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Preface 

The prospective isolation of primitive blood-forming cells along with depicting of 
transcriptional networks that control early cell fate decisions, and characterization of 
microenvironmental signals influencing differentiation pathways during normal
hematopoiesis, have been critical to the construction of a hierarchical model for the 
hematopoietic development, that has served as a paradigm for a number of systems 
within vertebrate development. Hematopoietic stem cell research has been helpful to 
elucidate mechanisms that govern tissue regeneration, to give an insight into 
perspectives that may allow protection of the system during disease, to design life-
saving therapies, and to discover novel drug activities. This promising field is being
accelerated by significant contributions in genomics, molecular biology, and
technologies including fluorescent activated cell sorting and mouse engineering, that
give us a more integrated view of the nature of stem cells . 

This book, Advances in Hematopoietic Stem Cell Research, is devoted to current and in-
progress scientific knowledge on basic aspects of these seminal cells and their 
therapeutic applications. The text consists of 20 chapters grouped into four sections: 1)
Hematopoietic stem cell properties, 2) Regulation of hematopoietic stem cells, 3)
Hematopoietic stem cells in aging and disease, and 4) Hematopoietic stem cell
therapy.  

The first section provides four comprehensive chapters on the functional 
characteristics and biological properties that make distinctive the conspicuous 
population of hematopoietic stem cells, including multipotency, self-renewal,
quiescence and novel surface markers. Five chapters in the second section contain 
powerful information about intrinsic and extrinsic factors that determine cell fates in 
early development. The authors have discussed cellular and molecular aspects of the
hematopoietic microenvironment within the bone marrow, and progress in searching
of procedures to make the expansion of truly stem cells possible . Behavior of the stem
and progenitor cells in aging and during disease is analyzed in the third section of this
text, which highlights recent achievements in unraveling the role of primitive cells in 
the pathogenesis of hematological malignancies like leukemia.

Finally, to provide a comprehensive overview of the advancements in therapeutic 
applications of hematopoietic stem cells, a fourth section with five chapters addresses 
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XIV Preface

a number of diseases for which stem cell transplantation is the indicated therapy. Of 
special interest, has been the evaluation of quality and potency of stem and progenitor 
cells for therapy purposes. Substantial efforts to assemble the bridge between basic 
research and clinical applications are currently being recorded worldwide, and their 
review in this section may increase the interest for the book. 

It is hoped that Advances in Hematopoietic Stem Cell Research will prove to be an 
enjoyable read and that it contributes to this area of Modern Medicine. This book is in 
effect a compilation of the latest advances resulted from the participation of 
distinguished and dedicated authors, experts in the field, to whom I am extremely 
thankful. I would like to acknowledge the terrific contribution of Maja Bozicevic in the 
professional editing of the book.  

Rosana Pelayo 
Oncology Research Unit, Oncology Hospital, 

Mexican Institute for Social Security, Mexico City, 
Mexico 
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Networks Establishing Hematopoietic Stem Cell 
Multipotency and Self-Renewal 

Eliana Abdelhay, Luciana Pizzatti and Renata Binato 
Instituto Nacional de Câncer, Rio de Janeiro,  

Brazil 

1. Introduction 
Hematopoiesis is a tightly regulated process maintained by a small pool of hematopoietic 
stem cells (HSC) capable of undergoing self-renewal and generating mature progeny of all 
of the hematopoietic cell lineages. To sustain the proper levels of blood cells, HSCs must 
continuously monitor and regulate the balance between self-renewal and lineage 
differentiation. To produce all hematopoietic cells, hematopoiesis proceeds in a step-wise 
manner from the primordial long-term (LT)-HSCs. LT-HSCs possess the ability to self-renew 
and the capacity for long-term reconstitution of lethally irradiated hosts. After a first step of 
differentiation, LT-HSCs lose their capacity for self-renewal and give rise to a population of 
short-term (ST)-HSCs. The ST-HSCs has a limited ability to self-renew and reconstitute 
lethally irradiated hosts, but differentiate into a multipotent progenitor (MPP) population. 
The MPPs lack the capacity to undergo self-renewal, but retain multipotency. From these 
multipotent progenitors develops a series of intermediate progenitors that give rise to the 
assorted hematopoietic lineages. In the classical pathway of hematopoiesis, these 
intermediates include the common lymphoid progenitors (CLPs) that differentiate into 
lymphoid, but not myeloid progeny, and the common myeloid progenitors (CMPs), which 
retain full erythromyeloid potential. The CMPs further differentiate to form the 
granulocyte/macrophage progenitors (GMPs) that differentiate to the myelomonocytic 
lineage and the megakaryocytic/erythrocyte progenitors (MEPs) that eventually 
differentiate to form red blood cells and platelets. All these blood cells produced daily in 
high numbers (1 × 1012 cells/day) are derived from a relatively small but rare fraction of 
multipotent cells, the HSCs (Weissman, 2000). 

