrast to MSC, 
osteoprogenitors and osteoclasts did not respond to Bzb treatment [ 98 ]. 

 siRNA can specifi cally silence the synthesis of any desired protein by base par-
ing to its mRNA sequence [ 99 ]. To date, more than 20 siRNA-based drugs are under 
clinical investigation for treatment of a variety of conditions including solid tumors, 
acute kidney injury, age-related macular degeneration (AMD), diabetic macular 
edema, hepatitis C, AIDS-associated lymphoma, and respiratory syncytial virus 
infection [ 100 ]. Administration of siRNA and silencing the synthesis of a gene of 
interest can be used to alter the differentiation fate of MSC in vivo [ 101 ]. However, 
the large therapeutic doses of systematically administered siRNA that is needed to 
exert the desired clinical outcome may lead to activation of immune response, as 
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well as adverse effects on other tissues. Thus, the development of novel systems that 
deliver siRNA specifi cally to the cell population of interest is highly desirable. 
Recently, a novel targeting system has been developed that delivers siRNA to the 
bone-forming surfaces enriched for MSC and osteoprogenitors [ 102 ]. This system 
involves dioleoyl trimethylammonium propane (DOTAP)-based cationic liposomes 
attached to six repetitive sequences of aspartate, serine, serine ((AspSerSer)6). 
This system has been used for in vivo systemic delivery of siRNA targeting Plekho1 
(a negative regulator of bone formation) in rats and led to signifi cant enhancement 
of bone formation, enhanced the bone micro-architecture, and increased the bone 
mass in both healthy and osteoporotic rats [ 102 ]. In addition to siRNA, miRNAs 
have potential use in therapy. miRNAs are endogenous, short, noncoding RNAs that 
regulate diverse biological processes mostly through translational repression of 
their target genes [ 103 ]. miRNAs can be employed to modulate the differentiation fate 
of MSC in vitro and in vivo [ 103 ]. Exogenous supplementation or ectopic expres-
sion of miRNAs as well as using anti-miRs to antagonize the effect of miRNAs are 
promising strategies to be employed for treatment of different clinical conditions 
[ 104 ]. In our group, we have demonstrated that miR-138 negatively regulates in 
vitro osteoblast differentiation and in vivo bone formation of MSC, by targeting 
focal adhesion kinase (FAK), a kinase playing a central role in promoting osteoblast 
differentiation [ 105 ]. Using a preclinical in vivo bone formation model, we showed 
that pharmacological inhibition of miR-138 by antimiR-138 increased ectopic bone 
formation and thus it is possible to develop antimiR-138 into a novel strategy for 
treatment of bone loss conditions [ 105 ].  

7     Conclusions and Future Perspectives 

 Regenerative medicine holds promise to restore normal tissue functions in the body 
using stem cell transplantation or ex vivo grown tissues and organs generated 
through a combination of stem cells and biomaterials, i.e., tissue engineering 
approaches. The transition from the laboratory to the clinic has proven to be diffi cult 
and currently there is no standard stem cell-based therapy for non-cancer indications. 
Conversely, a large number of clinical trials testing the ability of different types of 
stem cells including MSC in a number of disease conditions are being conducted 
and include conditions such as nonunion fractures, ulcerative colitis, type 1 diabetes 
mellitus, liver cirrhosis, idiopathic dilated cardiomyopathy, multiple sclerosis, spi-
nal cord injury, acute and chronic graft-versus-host disease, middle cerebral artery 
infarct, osteoarthritis, relapsed/refractory severe acquired aplastic anemia, chronic 
critical limb ischemia, Parkinson’s disease, acute myocardial infarction, hemato-
logical malignancies, Crohn’s disease, acute leukemia, lupus nephritis, and non-
healing wounds (please see:   http://clinicaltrials.gov    ). It is hoped that these trials will 
establish the effi cacy of stem cells and MSC in therapy and their place among other 
current treatment modalities.     
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    Abstract     Stem cells play key roles in the development of tissues and maintain tissue 
homeostasis. Because of these properties a great deal of research is focused on 
exploiting tissue stem cells as a means to treat degenerative diseases. In fact recent 
advances in the derivation of tissue stem cell populations from embryonic stem (ES) 
cells or induced pluripotent stem (iPS) cells hold great promise for the development of 
new therapies. Unfortunately much of this promise has not been fulfi lled. An alter-
native approach is to examine the mechanisms by which tissues respond to injury 
and regenerate. In this chapter, we will discuss a number of different strategies that 
stem cells use to repair injured tissue that differ from the mechanisms that regulate 
homeostatic maintenance of the tissue. Although this discussion only touches on a 
few examples, each situation has direct implications for therapy development, 
which would suggest that tissue regeneration may be more complicated than trans-
planting ES- or iPS-derived stem cells into patients.  
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  Abbreviations 

   b-gal    Beta-galactosidase   
  BMP4    Bone morphogenetic protein 4   
  BrdU    Bromo-deoxyuridine   
  Epo    Erythropoietin   
  ES    Embryonic stem   
  GM-CSF    Granulocyte macrophage colony-stimulating factor   
  H2B-CreA    Histone 2B CreA fusion protein   
  H2B-YFP    Histone 2B YFP fusion protein   
  HH    Hedgehog   
  HSC    Hematopoietic stem cell   
  Ifng    Interferon gamma   
  IL-7Ra    Interleukin 7 receptor alpha   
  iPS    Induced pluripotent stem   
  KSL    Kit+Sca1+Lineage−   
  LPS    Lipopolysaccharide   
  LRC    Label-retaining cell   
  M-CSF    Macrophage colony-stimulating factor   
  SCF    Stem cell factor   
  TLR    Toll-like receptor   
  TNFa    Tumor necrosis factor alpha   
  YFP    Yellow fl uorescent protein   

1           Introduction 

 Stem cell based therapies represent the promise of regenerative medicine. The ability 
to expand and purify stem cell populations that can be used to repair damaged 
organs and treat degenerative disease is a highly sought after goal. Unfortunately, 
for the most part this promise is still unfulfi lled. Although in principle this strategy 
is amenable to many tissues that harbor adult stem cell populations, in practice stem 
cell transplants are only utilized to treat hematopoietic diseases [ 1 ,  2 ]. Even in 
these cases transplants are limited by the diffi culty in fi nding compatible donors. 
The recent development of protocols to generate induced pluripotent stem cells 
(iPS cells) suggests that in the future organ-specifi c stem cells can be generated 
from a patient’s own cells that can be transplanted without complications [ 3 – 6 ]. 
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However, the generation and expansion of stem cell populations from iPS or 
embryonic stem cells have proved diffi cult. In proof-of-principle experiments with 
iPS cells, the threat of tumorigenesis was evident [ 7 ]. An alternative approach may 
be to consider how stem cells resident in tissues are mobilized to repair damage to 
organs and gear therapies to exploit the natural mechanisms of tissue repair. 
This chapter will focus on the changes in stem cell responses to injury that drive the 
switch from homeostasis to the generation of mature cells that regenerate the tissue. 

 The ability of stem cell populations to maintain homeostasis is well recognized. 
Through interactions with the microenvironment stem cells are induced to prolifer-
ate and commit to lineage-specifi c differentiation. This overall process is precisely 
regulated to maintain organ homeostasis as terminally differentiated cells age and 
are lost to apoptosis or active mechanisms of removal. In contrast to homeostasis, 
regeneration after injury represents a different problem to a stem cell population. 
New cells which may include multiple cell lineages need to be replaced for normal 
organ function. Often the number of cells required to repair the organ is much 
greater than the numbers of cells normally produced during homeostasis. Therefore 
regenerative processes must encompass mechanisms that not only allow for large 
numbers of cells to be produced rapidly in response to injury, but also regulate the 
specifi c cell types produced. For the purposes of this discussion, we will examine 
two mechanisms that are utilized by stem cell populations to repair damaged tissue. 
The fi rst mechanism relies on the property that stem cell populations are heteroge-
neous and often include actively cycling and quiescent subpopulations [ 8 ,  9 ]. 
Several investigators have reported that distinct subpopulations of stem cells 
maintain homeostasis while other populations act to regenerate tissues after injury. 
This example has implications for regenerative cell therapies to treat disease in that 
if we are transplanting stem cells to affect organ repair it is important to fi rst under-
stand the relationship between the different populations of stem cells to ensure that 
the transplanted stem cells are capable of repair rather than homeostasis. In contrast, 
the second mechanism proposes that stem cells respond to injury by changing the 
output of terminally differentiated progeny. Simplistically, this can be thought of as 
a rapid expansion and differentiation of different lineages, which is skewed toward 
the cell types that are required to confront and repair the injury. A corollary to this 
second mechanism is the production by homeostatic stem cells of a novel progenitor 
cell whose sole purpose is to rapidly generate new cells required repair the injury. 
This mechanism also has implications for therapy. Pharmacological interventions 
that mimic the responses of stem cells to injury and stimulate the production termi-
nally differentiated cells to repair a tissue might be more effi cacious in the short 
term than stem cell transplant. In tissues where stem cells generate novel progeni-
tors that act to rapidly generate new cells to repair injury, the transplant of these 
progenitors rather than stem cells may represent a viable treatment. Although this 
chapter will discuss these two alternative mechanisms more possibilities exist 
which suggests that development of in vitro-derived stem cell populations for 
transplant to repair damaged organs may be naïve and more work is needed to 
understand regenerative processes before we move them into the clinic.  
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2     Distinct Population of Stem Cells That Respond 
to Injury: An Example from the Intestinal Epithelium 

 The development and maintenance of the intestinal epithelium rely on the action 
of stem cells in the glandular crypts located at the base of the villi. This stem cell 
population is marked by the expression of Lgr5 [ 10 ,  11 ]. The homeostasis of the 
epithelium is maintained by this rapidly dividing population of stem cells that 
generates proliferative progenitors which terminally differentiate. The terminally 
differentiated cells are short lived (4–5 days). As they move to the tips of the villi, 
they are eventually sloughed off and must be continuously replaced. The identifi ca-
tion and development of these stem cell populations have been extensively reviewed 
(see [ 12 ]). For this discussion, we will focus on a recent paper from Buczacki et al. 
which analyzes an additional stem cell population in the intestinal epithelium [ 13 ]. 
Previous work had identifi ed a quiescent cell population, which occupied a different 
position in the crypt-villus unit and expressed stem cell marker genes [ 14 – 16 ]. 
These cells were originally characterized by their ability to retain the DNA label, 
BrdU. Buczacki et al. show that this population is also Lgr5+. These cells referred to 
as label-retaining cells (LRCs) give rise to mature Paneth cells, a long-lived intesti-
nal epithelial cell that functions in host defense to infection [ 17 ]. The differentiation of 
LRCs into Paneth cells does not require cell division. The novel fi nding in this work 
however is the demonstration that LRCs also function as stem cells to regenerate the 
intestinal epithelium in response to injury. 

 Buczacki et al. use a combination of experimental techniques to investigate the 
role of LRCs and establish their role as stem cells. Instead of using nucleotide ana-
logs such as BrdU to label LRCs, they used an inducible transgene which expressed a 
histone 2b-YFP (H2B-YFP) fusion protein [ 18 ]. After a short induction, H2B- YFP 
is incorporated into the chromatin of dividing cells, but as the cells continue to 
divide it is diluted out and the labeling is lost. YFP+ cells are rapidly lost in a few days 
because of the rapid cell cycling and turnover of cells in the intestinal epithelium. 
Small populations of cells retain the YFP label longer—Paneth cells and the cells 
that correspond to the previously identifi ed BrdU+ LRCs [ 15 ]. Gene expression 
analysis of the LRC population showed that they were a distinct population that 
differed from Paneth cells and Lgr5+ stem cells based on principal component anal-
ysis. Furthermore, this transcriptome analysis showed that LRCs expressed genes 
associated with both secretory cells and stem cells. One major caveat of the label- 
retaining experiments is that although many stem cells are LRCs, not all label- 
retaining cells are stem cells. Clearly the long-term labeling of Paneth cells in these 
experiments illustrates this point. In order to show that LRCs in fact can act as stem 
cells they have to exhibit the ability to contribute to multiple cell lineages. Buckzacki 
et al. addressed this question in two ways. Previous work demonstrated that the 
rapidly dividing Lgr5+ crypt stem cell population could be cultured in vitro where 
individual stem cells generate crypt-villus units [ 19 ]. Sorted YFP+ cells which 
lacked the Paneth cell marker UEA were plated in vitro in organoid cultures. 
LRCs were compared to Lgr5+ crypt stem cells for their ability to generate intact 
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crypt-villus units. In this in vitro test of regeneration, LRCs were equivalent to 
Lgr5+ stem cells. The surprising fi nding came when they analyzed the ability of 
LRCs to function as stem cells in vivo. To address this question they used lineage 
tracing in novel way that incorporated aspects of label retention with lineage-tracing 
experiments. They used a split Cre recombinase system. Cre is split into two 
proteins CreA and CreB, which are each fused to the ligand binding domain of 
FKHB. The two proteins only function as a recombinase when FKHB ligand dimer-
izes CreA and CreB [ 20 ,  21 ]. The label-retaining aspect of this experimental system 
comes from the fact that CreA is expressed as a H2B fusion protein from an induc-
ible promoter, where it is retained in cells much like H2B-YFP. CreB is expressed 
from a constitutive transgene promoter. Experimentally, H2B-CreA is induced and 
then at different times after induction the dimerizing FKHB ligand is added. A cell 
expressing the CreA/B dimer will catalyze recombination resulting in constitutive 
expression of a b-gal transgene in a cell and all of its progeny. Three weeks after 
induction, intestines are harvested and stained for b-gal+ cells. Treatment with 
FKHB ligand within 3 days of H2B-CreA induction led to multiple clones of b-gal+ 
cells. However, if the FKHB ligand treatment was done after 3 days post-H2B-CreA 
induction no b-gal-labeled clones were observed. These data support the idea that 
LRCs do not contribute to the homeostasis of the intestinal epithelium. The surprising 
result came when they treated H2B-CreA-induced mice with FKHB ligand greater 
than 3 days post-induction and then injured the epithelium with hydroxyurea, irra-
diation, or doxorubicin. This combination of treatments led to multiple b-gal+ 
clones of cells in the intestine. These data showed that despite the fact that LRCs 
were present and would be labeled by b-gal in this experimental system, the progeny 
of LRCs do not maintain the homeostasis of the intestinal epithelium but rather only 
generate intestinal epithelial cells in response to injury.  

3     Changes in Stem Cell Output in Response to Injury: 
Examples from Hematopoiesis 

 Much of what we know about stem cell populations comes from studies on hemato-
poiesis. Hematopoietic stem cells (HSCs) are the best understood tissue stem cell 
population [ 9 ,  22 ,  23 ]. Early studies defi ned assays for stem cells based on their 
ability to completely reconstitute all hematopoietic lineages following transplant 
and self-renew as measured in serial transplant assays. The accessibility of HSCs 
for isolation and the ease of transplant allowed for the progressive delineation of 
stem cell identity using cell surface markers and dye effl ux properties measured by 
fl ow cytometry [ 24 ,  25 ]. HSCs are now defi ned as a heterogeneous population based 
on cell surface markers, their ability for long-term or short-term reconstitution [ 26 ], 
cycling status, and recently whether they exhibit myeloid or lymphoid skewing in 
their development [ 27 ,  28 ]. The ease with which hematopoietic cells can be isolated 
and cultured in vitro has also led to the identifi cation of specifi c progenitor 
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populations that give rise to the different hematopoietic cell lineages [ 29 – 31 ]. 
This groundwork has established an experimental system that can be exploited to 
understand the response of HSCs and the hematopoietic system to injury. In this 
section we will focus on two types of hematopoietic “injury.” The fi rst type of injury 
is infection. Although many times infection does not directly lead to pathogen-
induced destruction of hematopoietic cells, the hematopoietic system must respond 
to infection to prevent tissue injury and elements of the hematopoietic system 
(primarily macrophages and platelets) aid the repair of damaged tissues. 

 Innate immunity is the fi rst active line of defense to infection. Work over the last 
15–20 years established a paradigm by which innate immune cells recognize 
pathogen- specifi c molecular patterns [ 32 – 35 ]. Molecules such as lipopolysaccharide 
(LPS) and fl agellin are recognized by a complex of mammalian Toll-like receptors 
(TLRs). Activation of TLR and other pattern recognition receptors leads to the 
induction of infl ammation and recruitment of effector cells to the site of infection. 
Much work has gone into understanding the mechanisms that regulate infl ammatory 
responses and the recruitment and action of innate immune cells at the site of infec-
tion. In addition to the responses at the site of infection, the mobilization of the 
innate immune cells dramatically changes the output of the hematopoietic system 
[ 36 ,  37 ]. For example, infection of mice with the murine malaria parasite  Plasmodium 
chabaudi  causes a major shift in hematopoiesis as the immune system attempts to 
resolve the infection [ 38 ]. There is a rapid loss in erythroid potential and myeloid 
colony-forming cells decrease in the fi rst week post-infection. There is also a loss of 
common lymphoid progenitors and decrease in B and T cell potential in malaria- 
infected bone marrow. Despite this loss in potential, bone marrow hematopoiesis on 
the whole is not depressed. Hematopoietic production shifts to produce a new 
myeloid progenitor population characterized by the IL-7Ra + Kit hi  cell surface pheno-
type. The IL-7Ra + Kit hi  cells produce phagocytes that are capable of phagocytosing 
 P. chabaudi -infected erythrocytes in vitro. Belyaev et al. showed that adoptive 
transfer of IL-7Ra + Kit hi  cells into  P. chabaudi -infected mice had a profound effect 
in the progression of the disease. Infected mice receiving transfers exhibited less 
severe anemia and resolved the parasitemia much faster than untreated controls. 
This novel progenitor population is induced by malaria infection. Infl ammation 
caused by the infection leads to an upregulation of interferon gamma (Ifng) [ 39 ,  40 ]. 
Signaling by Ifng is a critical determinant in the expansion of these progenitors as 
Ifng receptor mutant mice fail to expand these cells in response to infection. These data 
provide an excellent example of how infection leads to a change in hematopoiesis 
from homeostasis to the production of specialized progenitors that are required to 
resolve the infection. 

 Infection and infl ammation change the output of bone marrow hematopoiesis. 
Mechanistically, this can happen at several levels. First pro-infl ammatory cytokines 
have dramatic effects on hematopoiesis. In addition to the example above, others have 
shown that Ifng and TNFa both inhibit steady-state bone marrow erythropoiesis, but 
stimulate the production of myeloid effector cells needed to fi ght infection [ 41 ,  42 ]. 
Pathogen-specifi c molecules themselves can also skew hematopoiesis [ 43 ]. Nagai et al. 
showed that HSCs express Toll-like receptors (TLRs) and respond to TLR ligands [ 44 ]. 
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Treatment with LPS leads to the rapid development of Mac1+F4/80+ cells that 
develop without transiting through the intervening stages of myeloid development. 
In addition the response to TLR ligands does not require the action of lineage-
specifi c growth factors like GM-SCF or M-CSF. These data demonstrate that the 
primitive cells of the HSC compartment can sense and respond directly to infection. 
The cells rapidly commit to specifi c myeloid lineages bypassing the normal homeo-
static differentiation pathways. This response to TLR ligands is mediated by the 
direct induction of myeloid-specifi c transcription factors which explains the 
skewed production of myeloid effector cells to fi ght infection. In response to infec-
tion this skewing of HSC output plays a role in clearing the pathogen, but infl amma-
tion can also be caused by autoimmune mechanisms that lead to signifi cant 
pathology in the absence of infection. KRNxG7 mice develop autoimmune arthritis 
[ 45 ,  46 ]. They exhibit a preferential production of Gr1+ and Mac1+ myeloid effec-
tor cells that contribute to the disease phenotype. Using this model of autoimmune 
arthritis, Oduro et al. showed that the skewed production of myeloid effector cells is 
a result of a cell intrinsic change in the most primitive compartment of the bone 
marrow [ 47 ]. Indeed transcriptome analysis showed that HSCs (KSL) from arthritic 
mice exhibit a signifi cant increase the expression of genes associated with myeloid 
differentiation. The myeloid skewing of the HSCs isolated from arthritic animals 
was evident upon transplant, but the effect was lost over time such that by 5 weeks 
post-transplant the myeloid skewing is no longer observed. This observation sug-
gested that the bone marrow microenvironment in arthritic mice maintains the 
myeloid skewed phenotype. Older mice naturally exhibit myeloid skewing of hema-
topoiesis as they age [ 28 ]. Competitive repopulation experiments using older (20 
months) recipient mice showed that arthritic HSCs preferentially contributed to the 
myeloid population where contribution to lymphoid cells was similar between 
arthritic and control HSCs. These data support the hypothesis that infl ammation 
alters the microenvironment to maintain the myeloid skewing phenotype. Arthritic 
HSCs exhibit a myeloid infl ammation gene signature. One of the genes overex-
pressed in this signature is S100a8 (also known as Mrp8). This protein along with 
its partner S100a9 or Mrp14 binds to TLR4 [ 48 ,  49 ]. During infection these proteins 
are released by the activation of phagocytes where they amplify the response to 
LPS. S100a8 and S100a9 are found in the joints of arthritis patients associated with 
phagocytes at the site of maximal cartilage destruction [ 48 ,  50 ]. This observation is 
consistent with these proteins contributing to the pathology in infl amed joints. In 
contrast, expression in the bone marrow of arthritic mice may elicit a different 
effect—stimulating myeloid differentiation through TLR4. 