Transcriptional regulation is a key mechanism controlling HSC homeostasis, development, 
and lineage commitment.  

2. Transcription factors in hematopoietic development   
Hematopoiesis is regulated at the level of pluripotent HSCs and committed progenitors 
through growth and/or differentiation inducing factors (like EPO, G-CSF, GM-CSF, IL-1, IL-
3) that interact with receptors and initiate signal transduction processes that culminate in the 
activation of new genetic programs. These external stimuli trigger intrinsic determinants of 
cell fate, the transcription factors which contribute to the reprogramming of HSCs into cell-
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lineage restricted pathways of maturation (Zon, 2008). Although the transcription factors 
involved in hematopoietic development belong to all classes of DNA-binding proteins some 
of them are involved in the regulation of self-renewal function primarily on HSCs while the 
others act on MPPs and/or early committed progenitors entering the cell-lineage restricted 
pathways of differentiation. While transcription factors as MLL, RUNX1, TEL/ETV6, 
SCL/TAL1 and LMO2 are required for HSC formation and function, others are necessary as 
key lineage restricted factors acting at the level of early pre-committed progenitors, using 
key partners that act synergistically or competing to restrict cell-lineage hematopoietic 
differentiation. GATA-1 and PU-1, for example, physically interact and antagonize with 
each other to promote either myeloid or erythroid maturation (Rekhtman et al., 1999; Zhang 
et al., 1999), which means that suppression of GATA-1 expression favors myeloid 
differentiation while inhibition of PU-1 promotes erythroid maturation. Additional, 
antagonistic interactions with other transcription factors have also been reported as C/EBP 
that antagonizes FOG-1 in eosinophilic differentiation, EKLF antagonizes Fli-1 for erythroid 
versus megakaryocytic differentiation. Finally, repression of the Pax-5 gene prevented Pro-B 
cell maturation to B cells, while promoting multi-potentiality into macrophage, T-NKs and 
dendritic cells (Huntly & Gilliland, 2005). 

Transcription factors also interact with other proteins associated with chromatin 
modification and form active or repressive transcriptional complexes. Knockout of Scl/Tal1 
or Lmo2 abrogates hematopoietic development. The precise mechanism through which such 
transcription activator or repressor complexes regulate the expression of several genes is 
critical, since the gene expression pattern regulates cell fate decision via cell-lineage 
restricted maturation. A critical point, however, for all these transcriptional complexes is the 
concentration of the transcription factor itself and its affinity to other interactive proteins. 

Under normal hematopoiesis, several groups of hematopoietic and mature blood cells are 
generated. Hematopoiesis occurs unidirectionally and commitment from one step to the 
next occurs irreversibly, suggesting that transcription factors regulate cell fate along the 
specific cell-lineage pathways irreversibly. This occurs in such a way because intrinsic 
transcription factor network is coordinated with inputs resulting from external stimuli 
initiated within the hematopoietic cell niche. The question, however, whether one cell type 
of progenitors can be reprogrammed into another phenotype at the level of manipulation of 
transcription factor activation, is a potentially interesting one. Indeed, evidence now 
indicates that transfection of Gata-1 into CMPs and/or CLPs redirects their commitment to 
another cell-lineage restricted pathway as megakaryocytic/erythroid. Similarly, pre-T cells 
can be reprogrammed to myeloid dendritic cells upon PU-1 overexpression (Laiosa et al., 
2006; Orkin & Zon, 2008). 