    These two examples demonstrate that disease, caused by infection or autoim-
munity, leads to an alteration of hematopoiesis which skews the production of ter-
minally differentiated cells towards myeloid effector cells that in the case of malaria 
infection help to resolve the infection, but in the arthritis model they exacerbate the 
pathology of the disease. Therapies geared to exploit the production of myeloid 
effector cells would be benefi cial in treating malaria. In contrast, therapies to treat 
arthritis would need to do the opposite: inhibit myeloid differentiation induced by 
infl ammation.  
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4     Establishment of a Stress Response Compartment: 
Stress Erythropoiesis During the Recovery from Anemia 

 Clearly infection and infl ammation can skew hematopoietic development. Another 
mechanism by which the hematopoietic system deals with environmental stress is to 
establish a dedicated stress response compartment that is maintained as a quiescent 
population of cells that can rapidly respond to a loss in homeostasis and generate 
new cells to restore equilibrium. The best example of this response is stress erythro-
poiesis, which rapidly generates new erythrocytes in response to anemic stress [ 51 ]. 
Early work in the fi eld suggested that stress erythropoiesis was regulated by tissue 
hypoxia [ 52 ,  53 ]. Loss of erythrocytes due to hemorrhage or disease would lead to 
drop in oxygen delivery to the peripheral tissues. Once tissue hypoxia reached a 
certain level such that it was sensed in the kidney, the interstitial cells in the kidney 
would start to make erythropoietin (Epo) [ 54 ,  55 ]. The sudden rise in serum Epo 
concentration would in turn act on erythroid progenitors in the bone marrow and 
stimulate their proliferation and differentiation. The expansion of progenitor cells 
far exceeded the capacity of the bone marrow cavity and it was proposed that 
progenitors migrated to the spleen where they fi nished their proliferation and termi-
nally differentiated. This idea was consistent with the observations that the spleen 
increased in size during the recovery from anemia. This model was based on several 
assumptions. The fi rst assumption is that Epo was the primary signal that drives 
stress erythropoiesis. The second assumption was that the progenitors that respond 
to anemic stress are the same progenitors that maintain homeostatic erythropoiesis. 
These progenitors were thought to have excess capacity that was activated by the 
increased serum Epo during the recovery from anemia. 

 Although this model explains many of the changes in erythropoiesis that occurred 
in response to anemia, analysis of several mouse mutants with defects in stress 
erythropoiesis led to the development of a new model [ 56 – 60 ]. In contrast to the 
earlier work, this analysis showed that bone marrow erythroid progenitors did not 
expand during the recovery from anemia. The major expansion of the erythroid 
progenitors occurred in the spleen. The stress erythroid progenitors in the spleen 
exhibited properties that were distinct from bone marrow steady-state erythroid pro-
genitors. The expansion of stress erythroid progenitors in the spleen is driven by the 
combination of bone morphogenetic protein 4 (BMP4), stem cell factor (SCF), and 
hypoxia [ 61 ]. These factors promote the expansion of progenitors that terminally 
differentiate in response to high serum Epo present during the recovery from anemia. 
The requirement for hypoxia in this process limits the activation of stress erythro-
poiesis to times of anemic stress [ 62 ]. Stress erythroid progenitors exhibit ideal 
properties in that they rapidly generate large numbers of new erythrocytes much 
faster than bone marrow steady-state erythroid progenitors. 

 Perry et al. showed that the activation of stress erythropoiesis results in a complete 
mobilization of stress erythroid progenitors [ 63 ]. Mice that have recovered from an 
experimentally induced anemia are unable to immediately respond to a second anemic 
challenge. It takes two additional weeks of recovery before a mouse can respond to 
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a second challenge like an untreated mouse. This observation suggested that the 
stress erythroid progenitors in the spleen needed to be replenished from another 
source. Transplant experiments showed that bone marrow cells could give rise to 
new stress erythroid progenitors in the spleen. However, bone marrow erythroid 
progenitors do not respond to BMP4, SCF, and hypoxia-like spleen stress progenitors. 
Perry et al. showed that signals in the spleen microenvironment, Hedgehog (HH) 
ligands, were suffi cient to induce the development of stress erythroid progenitors 
from bone marrow. Mutations that blocked HH signaling blocked the development 
of stress erythroid progenitors in the spleen [ 63 ]. 

 In addition to recovery from anemia, stress erythropoiesis is required during bone 
marrow transplant to generate new erythrocytes in the immediate post- transplant 
period [ 64 ]. These progenitors referred to as erythroid short-term radioprotective 
cells maintain erythroid homeostasis until HSCs can engraft and start producing 
new erythrocytes. Using the erythroid recovery after bone marrow transplant as an 
assay, Harandi et al. showed that the bone marrow progenitor that gives rise to the 
stress erythroid progenitors in the spleen is actually an HSC (CD34+Kit+Sca1+Lin−) 
[ 26 ,  64 ]. These cells migrate into the spleen within the fi rst 12 h after transplant 
where they rapidly expand. Using fl ow cytometry to analyze stress erythroid pro-
genitors in the spleen after transplant, Harandi et al. demonstrated that there were 
three distinct populations of stress erythroid progenitors. The most immature popu-
lation referred to as Population I expressed both stem cell markers (Kit+Sca1+) [ 22 ] 
and erythroid lineage markers (CD71 lo  and TER119+/−) [ 65 ]. These cells respond 
to BMP4, SCF, and hypoxia and contain all erythroid colony-forming activity in the 
spleen. Because these cells expressed stem cell markers, Harandi et al. tested their 
ability to give rise to multiple lineages in transplant experiments. Surprisingly, 
transplant of purifi ed Population I cells into lethally irradiated mice leads to a 
wave of donor-derived erythropoiesis, which maintains the survival of the recipient 
until endogenous HSCs that have survived irradiation can repopulate the mouse. 
The donor stress erythroid progenitors are erythroid restricted and do not contribute 
to other lineages. In addition to providing erythroid radioprotection, the donor stress 
erythroid progenitors established a stress response compartment that generated new 
erythrocytes in response to subsequent anemic challenges. Furthermore, donor 
stress erythroid progenitors (Population I) can be serially transplanted which sup-
ports the idea that these cells self-renew. Based on these observations, it was pro-
posed that stress erythropoiesis relies on the presence of a self-renewing population 
of erythroid-restricted stress progenitors. 

 Stress erythropoiesis illustrates the idea that the hematopoietic system can 
respond to a loss of homeostasis by generating a population of stress response 
progenitors which are only activated at times of severe stress. In the case of stress 
erythropoiesis the regulation comes from the requirement for tissue hypoxia [ 59 ,  61 ]. 
Stress erythroid progenitors have enormous proliferative potential and in the con-
text of a transplant situation they are able to self-renew like stem cells and establish 
a distinct donor-derived stress response compartment [ 64 ]. The identifi cation of this 
population has distinct implications for the treatment of anemia. Could these pro-
genitors be used as cellular therapy for hereditary anemia or could pharmacological 
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therapies activate stress erythropoiesis in anemic individuals? In addition to 
erythrocytes, megakaryocytes, which make platelets and neutrophils, must be made 
in the immediate post-transplant period to prevent the risk of hemorrhage and infec-
tion prior to donor stem cell engraftment [ 66 – 69 ]. Are there similar types of stress 
progenitors for these hematopoietic lineages that could exhibit self- renewal and 
enormous proliferative capacity if the right conditions were identifi ed? Future work 
will be needed to address this possibility.  

5     Summary 

 The primary goal of tissue-specifi c stem cells is to maintain homeostasis. In response 
to injury, however, tissue resident stem cells use a variety of mechanisms designed 
to repair the injury and reestablish homeostasis. We have discussed a small number 
of the different mechanisms in this chapter. The one lesson that is clear is that the 
ability of stem cells to repair damage may require (1) different stem cell populations 
that are dedicated to regenerative processes or (2) distinct differentiation schemes 
that lead to the production of large numbers of specifi c cell lineages which can 
effectively restore the tissues. In many cases these mechanisms will be distinct from 
the homeostatic mechanisms. This difference is illustrated in stress erythropoiesis. 
Hedgehog signaling plays an essential role in stress erythropoiesis [ 63 ]. In contrast, 
blocking Hedgehog signaling has no effect on bone marrow steady-state erythropoi-
esis [ 70 ,  71 ]. In future, new experiments will be needed to identify stem/progenitor 
populations and the signals that promote regeneration rather than maintenance of 
tissues. Experimental systems that mimic stress and injury situations will need to be 
developed so that these processes can be examined in a rigorous nature. A better 
understanding of the molecular mechanisms that regulate tissue regeneration will 
lead to development of new therapies for degenerative disease.     
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    Abstract     The aging process is associated with broad systemic and cellular 
malfunction. The cellular theory of aging put forward by Hayfl ick in the 1960s sug-
gests that cell-intrinsic defects such as telomere erosion cause cellular senescence 
and eventually tissue dysfunction leading to the aging phenotype. Further studies in 
nematodes and fl ies identifi ed systemic factors that promote aging and whose inhi-
bition prolongs life span, observations that were reproduced in mammals. The link 
between cell-extrinsic and cell-intrinsic aging pathways and how they affect tissue 
homeostasis however remain speculation. Since many tissues are constantly renewed 
by somatic (adult) stem cells, a stem cell theory of aging has been proposed where 
senescence of adult stem cells but not differentiated cells is the cause of aging. 
We here review the experimental evidence supporting that hypothesis and suggest that 
not only are stem cells the mediators of aging but are also the best cellular system 
to study the causes and consequences of aging in mammals.  

  Keywords     Stem cells   •   Aging   •   Self-renewal   •   Cell cycle   •   Senescence  
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  Arf    Cyclin-dependent kinase inhibitor 2A isoform p19 (mouse) or p14 
(humans)   

  Atm    Ataxia telangiectasia mutated   
  Atr    Ataxia telangiectasia and Rad3-related   
  Bmi1    Bmi1 polycomb ring fi nger oncogene   
  CDK    Cyclin-dependent kinase   
  CKI    Cyclin-dependent kinase inhibitors   
  CNS    Central nervous system   
  Fgf    Fibroblast growth factor   
  FGFR    Fibroblast growth factor receptor   
  Foxo    Class O forkhead box transcription factors   
  GH    Growth hormone   
  Hh    Hedgehog   
  Hmga2    High-mobility group AT-hook 2   
  HSC    Hematopoietic stem cell   
  Igf    Insulin-like growth factor   
  Igf1R    Insulin-like growth factor 1 receptor   
  Igfbp    Insulin-like growth factor binding-protein   
  Ink4a    Cyclin-dependent kinase inhibitor 2A isoform p16   
  Insr    Insulin receptor   
  KO    Knockout   
  Mapk    Mitogen-activated protein kinase   
  MSC    Mesenchymal stem cell   
  mTOR    Mammalian target of rapamycin   
  NSC    Neural stem cell   
  PI3K    Phosphoinositide 3-kinase   
  Rb    Retinoblastoma   
  ROS    Reactive oxygen species   
  SAM    Senescence-accelerated mice   
  Scf    Stem cell factor   
  SOD    Superoxide dismutase   
  TF    Transcription factor   
  Tgfβ    Transforming growth factor beta   
  Tpo    Thrombopoietin   
  TSH    Thyroid-stimulating hormone   

1           Introduction 

 Aging is a slow, systemic degenerative process affecting a majority of known 
multicellular organisms and eventually results in death caused by a single or mul-
tiple organ failure. Humans have been concerned about aging and have sought ways 
to extend their individual life span since time immemorial, as evidenced by early 
mythology and literature. For instance in the Epic of Gilgamesh (from about 2000 BC 
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Mesopotamia and one of the earliest known works of literature), the hero Gilgamesh 
is so troubled by the death of his friend Endiku that he sets on a quest for eternal life. 
In most civilizations and cultures, the search for immortality (that is to defeat aging) 
would remain within the realm of myth and folklore for the next millennia. 

 The scientifi c study of the causes and consequences of aging (gerontology) can 
however be traced back to the early twentieth century. For an exhaustive list of early 
references, we suggest reading Baker and Achenbaum [ 1 ] and its appendix listing 
the major works compiled by the distinguished researcher Nathan W. Shock. In the 
early 1900s most of the studies on aging focused on simple organisms such as 
Planarians because they were easier to handle in the laboratory (e.g., see [ 2 ,  3 ]). 
However, Alexis Carrel, one of the fi rst mammalian cell culturist, already drew 
analogies between the death of cells and tissues in vitro and the aging process and 
also observed differences in the cell supporting activity of serum derived from 
young or old chickens [ 4 ,  5 ]. However, because of technological and scientifi c 
limitations most research of the fi rst half of the last century studied aging from a 
physiological perspective trying to link aging to environmental causes, metabolism, 
and endocrine dysfunctions (e.g., [ 6 ,  7 ]). Starting around 1950, a series of scientifi c 
breakthroughs revolutionized biological research and brought aging research to a 
new level. 

 First, works by White, Morgan, Eagle, Ham, and others [ 8 – 10 ] allowed biologists 
to culture mammalian cells in vitro over extended periods of time using defi ned 
media. These techniques would allow studying aging of cells in vitro and would 
lead Hayfl ick to propose his cellular theory of aging a few years later [ 11 ]. Next, 
Watson and Crick published the structure of DNA [ 12 ]. This discovery was soon to 
be followed by a series of seminal papers by Jacob and Monod unraveling the mech-
anisms of gene regulation and expression as well as elucidating how DNA was 
transcribed into mRNA which was then translated into proteins [ 13 – 19 ]. Altogether, 
these studies allowed studying aging from a molecular and genetic perspective. 
Then in 1963 Becker et al. [ 20 ] provided the fi rst experimental proof of the exis-
tence of adult stem cells [in this case hematopoietic stem cells (HSCs)], which 
would eventually lead to the stem cell theory of aging (see below).    Finally, the 
advent of mouse genetic techniques (including the generation of the fi rst genetically 
engineered mouse line by Kuehn et al. [ 21 ] and the complete sequencing of the mouse 
and human genomes) now allow researchers to fully exploit modern technologies to 
study aging. 

 Given what has just been described one can rightly ask: so where are we now, 
what is the current status in the fi eld, what is known and what is still unknown, and 
most importantly can we envision increasing human life span or increasing the qual-
ity of life in old age in the foreseeable future? Unfortunately, there are still today no 
straight answers to most of these questions. It is quite clear from the literature that 
aging is a multifactorial process involving (non-exhaustively) environmental stress, 
genetic susceptibility, epigenetics, and metabolism. All these contribute to deregu-
lation of several molecular and cellular mechanisms in various tissues, affecting 
cross talk between different systems and eventually accumulating to result in what 
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is known as aging. Thus, it is essential to study aging using systemic approaches 
and a good knowledge of general physiology is mandatory. But where do all 
these factors converge and how can we study them in regard to what is known of 
mammalian physiology? 

 As briefl y mentioned above, an intriguing hypothesis that started to emerge in 
the last decade is the stem cell theory of aging, which is fi rmly rooted in Hayfl ick’s 
cellular theory of aging [ 22 ]. The latter is based on the observation that human 
diploid cells have a limited replication capacity in vitro and after a given number of 
divisions they enter a state called cellular senescence (a state that is now widely 
attributed to telomere erosion, DNA damage, oxidative stress, and/or ionizing radia-
tion exposure) [ 11 ,  23 ,  24 ]. Hayfl ick suggested that if this process also occurred in 
vivo then it could contribute and even be the main cause of aging. There is now 
robust experimental evidence that senescent cells indeed accumulate in many tissues 
during aging. However, it is still debated whether cellular senescence in tissues is a 
direct cause of aging or vice versa, whether the aging process itself induces cellular 
senescence in tissues [ 25 ]. It must be noted here that the systemic physiological 
changes that occur during aging and the cellular changes that refl ect cellular senes-
cence have mainly been studied separately. How do those cell nonautonomous and 
cell autonomous processes are linked is still unclear, although as we will see there is 
accumulating evidence that they are indeed linked at the molecular level. So where 
do stem cells enter this picture? 

 Since the pioneering discovery by Till and McCulloch of HSCs, still today the 
prototypical adult stem cell population, adult stem cells have been identifi ed in 
almost all tissues (bone, brain, skin, intestine, muscle, fat, heart, liver, pancreas). 
These cells are known (in some cases) or thought to produce replacement cells for 
their respective tissue during homeostasis and repair. Because aging typically 
affects tissues that are mitotically active or have a high metabolic demand (those 
same tissues that are thought to be maintained by adult stem cells) and because of 
the decreasing regenerative potential of these tissues during aging, one intriguing 
hypothesis is that aging might be caused by loss or entry into senescence of stem 
cells [ 26 ]. 

 This chapter will thus review what is currently known about the relationship 
between the aging process and adult stem cells. We will fi rst describe various ani-
mal models available to study aging in mammals (although many nonmammalian 
systems also exist and have proven useful to identify key gene and pathways 
involved in aging, reviewing them would exceed the scope of this chapter; we will 
nevertheless mention some of them as appropriate). We will next discuss the main 
cellular and molecular mechanisms that have been linked to aging and cellular 
senescence using animal models and in vitro assays. Finally, we will review our 
current knowledge of how aging affects adult stem cells but also how stem cells 
might affect aging. We will see that certain populations of stem cells might in fact 
be useful models to study and unravel the mechanisms of aging in mammals and 
how manipulating adult stem cells might potentially help to alleviate diseases 
associated with aging in the future.  
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2     Animal Models 

 The study of aging in animal models is not recent. As mentioned above, rodents 
were already used to study the physiological process of aging in the fi rst half of the 
last century. It is also interesting to note that the life span extending effects of caloric 
restriction in rodents have been described as early as 1946 [ 27 ]. However, most of 
the early studies on the molecular and cellular mechanisms of aging were conducted 
in simpler organisms such as  C. elegans  and  Drosophila . The advantages of using 
these organisms are quite evident: in the case of  C. elegans , its short life span (about 
17 days) and a simple cellular organization (959 cells make up the total organism) 
make it a great tool to rapidly screen various genes for the capacity to extend or 
shorten life span as well as to study their systemic effects. Intriguingly, many of 
the genes identifi ed in  C. elegans  to be associated with aging have homologs in 
mice and humans which have also been linked to aging in these organisms. Mice 
share about 99 % of their genes with humans and because their physiology is 
closer to humans than that of nematodes, murine models are currently preferred in 
aging research. 

 We will here review various spontaneous and genetically engineered mouse mod-
els that have been used in aging research. This section will describe general models of 
aging. Many gene-specifi c knockouts or overexpression models, as well as models 
affecting only specifi c cell types, will be treated in the following sections. For a more 
complete review on genetically engineered mouse models of aging, see [ 28 ]. 

2.1     Inbred Mouse Strains 

 It has long been known, although often overlooked, that inbred strains of mice differ 
in their average life span [ 29 ]. These differences can be quite dramatic when 
comparing the short-lived AKR/J strain (median life span of 251 days for females) 
with the long-lived strain WSB/EiJ (median life span of 964 days for females). 
The widely used C57Bl/6J ranks amongst the longest lived at 866 and 901 days 
media life span for females and males, respectively. These differences in the speed of 
aging have been exploited by some groups to identify genes or gene loci responsible 
for life span extension. 

 An elegant example of how to exploit these differences comes from the study of 
BXD mice [ 30 ]. These mice were generated by intercrossing the F 1  progeny of 
C57Bl/6 (long-lived) and DBA/2 mice (short-lived). The crossing-over patterns 
generated by these matings were bred to homozygosity so that all strains have a 
unique mosaic pattern of C57Bl/6 and DBA/2 genes (strain distribution patterns). 
Importantly, these mice are commercially available. Because the genomic chimerism 
has been mapped by geneticists, it is possible to compare how various BXD strains 
differ for a certain phenotype and identify the genomic locus or loci  responsible for 
that trait (e.g., [ 31 ,  32 ] and see below).  
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2.2     Telomerase-Defi cient Mice 

 As we briefl y mentioned above, cellular senescence of human diploid cells in vitro is 
thought to be caused by telomere erosion, which occurs at every cell division due to 
the structural impossibility of the DNA polymerase to completely duplicate the end of 
linear DNA molecules [ 33 ]. To circumvent this issue, rare cell populations such as 
some adult and germinal stem cells as well as some cancer cells have the capacity to 
elongate telomeres, the DNA structures capping the end of chromosomes. To do this 
they express a gene encoding a different DNA polymerase called telomerase. In the 
absence of this enzyme, chromosomes shorten at every cell division until genomic 
instability ensues resulting in recombination events between chromosomes. 

 To test whether telomere erosion and the resulting cellular senescence are 
involved in aging, telomerase knockout (KO) mice have been used [ 34 – 36 ]. 
However, it must be mentioned that murine telomerase regulation is different than in 
humans. Also, mice have very long telomeres compared to humans. For this reason, 
there is no apparent phenotype in mice lacking telomerase until the sixth generation, 
where telomeres reach a critical length. These mice have a shortened life span, are 
infertile, and show signs reminiscent of aging in various high turnover tissues 
including skin and blood. Histologically, the tissues appear normal in terms of 
cell numbers and types. However, they appear defi cient in their capacity to respond 
to stress and injury [ 30 ]. 

 Although telomerase KO mice are an appealing model to study the role of cellular 
senescence in aging, the above-mentioned fact that the regulation and expression of 
telomerase in mice may not refl ect the situation in humans makes it diffi cult to draw 
defi nitive conclusions. Moreover, since the phenotype is only observable after six 
generations, this model is costly and time-consuming to study and requires a large 
mouse colony to be maintained.  

2.3     Senescence-Accelerated Mice 

 Senescence-accelerated mice (SAM or senescence prone mice, SAMP) are progeroid 
animals that were created in Japan by selective inbreeding of the short- lived AKR/J 
mice originally provided by the Jackson laboratory [ 37 ]. Several of these lines have 
been created (as well as their counterparts, the senescence-resistant mice SAMR) 
and display some sign of accelerated aging very early. These mice have an increased 
accumulation of mutations in somatic tissues, suggesting that DNA damage in 
normal cells is indeed linked to longevity. A few studies also examined adult stem 
cell populations in these mice (see below) with intriguing fi ndings. However, the 
use of SAMs as animal models of normal aging is controversial and the genetic 
causes of their accelerated aging are not clear [ 38 ]. Moreover, not all strains of 
SAMs display the same phenotypes and penetration is not 100 %. However, the use 
of a genetic strategy such as that used with the BXD mice mentioned above could 
lead to the identifi cation of potential genes regulating longevity.  
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2.4     Dwarf Mice 

 Ames and Snell dwarf mice carry mutations in transcription factors required for 
pituitary development. These mice are smaller than normal mice and are long-lived 
(about 30–50 % increased life span). This extension of life span has been attributed 
to decreased growth hormone (GH) levels (although there is also a defi ciency in 
prolactin and TSH) which subsequently causes a reduction in circulating Igf1 
(reviewed in [ 30 ,  39 ]). Indeed, genetic ablation of the GH-receptor binding protein 
or GH-releasing hormone receptor also leads to decreased Igf1 levels with accom-
panying increased life span. Moreover, Igf1-receptor heterozygous knockout mice 
are also long-lived (the homozygosity being perinatally lethal). Interestingly, wild 
mice typically grow more slowly than their laboratory counterparts, have low circu-
lating Igf1 levels, and live longer. Furthermore, studies in nematodes and fl ies also 
identifi ed homologs and/or orthologs of the insulin/Igf-PI3K-Akt-Foxo1 pathways 
as key regulators of longevity and aging (DAF-2, AGE-1, AKT, and DAF-16 in 
worms; insulin receptor, PI3K, AKT, and FOXO in fl ies). Collectively, these obser-
vations provide an interesting link between organism growth rate, longevity, and 
Igf signaling. It may also be worth mentioning that in dogs and humans, smaller 
individuals tend to live longer.  

2.5     Klotho-Defi cient Mice 

 The klotho-defi cient mouse was initially created serendipitously by Kuro-o et al. 
[ 40 ]. While attempting to create a transgenic line they inadvertently mutated a gene 
locus (rendering it hypomorphic) which they named klotho, based on the Greek 
goddess who spins the thread of life and determines the life span of mortals. Indeed, 
these mice display a progeria syndrome (accelerated aging) and die at around 3 
months (klotho knockout mice with the same phenotype have since been generated) 
[ 41 ,  42 ]. Klotho-defi cient mice suffer from hypogonadism, premature thymic atrophy, 
osteopenia, ectopic calcifi cation, skin atrophy, pulmonary emphysema, neurode-
generation, hearing loss, and aberrant blood chemistry with 100 % penetrance. 
Overexpression of klotho in the knockout background rescues the phenotype 
whereas in normal mice it increases life span by about 20–30 %. As we will discuss 
in the next section, klotho exists as a transmembrane protein or secreted, circulating 
form and appears to act by modulating Fgf and Igf signaling at the receptor level.   

3     Molecular Pathways and Mechanisms 

 The animal models described above suggest a link between genetics, metabolism, 
cell cycle, as well as telomere shortening and aging. With the exception of telomere 
erosion, the pathways mentioned in the previous section act in a cell 
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nonautonomous or endocrine manner to modulate the aging process systemically. 
However, the cellular and stem cell hypotheses of aging favor a cell autonomous 
mechanism of aging that incorporates modulation of cell cycle components by DNA 
damage, oxidative stress, and telomere shortening leading to cellular senescence. 
As we will see in this section, these cell-extrinsic and intrinsic mechanisms are not 
exclusive and are indeed intricately linked through signaling pathways and the cell 
cycle machinery (see also Fig.  1 ).

3.1       Cell Nonautonomous Pathways 

3.1.1     Insulin-IGF1/AKT/FOXO1 Axis 

 As mentioned above, studies in nematodes, fl ies, and dwarf mice were the fi rst 
to suggest a link between insulin/Igf1 signaling and longevity [ 28 ,  33 ,  39 ,  43 ]. 
In mammals, the main source of circulating Igf1 is the liver which secretes it as an 
endocrine hormone important for development and postnatal growth. Its production 
is stimulated by growth hormone and inhibited by caloric restriction. Igf1 effects are 
mediated by a receptor tyrosine kinase, Igf1r, and its activity is modulated by vari-
ous Igf-binding proteins (Igfbps). Insulin is produced by the pancreas and has a 
well-established function in glucose and fat metabolism but may also have other 
less understood functions in other tissues than liver, muscle, and adipose tissues, as 
suggested by the expression of the insulin receptor (Insr, another receptor tyrosine 
kinase) by other cell types. However, these functions have been poorly studied due 
to the diffi culty of uncoupling them from general metabolic disturbances. However, 
caloric restriction in mammals decreases insulin levels in the context of normal 
glucose levels and increases life span. Furthermore, fat-specifi c deletion of insulin 
receptor in mice (FIRKO mice) also increases life span [ 39 ,  44 ]. Interestingly, these 
mice are resistant to high-fat diet or age-induced obesity and protected against 
diabetes. These observations suggest an intriguing relationship between metabolism, 
insulin, and adipose tissue that regulates the aging process of the whole organism. 
Potential mediators of this effect are leptin, adiponectin, and steroid hormones, but 
further work is required to better understand this phenomenon [ 39 ]. 

 Both Igf1r and Insr share many signaling pathways including the PI3K-Akt axis. 
Akt appears to be a key player in transmitting the pro-aging signals from Igf1 and 
insulin. Indeed, it leads to activation of both D-type cyclins-CDK4/6 and cyclinE/
A-CDK2 complexes promoting entry into cell cycle and cell cycle progression, 
respectively (see below). Cell cycle control is important in controlling cellular 
senescence, stem cell quiescence and differentiation, as well as oncogenic transfor-
mation [ 45 ]. It is also intrinsically linked to telomere shortening, as discussed. 
Thus, by stimulating cell cycle entry Igf1 signaling may cause loss of adult stem 
cells and aging. 

 Another target of PI3K-Akt signaling downstream of Igf1r and Insr are class O 
forkhead box (Foxo) transcription factors (TFs) which are thought to play an essen-
tial role in aging and are inhibited by Akt [ 46 ]. When phosphorylated by Akt, Foxo 

D.L. Coutu and J. Galipeau



  Fig. 1    Link between the main pathways regulating aging in a cell nonautonomous and cell autono-
mous manner. The main pathways that have so far been identifi ed to regulate aging in a cell non-
autonomous manner are the insulin and Igf pathways. These act in an endocrine and systemic 
manner to affect cells in distant tissues. Their main effect is to stimulate metabolism and prolifera-
tion, both of which are deleterious to longevity, and to inhibit the Foxo transcription factors essen-
tial to promote longevity. At the cell autonomous level, pathways regulating cellular proliferation, 
stem cell self-renewal, and cellular senescence converge on the regulation of cell cycle mediators 
and their inhibitors       
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proteins are sequestered to the cytoplasm while unphosphorylated proteins translocate 
to the nucleus. Foxo (or DAF-16 in worms) activates transcription of longevity 
genes while inhibiting pro-aging genes [ 44 ,  47 ,  48 ]. In lower organisms, these 
include reactive oxygen species (ROS) detoxifying genes (superoxide dismutase 
[SOD], catalase) as well as genes involved in oxidative stress response [ 33 ]. The 
role of Foxo TFs in promoting longevity in mammals is less well established. 
However, genes directly targeted by Foxo include factors involved in cell cycle 
inhibition (p21 Cip , p27 Kip , p130), DNA damage repair (Gadd45, Ddb1), metabolism 
(G6Pase, Pepck), and ROS detoxifi cation (MnSOD, catalase) [ 49 ,  50 ]. In addition 
to inhibition by Akt-mediated phosphorylation, Foxo family members are activated 
by sirtuins (Sirt1 and 2), which are protein deacetylases. This posttranslational 
modifi cation appears to antagonize Akt-mediated phosphorylation of Foxo1, but the 
effects of Sirt1/2 might be tissue specifi c. Of note, overexpression or activators of 
sirtuins also prolong life span in lower organisms.  

3.1.2     Klotho/Fgf23 Axis 

 The klotho gene encodes a transmembrane protein with two extracellular domains 
sharing homology with glycosidases, although it lacks glycosidase activity [ 51 ]. 
Klotho is expressed mainly in the brain choroid plexus and kidney distal tubules; 
however, through alternative splicing or proteolytic cleavage at the membrane it 
also exists as a secreted and circulating protein. As mentioned earlier, klotho defi -
ciency leads to a progeroid syndrome whereas its overexpression or intraperitoneal 
administration increases life span in mice, qualifying it as an anti-aging hormone. 
Overexpression of klotho leads to insulin resistance with increased insulin levels but 
normal glucose levels. This insulin resistance is thought to be caused by inhibition 
of insulin and Igf1 signaling at the receptor level [ 41 ]. To further support the antago-
nizing function of klotho on insulin signaling, the progeria of klotho-defi cient mice 
is partially rescued by knocking out one allele of insulin receptor substrate 1 [ 39 ]. 

 Klotho-defi cient mice also display elevated calcium, phosphate, and vitamin D 
levels. Worth mentioning is the fact that feeding these mice with a vitamin D poor 
diet also partially rescues the progeroid syndrome (it accelerates growth, inhibits 
ectopic calcifi cation, and increases life span) [ 41 ,  42 ]. The effects of klotho on cal-
cium and phosphate homeostasis are mediated by Fgf23 [ 52 ]. Indeed, Fgf23 defi -
ciency partially phenocopies klotho defi ciency [ 53 ]. Moreover, membrane klotho 
increases the affi nity of various Fgf receptors in the kidney towards the bone- derived 
Fgf23, triggering phosphate retention. 

 Finally, preliminary observations suggest that klotho might delay cellular senescence 
of primary human fi broblasts and HUVECs in vitro through inhibition of the p53/p21 Cip  
pathway [ 51 ], which are involved in cell cycle arrest as we will see below.  

3.1.3     Fgf/Fgfrs Axes 

 Fibroblast growth factors (Fgfs) are a large family of secreted proteins (23 members) 
that play key roles in embryonic development, postnatal homeostasis, and tissue 
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repair [ 54 ]. These factors, which activities are regulated by heparan sulfate 
proteoglycans, signal through fi ve receptor tyrosine kinases (Fgfr1–5) that are 
expressed as multiple splice variants [ 55 ,  56 ]. Each receptor isoform possess affi n-
ity towards a limited spectrum of ligands. As a general rule, mesoderm-derived Fgfs 
bind preferentially to ectoderm-expressed Fgfrs and vice versa. Thus, Fgfs are key 
mediators of cross talk between tissues. The high redundancy in expression and 
activity of the various Fgfs has made it diffi cult to study their various biological 
effects using genetic techniques due to compensation mechanisms. At the receptors 
level, Fgfr1 and Fgfr2 knockout mice are embryonic lethal, and as such, conditional 
and/or inducible knockouts are required to study their roles in a tissue-specifi c man-
ner [ 57 – 59 ]. Fgfr3 knockout results in a skeletal phenotype of osteopenia whereas 
Fgfr4 knockout mice have no noticeable phenotype [ 60 ,  61 ]. Fgfr5 is only poorly 
studied as of yet. 

 Fgf signaling induces many intracellular signaling pathways including MAP 
kinases and PI3/K-Akt. However, accumulating evidence suggests that Fgf signal-
ing prevents cellular senescence of human and murine adult stem cells and stimu-
lates their self-renewal [ 62 ,  63 ]. Apart from the role of Fgf23 in mediating some 
anti-aging properties of klotho, the molecular mechanisms underlying Fgfs modula-
tion of stem cell self-renewal and bypass of senescence are still mostly unclear and 
may be cell type and developmental stage specifi c.  

3.1.4     Cell Autonomous Pathways 

 All of the environmental, physiologic, cellular, and molecular factors involved in 
aging that were described above share in common the downstream regulation of cell 
cycle components. This is expected since deregulation of cell cycle mechanisms 
leads to growth arrest, cellular senescence, and apoptosis, or conversely their activation 
promotes neoplasic transformation. A basic understanding of the cell cycle and its 
regulation is thus important to fully grasp how extrinsic pro-aging factors are linked 
to intrinsic cellular senescence. We will here describe the main players regulating 
cell cycle and how they are regulated as well as the key role of the Ink4/Arf locus in 
mediating cell cycle arrest in various situations.  

3.1.5     Cell Cycle Machinery 

 As just mentioned, the cell cycle machinery requires tight control to prevent apop-
tosis and senescence as well as cancer progression while remaining capable of 
responding to physiological cues in normal growth or tissue repair situations [ 64 ]. 
This is accomplished by exquisitely complex regulatory feedback loops (both posi-
tive and negative) involving various players, by their levels of expression as well as 
their activation state. The number of molecules involved is high and their interactions 
may sometimes be diffi cult to grasp. For this reason, we have illustrated in Fig.  1  
the major proteins involved in cell cycle regulation and their mutual interactions. 
We will here describe these pathways in more details. 
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 Most of the cell cycle activating and inhibiting pathways converge to the pRb 
(retinoblastoma) protein. pRb was fi rst characterized as the cause of the inheritable 
retinoblastoma tumors (in which it is mutated) and along with p53 constitute the 
prototypical tumor suppressor genes that are both inactivated by DNA tumor viruses 
(by SV40 T antigen, human papilloma virus E6 and 7 antigens, and adenovirus E1A 
and B antigens). pRb is the founding member of the Rb family of proteins that also 
include p130 and p107, whose expression levels vary during cell cycle (p130 being 
expressed in G0, p107 in S-phase, and pRb in all phases) [ 65 ]. The main function 
of pRb is to prevent progression from G0 through G1 and into S-phase. It accom-
plishes this in its non- or hypo-phosphorylated form by binding to and inhibiting the 
E2F family of TFs which regulate proliferation-associated genes [ 66 ]. 

 Upon mitogen stimulation, signaling through PI3K, Akt, and the mammalian 
target of rapamycin (mTOR) downstream of receptors leads to the activation of 
D-type cyclins and cyclin-dependent kinases 4 and 6 (CDK4/6). The cyclinD- 
CDK4/6 complex then starts to phosphorylate pRb, causing exit from G0 and pro-
gression through G1. Subsequent activation of cyclin E-CDK2 complex further 
phosphorylates pRb, alleviating E2F TFs inhibition [ 67 ]. The latter stimulate tran-
scription of S-phase-associated genes, thus promoting the G1 to S-phase transition. 
Activation of the PI3K-Akt pathway also inactivates Foxo family members, as seen 
before, further pushing the cell towards cell cycle progression (Foxos upregulating 
the transcription of cyclin-dependent kinase inhibitors [CKIs] such as p21 Cip , 
p27 Kip1 , and p57 Kip2 ) [ 68 ]. Given the central role of pRb in driving fi rst the G0–G1 
and then the G1–S-phase transitions, it is not surprising that in different cellular 
contexts it controls various states of growth arrest including terminal differentiation, 
cellular senescence, and quiescence.  

3.1.6     Pleiotropic Roles of the INK4/ARF Locus 

 The Ink4/Arf gene locus has a complex architecture and encodes three proteins: 
p15 Ink4b , p16 Ink4a , and p19 Arf  as well as a long intragenic noncoding RNA transcribed 
in antisense direction from the Arf promoter (reviewed in [ 69 ]). Arf and p16 Ink4a  
share two exons, but they are read in alternative reading frames, generating two 
structurally unrelated proteins that are however functionally related as the both play 
a role in cell cycle inhibition. The Ink4/Arf locus indirectly regulates pRb and p53 
and is one of the most frequently deleted gene loci in various cancers. 

 The Ink4 family of proteins (which also includes p18 Ink4c  and p19 Ink4d ) are CKIs 
that antagonize cyclin D/CDK4–6 complexes [ 70 ]. The function of p19 Arf  on the 
other hand is to sequester and inhibit the E3 ubiquitin ligase Mdm2, preventing it 
from targeting p53 for proteasomal degradation [ 71 ,  72 ]. The Ink4a/Arf locus is 
silenced by the high-mobility group AT-hook 2 (Hmg2a) protein and the polycomb 
group protein Bmi1 (itself regulated by hedgehog [Hh] signaling) in fetal and young 
age, respectively [ 69 ,  73 – 75 ]. The expression of the locus is typically low in young 
animals and gradually increases during life span. Its transcription can be induced by 
hyper-mitogenic signals, DNA damage (which induces p16 but not Arf), 
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constitutively active Ras (which activates both p16 and Arf in mice but only p16 in 
humans), and ROS. DNA damage can also induce growth arrest through a p16-inde-
pendent mechanism involving Atm/Atr which activates the p53/p21 Cip  pathway by 
activating CHK1/2 and inhibiting Mdm2 [ 34 ,  67 ]. The fact that p16 transcription is 
not acutely responsive to mitogens suggests that it undergoes a gradual epigenetic 
modifi cation during aging or cellular stress and that prolonged or repetitive stress is 
required for its expression [ 69 ]. On the other hand, the Arf-Mdm2-p53 axis appears 
to be important in monitoring the levels of mitogenic signals. 

 Because of their growth inhibitory properties and their activation by cellular 
stress and aging, p16 and Arf are considered the hallmarks of cellular senescence 
[ 76 ]. However, in humans the role of Arf does not appear to be as important whereas 
induction of p21 Cip  by telomere erosion is more signifi cant [ 77 ].    

4     Adult Stem Cells and Aging 

 We have seen in the previous sections that the systemic (metabolic and endocrine) 
as well as cell-intrinsic molecular regulation of the aging process is multifactorial 
and regulated through complex feedback loops. However when considered globally, 
we can see that both cell autonomous and cell non-autonomous pathways converge 
on the regulation of the cell cycle machinery. This is in retrospect not surprising 
since tight regulation of cell cycle is central to phenomena like tumor suppression, 
terminal differentiation of cells, apoptosis, cellular senescence, and stem cell quies-
cence and self-renewal. In many experimental settings, it has become increasingly 
evident that cell cycle progression (active proliferation) causes an accumulation of 
DNA damage and mutations. For instance in an elegant study, Dollé and colleagues 
demonstrated that a LacZ reporter gene integrated in the genome of mice was sub-
jected to more mutations in a highly proliferative tissue (the liver) than a tissue with 
slow turnover (the brain) [ 78 ]. 

 Adult stem cells are mainly quiescent or slow dividing in mammals and the cur-
rently accepted hypothesis is that this protects them for DNA damage insults caused 
by sustained proliferation and ensuing rapid telomere shortening (at least in humans) 
[ 79 ]. Indeed in tissues with high cellular turnover, senescence or apoptosis of termi-
nally differentiated cells caused by these insults is relatively benign since these cells 
can be replaced by stem and progenitor cells. However, loss of stem cell function 
would rapidly result in tissue dysfunction. This hypothesis is the main building 
ground for the stem cell theory of aging, wherein aging of adult stem cells within 
tissues leads to tissue dysfunction and the phenotypes associated with old age. 

 As we will see in this section, there is increasing evidence linking deregulation 
of the various pathways described above in stem cells and the aging phenotype. 
To illustrate this, we will focus on three types of adult stem cells. First the prototypical 
adult stem cells, the HSC, which is the best characterized and most studied adult 
stem cell and the only one used clinically in a standard manner. Second the neural 
stem cell (NSC), which is probably the next best characterized and studied 
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population of adult stem cells with defi nite therapeutic potential. Finally the 
mesenchymal stem cell (MSC) (we will here focus our discussion on bone- or mar-
row-derived MSCs, or skeletal stem cells), which although still poorly characterized 
at the fundamental level to date, is the most widely used non-hematopoietic adult 
stem cell in clinical trials for a wide variety of disease conditions. 

4.1     Hematopoietic Stem Cells 

 HSCs are responsible for the generation of all blood and immune cells throughout 
the life span of an organism. In normal homeostatic hematopoiesis, the adult human 
body produces over 10 11  of these blood cells daily. The HSCs are the only cells 
capable of generating all lineages of blood and immune cells while maintaining 
themselves in a multipotent state by the process of self-renewal [ 80 ,  81 ]. This pro-
cess is still poorly understood at the molecular and cellular level but is thought to 
involve either symmetric or asymmetric cell divisions, where a dividing stem cell 
gives rise to two daughter stem cells (stem cell expansion) or one stem cells and one 
differentiated progeny (stem cell maintenance), respectively. Moreover, this 
self- renewal is thought to be controlled by ill-defi ned niches in bone marrow that 
may include osteoblasts, marrow stroma, vasculature, neurons, extracellular matrix, 
soluble factors, and endocrine signaling [ 82 – 85 ]. 

 In mice, HSCs-like cells, which are thought to be derived from ventral meso-
derm, fi rst arise in the yolk sac around E7–7.5 to produce the erythrocytes and 
endothelial cells necessary to carry oxygen to the growing embryo [ 86 ]. These 
cells, termed hemangioblasts, then undergo a nomadic journey that will succes-
sively take them to the aorta-gonad-mesonephros (AGM), the placenta, and the 
fetal liver before settling in the forming bone marrow shortly before birth [ 87 ]. 
Whereas functional (transplantable) and phenotypically detectable HSCs are fi rst 
seen in the AGM, the fetal liver is the fi rst site where all blood lineages are pro-
duced. The fetal liver HSCs are highly proliferative with 95–100 % of them cycling 
within 24 h and undergo stem cell expansion. This proliferative phenotype is main-
tained in the bone marrow until about 4 weeks of age in mice. At this point, most 
HSCs adopt a quiescent phenotype (characterized by G0 or G1 arrest) although 
label retention assays suggest that there may be a small subpopulation of actively 
cycling HSCs (accounting for about 5 % of all HSCs) [ 68 ,  88 ]. It is not known 
whether this switch from proliferative to quiescent phenotype refl ects a change in 
the HSC niche, a cell- autonomous change, or simply a regulatory feedback loop 
instructing the HSCs that homeostasis has been reached (a combination of these is 
likely to be involved). However, it is known that fetal but not adult HSCs depend 
on Sox17 expression for their maintenance and that the CKI p18 Ink4c  is highly 
expressed in adult but not fetal HSCs (see [ 68 ] and references therein). Similarly, 
the Ink4a/Arf locus may not be silenced by the same repressors in fetal and post-
natal adult stem cells (Hmga2 and Bmi1, respectively). Interestingly, fetal liver and 
adult bone marrow HSCs, as well as more differentiated progenitors, all transit 
through the cell cycle with the same kinetic (about 14 h). It thus appears that the 
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quiescent phenotype of HSCs refl ects differences in how they enter the cell cycle 
rather than how they progress through it. 

 In aged mice, the numbers of phenotypically identifi able HSCs are strain spe-
cifi c. They are increased in C57Bl/6 but reduced in DBA/2 mice compared with 
younger mice [ 89 ]. Independently of the size of the HSC pool, their proliferation 
rate is decreased and they display reduced self-renewal upon transplantation [ 90 – 95 ]. 
Importantly, old HSCs are also lineage biased towards a myeloid fate. Transplantation 
of old HSCs into young mice does not rescue these age-associated changes in HSCs, 
suggesting a cell-autonomous defect or, alternatively, a systemic or niche-related 
change that induced an irreversible aging phenotype in the HSCs. 

 A series of seminal studies by Van Zant, de Haan, and colleagues suggest a 
strong link between HSCs’ cycling state and aging [ 32 ,  89 ,  96 – 102 ]. They fi rst 
reported that the proliferation rates of HSCs vary up to tenfold in various inbred 
mouse strains and subsequently that this proliferation rate was inversely correlated 
with the life span in these strains. Furthermore, they noticed strain differences in the 
number of HSCs during aging. Indeed, HSC numbers tend to decrease in aged, 
short-lived mouse strains, whereas it increases during aging of long-lived strains. 
An aggregation experiment producing C57Bl/6 (long-lived, slow proliferating) and 
DBA/2 (short-lived, rapidly proliferating) chimeras then demonstrated that in aged 
animals the peripheral blood contained only C57Bl/6-derived cells. Intriguingly, the 
marrow of these mice still contained DBA/2-derived HSCs as assessed by trans-
plantation assays, but these cells contributed only transiently to hematopoiesis in 
recipient mice. Their contribution was even lessened upon secondary transplanta-
tion. Further studies using BXD mice attempted to map gene loci that were linked 
to both HSC numbers and cycling behavior and life span. Various genetic linkage 
analyses identifi ed quantitative trait loci linking HSC proliferation and life span as 
well as HSC numbers and cytokine responsiveness (kit ligand, fl t3 ligand, thrombo-
poietin, and TGFβ) (reviewed in [ 103 ]). These studies suggest that organismal aging 
is refl ected by the cycling behavior of HSCs. Furthermore, the aggregation study 
suggest that hematopoietic decline in aged animals is not caused by an aging niche 
but rather a cell-autonomous defect. 

 Proliferation and quiescence of HSCs (and purportedly all somatic and germinal 
stem cells) are thought to be controlled by a balance of positive and negative regula-
tors of proliferation provided by the niche but also by systemic cues and epigenetic 
changes within the HSCs that render them responsive or not to external cues. For 
instance, it is thought that stem cell factor (Scf) and thrombopoietin (Tpo) signaling 
in HSCs trigger lipid raft clustering on the plasma membrane [ 68 ,  104 ,  105 ]. This is 
believed to enhance growth factor receptor activation and signaling, leading to 
downstream signaling pathway activation (such as MAPK and PI3K). As we have 
seen, activation of PI3K leads to proliferation and also to inactivation of Foxo fam-
ily members (mainly Foxo3a in HSCs) which results in downregulation of longevity 
genes. However, other niche components such as TGFβ inhibit lipid raft clustering 
and stimulate p21 Cip  activity, resulting in growth arrest. Since the HSC niche is as of 
yet poorly described, it is diffi cult to study age-related changes in the HSC niche. 
However, since HSCs can be transplanted as single cells, it is possible to uncouple 
niche effects from stem cell effects in mutant mice using transplantation assays. 

Molecular and Endocrine Mechanisms Underlying the Stem Cell…



404

 To decipher the molecular basis underlying different HSC (and other adult stem 
cell types) behaviors in fetal, young, and old organisms remains challenging primarily 
because of the high redundancy in cell cycle regulators. This means that in some 
instances, double or triple knockouts need to be studied and HSCs from fetal, young, 
and old mice compared. Furthermore, to uncouple cell-autonomous defects from 
niche effects, conditional knockouts are preferred. Nevertheless, and although much 
work remains to be accomplished, our understanding of HSC biology, aging, cell 
cycle, and cellular senescence and the accessibility of mouse genetic techniques 
provide a strong basis for unraveling this process. Not surprisingly, the regulation of 
HSC proliferation, quiescence, and aging is mainly controlled by CKIs of the Ink4 
and Cip/Kip families [ 104 ,  105 ], by their transcriptional repression or expression 
(through epigenetic modifi cations implicating Bmi1 and Hmga2) and activation 
state at different developmental stages (see Table  1 ). Describing in detail the vast 
number of studies evaluating stem cell function in knockout mice is beyond the 
scope of this chapter, but excellent recent reviews already exist [ 68 ,  69 ,  79 ,  88 ,  106 , 
 107 ]. However it can be seen in Table  1  that generally, increasing HSC proliferation 
by knocking out cell cycle inhibitors results in decreased HSC numbers, blunted 
self-renewal, and lineage bias, eventually leading to a phenotype resembling aging.

   One notable exception to this is p16 Ink4a , the inactivation of which increases self- 
renewal in old but not young HSCs (consistent with its absence in young HSCs and 
age-dependent upregulation). The increase of p16 Ink4a  in aged HSCs is believed to 
inhibit their infrequent cell division, and although the mechanism underlying this 
upregulation is not known, it probably serves to limit oncogenic transformation due 
to accumulating DNA damage. To support this, overexpression of p16 Ink4a  decreases 
HSC function similar to age, and its inactivation increases neoplasms. Furthermore, 
inactivation of genes involved in DNA damage response (such as Atr and Atm) also 
causes HSC functional defects similar to aging whereas caloric restriction in a 
p16 Ink4a -defi cient background increases HSC function in aged mice. It must be noted 
that silencing of the p16 Ink4a  gene (and thus prevention of cellular senescence) is 
mostly regulated by Bmi1 and Hmga2 at various levels during development and 
aging whereas cycling and quiescence are likely mediated by other members of the 
Ink4 family as well as Cip/Kip family of CKIs [ 68 ,  88 ]. However, the precise regu-
lation and interactions between these cell cycle inhibitors during development and 
aging are not fully understood yet. 

 The role of insulin/Igf signaling in HSCs has been poorly studied, but Igfbp2- 
null mice have low HSC numbers and are defective in supporting HSC self-renewal 
[ 108 ]. On the other hand, the role of Fgf signaling has been extensively studied a 
few decades ago, but since our defi nition of HSCs is much evolved since, it remains 
diffi cult to interpret these data in light of what is currently known about HSC biol-
ogy (reviewed in [ 62 ,  63 ]). 

 From what has been described, it appears that tight control of the cell cycle is 
primordial for maintaining HSCs throughout life span. During fetal development 
and early in postnatal life, HSCs are cycling rapidly to support the increasing needs 
of the growing organism. They accomplish this by silencing the Ink4a/Arf locus and 
downregulating most CKIs through Polycomb group proteins (Bmi1, Ezh2) and 
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high mobility group proteins (Hmga2) [ 74 ,  88 ,  109 – 111 ]. However, once homeostasis 
is reached at around 4 weeks of age, HSCs enter quiescence (probably through 
p18 Ink4c ) to avoid potential genotoxic insults during proliferation. Accumulation of 
DNA damage during life then leads to a gradual de-repression of p16 Ink4a , ensuing 
cellular senescence in the HSC compartment, and an aging phenotype.  

4.2     Neural Stem Cells 

 During development, NSCs arise from neuroepithelium near the dorsal midline of 
the embryo. After folding of the neural tube, these multipotent cells proliferate in a 
self-renewing manner [ 88 ]. Various patterning events lead to the specifi cation of the 
many compartments of the central and peripheral nervous systems. In the central 
nervous system (CNS) at the onset of neurogenesis, NSCs adopt a radial glia 
morphology with a short cellular process containing a single cilium contacting the 
ventricular cavity and a long process extending to the pial surface of the cortex 
[ 112 ,  113 ]. The cells are thought to generate most of the neurons and glial cells of 
the central nervous system during development. Later in development, NSCs 
become restricted to specifi c areas of the CNS: the cerebellum, the subgranular zone 
of the dentate gyrus (in the hippocampus), and the subventricular zone. NSCs in the 
cerebellum persist only a few weeks postnatally [ 114 ,  115 ]. On the other hand, 
NSCs in the dentate gyrus will contribute new excitatory granule neurons important 
for learning and memory throughout life. Similarly, NSCs in the subependymal 
zone (formerly the subventricular zone) generate neuroblasts that migrate along the 
rostral migratory stream to the olfactory bulb (an important site of adult neurogen-
esis) to generate interneurons important for odor discrimination (at least in rodents) 
[ 116 ]. These NSCs adopt an astroglial identity in the adult subependymal zone. It is 
worth mentioning that neuroblasts migrating through the rostral migratory stream 
can diverge in response to injury to participate in tissue repair. 

 It is well described that aging is accompanied with defi cits in cognition, odor 
discrimination (in rodents), and regenerative capacity (reviewed in [ 117 ]). The fact 
that the number, self-renewal, and cycling of NSCs decreases with age is also well 
described. Senescence markers also increase in the subependymal zone with aging and 
the number  of glial cells decreases in the cerebellum, hippocampus, subependymal 
zone, and olfactory bulb. An age-associated decline in subependymal zone area is 
also correlated with decreased olfactory bulb neurogenesis. Thus, age- associated 
defi cits in cognition and regeneration correlate with decreased NSC function in 
aged animals. 

 It is somewhat intriguing that the molecular pathways regulating NSC cycling, 
self-renewal, senescence, and aging signifi cantly overlap with those regulating 
HSCs. Indeed, inactivating p16 Ink4a  partially rescues the loss of NSCs numbers and 
self-renewal in old animals whereas it has little effects in juvenile animals, consistent 
with its low expression at a young age. On the other hand, Hmga2 inactivation 
causes an increase in p16 Ink4a /p19 Arf  expression in fetal and young NSCs with 
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ensuing decrease in their number and self-renewal capacity [ 118 ]. This can be rescued 
by inactivating p16 Ink4a /p19 Arf  in fetal or young animals. The role of Bmi1 in NSC 
maintenance is more controversial. Its expression (and transcriptional repressor 
activity on Ink4a/Arf and p21 Cip1 ) nevertheless appears required for NSC self- renewal 
[ 119 – 123 ]. 

 Similar to HSCs, the role of insulin/Igf signaling in NSCs has been poorly 
described. However, it appears that Igf1 and Igf2 may signal through Igf1r and Insr in 
neural progenitor cells and NSCs, respectively, to promote proliferation [ 124 – 126 ]. 
In line with this, Foxo1/3/4-defi cient mice show an initial increase in proliferation 
during embryogenesis which is followed by premature NSCs exhaustion [ 127 ]. 
Regarding Fgf signaling, we and others have already reviewed its role in NSCs 
[ 62 ,  63 ]. Briefl y, it is well known that Fgf signaling induces self-renewing proliferation 
of NSCs in vitro. In vivo, at least 10 (out of 23) Fgf ligands are expressed in early 
CNS development. Fgf receptors (Fgfrs, mainly Fgfr1) are expressed as early as 
E8.5 in murine CNS and are restricted to the subgranular and subependymal zones 
at later stages. The age-associated decline in NSCs number is mirrored by a reduction 
in Fgfrs+ glial cells at these sites. Furthermore, administration of Fgf2 induces 
NSCs proliferation in vivo (although it is not clear if it is a self-renewing proliferation) 
and appears to protect SAMP mice against age-related decline in memory. Finally, 
the fact that klotho is highly expressed in the choroid plexus and that its inactivation 
causes neurodegeneration could indicate that it has a direct effect on the subependymal 
NSCs, potentially by potentiating Fgf signaling.  

4.3     Mesenchymal Stem Cells 

 MSCs, or probably more appropriately called skeletal stem cells, were fi rst charac-
terized by Friedenstein in the late 1960s and early 1970s [ 128 – 131 ]. These cells 
were, and are still in most cases, isolated from bone marrow by a sinple plastic 
adherence protocol. MSCs have received considerable attention in the last 2 decades 
due to their capacity to generate bone, cartilage, and adipose tissues and also 
because of their apparent capacity to modulate immune responses (but positively 
and negatively, depending on the context) and to stimulate tissue repair after injury 
[ 132 ]. However it must be noted that MSCs, as they are currently defi ned, possess 
these properties only after ex vivo culture expansion, which is known to alter their 
phenotype. The fundamental biology of these cells as well as their true physiologi-
cal role in vivo is still a matter of debate and more basic studies are urgently required 
to clarify the identity of MSCs in vivo, what is their exact function, and how it 
relates to normal bone development, homeostasis, and repair [ 133 – 135 ]. This would 
greatly help harnessing their power and designing better MSC-based therapies. 

 There are 209 different skeletal elements in the adult human body and each var-
ies in form, function, and developmental origin. For instance, many bones in the 
skull (whose main functions are to protect the brain) are derived from neuroec-
toderm and formed through the process of intramembranous ossifi cation [ 136 ]. 
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Most other bones are mesoderm derived, serve a structural and mechanical role, and 
are formed through endochondral ossifi cation. Moreover, different genetic develop-
mental programs are thought to exist between the axial and appendicular skeleton, 
although the main signaling pathways are conserved [ 137 ]. Appendicular skeleton 
development is probably the best described and understood. Mesenchymal cells 
from the lateral plate mesoderm migrate towards the prospective limb bud where 
upon receiving signals from the apical ectodermal ridge, they form a mesenchymal 
condensation [ 138 ,  139 ]. Cells in the center of the condensation differentiate into 
chondrocytes while peripheral (perichondrial) cells remain undifferentiated. This 
cartilage template expands through chondrocyte proliferation and patterning signals 
induces branching and segmentation of this template. Eventually, cells in the middle 
of the template undergo hypertrophy, start to mineralize the extracellular matrix, 
and secrete angiogenic factors. Vascularization of the perichondrium triggers bone 
collar (cortical bone) formation and vascular invasion of hypertrophic chondrocytes 
(which by now undergo apoptosis) is accompanied by osteo-stromal-progenitor 
cells’ invasion that migrate along the blood vessels [ 140 ]. These cells will eventu-
ally form trabecular bone as well as marrow stroma. How bones are maintained and 
where skeletal stem or progenitor cells (MSCs) are located in postnatal life are not 
as well described, although many hypotheses have been proposed [ 135 ]. However, it 
is well known that aged bones display blunted regenerative capacity and homeostatic 
maintenance (e.g., osteoporosis, which may however be caused by increased osteo-
clastic resorption and not decreased mineral apposition) which is mirrored by a 
decrease in isolatable MSCs and their self-renewal and differentiation potential 
[ 141 ]. It might be important to note that contrary to the hematopoietic system or the 
central nervous system where development occurs at the fetal or early postnatal 
stages, the skeleton continues to grow and mature until adulthood (approximately 5 
months in mice, 18 years in humans) at which point the growth plate closes (becomes 
mineralized) and the bones stop growing. Thus, MSCs may need to be maintained 
in a fetal-like state much longer than other adult stem cells. 

 As mentioned before very little is known about the in vivo counterpart of culture 
expanded MSCs. In addition, no true functional assay currently allows discriminat-
ing MSCs from more differentiated progenitors. Moreover in the literature on 
MSCs, proliferation is typically indiscriminately associated with self-renewal 
whereas in most adult stem cell populations, proliferation is associated with transient 
amplifying clones rather than with the stem cell itself. For these reasons, one must 
be cautious in interpreting the published data on MSCs and in vivo data is preferred 
to data generated on ex vivo cultured cells. It is nevertheless interesting to note that 
the same players involved in HSCs and NSCs maintenance, self-renewal, and aging are 
also active in MSCs. Indeed, p16 Ink4a  inactivation also increases MSCs cycling while 
avoiding cellular senescence [ 142 ]. Furthermore, Bmi1 KO mice (who display ele-
vated p16 Ink4a  levels) are osteopenic with a decrease in MSC self- renewal and osteo-
genesis [ 143 ]. Hmga2 inactivation also appears to decrease MSC self-renewal 
whereas modulation of various CKIs or cell cycle inhibitors causes lineage bias in 
MSCs [ 144 – 149 ]. Foxo and klotho defi ciencies also cause increased MSC senescence, 
decreased osteogenesis (osteopenia), and lineage bias [ 41 ,  150 ]. 
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 Igf1 is one of the most abundant growth factors in the bone matrix and is thought 
to stimulate differentiation of MSCs towards osteoblasts [ 151 ]. Furthermore, 
Foxo defi ciency was shown to increase MSC senescence resulting in decreased 
osteogenesis. We and others have previously shown that Fgf signaling is required 
for the self-renewal of MSCs in vitro and that it inhibits both differentiation and 
cellular senescence (by inhibiting Mdm2) [ 152 – 156 ]. Fgfrs are expressed as early 
as the mesenchymal condensation stage in the developing embryo and important 
Fgfs- Fgfrs cross talk exists between the developing appendicular skeleton and apical 
ectodermal ridge [ 136 ]. Importantly, conditional inactivation of Fgfr1 and 2 demon-
strated that Fgf signaling has stage-specifi c effects and differentially affects skeletal 
stem/progenitor cells and differentiated osteoblasts [ 57 – 59 ,  157 ].   

5     Conclusion 

 We have seen throughout this chapter that aging is a multifactorial process that 
affects each cell in the body individually and that those alterations in cellular physi-
ology can have systemic effects. It is obvious from what has been described that 
metabolic changes involving insulin and Igf signaling can promote aging. These 
changes induce cell-intrinsic aging through stimulation of proliferation (by the acti-
vation of D-type cyclins for instance) and downregulation of cell cycle inhibitors 
(CKIs) and ROS detoxifying enzymes. This in turn leads to accumulation of DNA 
damage and gradual epigenetic changes within cells, resulting in upregulation of 
senescence-associated genes such as the Ink4a/Arf locus. It is reasonable to assume 
that these changes affect all cells in the organism. However, somatic cells within a 
tissue with a high turnover such as blood, skin, intestine, liver, and bone are continu-
ally replaced by adult stem cells. Thus, their increased senescence in age may not 
have a big impact on general aging. On the other hand, aging and cellular senes-
cence of the adult stem cells would have considerable consequences on the homeo-
static and regenerative properties of a given tissue. 

 There is strong evidence that adult stem cells age and become senescent with 
time and that this is linked to the blunted regenerative capacity of tissues. 
Furthermore, it appears that the frequency of stem cell cycling is highly correlated 
with their aging speed. The redundancy of pathways regulating adult stem cells 
proliferation, quiescence, senescence, and self-renewal suggests a strong link 
between these mechanisms and the aging process in most tissues. However, more 
exhaustive studies exploring the various functions of all cell cycle regulators of the 
Ink4 and Cip/Kip families at different developmental stages might be required to 
fully understand how we can uncouple anti-aging mechanisms from pro-oncogenic 
stimuli. 

 It is probable that aging in a specifi c tissue might lead to systemic changes affect-
ing other tissues. Nevertheless, the aging process will always be best studied from a 
cell autonomous perspective. Thus, adult stem cells provide a useful tool to study 
the molecular mechanisms of aging. Indeed, deregulation of pro- and anti-aging 

D.L. Coutu and J. Galipeau



411

genes in adult stem cells rapidly translates into identifi able tissue defects. Moreover, 
the use of well-described populations of stem cells such as HSCs and NSCs makes 
the use of conditional knockout or knockin technology readily practicable. Finally, 
the feasibility to transplant single HSCs into recipient mice and the use of parabiosis 
model systems allow uncoupling of stem cell-intrinsic genetic defects from niche 
or systemic associated defects. Hopefully, further research along this line might 
help to alleviate suffering and the decreasing quality of life associated with aging in 
the near future.     
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