3. Ontogeny of HSCs 
In vertebrates, the production of blood stem cells is accomplished by the allocation and 
specification of distinct embryonic cells in a variety of sites that change during development. 
In mammals, the sequential sites of hematopoiesis include the yolk sac; an area surrounding 
the dorsal aorta termed the aorta-gonad mesonephros (AGM) region, the fetal liver, and 
finally the bone marrow. Recently, the placenta has been recognized as an additional site 
that participates during the AGM to fetal liver period. The properties of HSCs in each site 
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differ, presumably reflecting diverse niches that support HSC expansion and/or 
differentiation and intrinsic characteristics of HSCs at each stage. For instance, HSCs present 
in the fetal liver are in cycle, whereas adult bone marrow HSCs are largely quiescent.  

The initial wave of blood production in the mammalian yolk sac is termed ‘‘primitive.’’ The 
primary function for primitive hematopoiesis is the production of red blood cells that 
facilitate tissue oxygenation as the embryo undergoes rapid growth. The hallmark of 
primitive erythroid cells is expression of embryonic globin proteins. The primitive 
hematopoietic system is transient and rapidly replaced by adult-type hematopoiesis that is 
termed “definitive”. In mammals, the next site of hematopoietic potential is the AGM 
region. Hematopoietic cells were first detected in the aorta of the developing pig more than 
80 years ago. Morphological examination revealed that a sheet of lateral mesoderm migrates 
medially, touches endoderm, and then forms a single aorta tube. Clusters of hematopoietic 
cells subsequently appear in the ventral wall. Similarly, an intraembryonic source of adult 
HSCs in mice capable of long-term reconstitution of irradiated hosts resides in the AGM 
region (Muller et al., 1994). At embryonic day 10.5, little HSC activity is detectable, whereas 
by day 11 engrafting activity is present. Additional hematopoietic activity in the mouse 
embryo was detected subsequently in other sites, including the umbilical arteries and the 
allantois in which hematopoietic and endothelial cells are co-localized (Inman & Downs, 
2007). Umbilical veins lack hematopoietic potential, suggesting that a hierarchy exists 
during definitive hematopoiesis in which HSCs arise predominantly during artery 
specification. In addition, significant numbers of HSCs are found in the mouse placenta 
(Gekas et al., 2005; Ottersbach & Dzierzak, 2005), nearly coincident with the appearance of 
HSCs in the AGM region and for several days thereafter. Placental HSCs could arise 
through de novo generation or colonization upon circulation, or both. The relative 
contribution of each of the above sites to the final pool of adult HSCs remains largely 
unknown. 

Subsequent definitive hematopoiesis involves the colonization of the fetal liver, thymus, 
spleen, and ultimately the bone marrow. It is believed that none of these sites is 
accompanied by de novo HSC generation. Rather, their niches support expansion of 
populations of HSCs that migrate to these new sites. However, until very recently, there has 
been no evidence by fate mapping or direct visualization that HSCs from one site colonize 
subsequent sites. 

4. Pathways involved in the emergence of HSCs 
The AGM has been characterized largely by morphology and functional assays, but the 
pathways involved in HSC generation remain incompletely defined. Studies of chick 
embryos demonstrate that endoderm has a prominent role and secretes inducing factors. 
Somitic mesoderm also contributes to the dorsal aspect of the aorta, and the addition of 
factors such as VEGF, TGF-β, and FGF to the somitic mesoderm leads to induction of 
hematopoietic tissue. In contrast, TGF-α and EGF suppressed formation of hematopoietic 
cells (Pardanaud & Dieterlen-Lievre, 1999). 

Signaling pathways that regulate the induction of the AGM have been uncovered in mouse 
and zebrafish, Notch 1 is required for artery identity and aortic HSC production (Kumano et 
al., 2003). The fate decisions imposed on mesodermal progenitors within the AGM are 
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In vertebrates, the production of blood stem cells is accomplished by the allocation and 
specification of distinct embryonic cells in a variety of sites that change during development. 
In mammals, the sequential sites of hematopoiesis include the yolk sac; an area surrounding 
the dorsal aorta termed the aorta-gonad mesonephros (AGM) region, the fetal liver, and 
finally the bone marrow. Recently, the placenta has been recognized as an additional site 
that participates during the AGM to fetal liver period. The properties of HSCs in each site 
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differ, presumably reflecting diverse niches that support HSC expansion and/or 
differentiation and intrinsic characteristics of HSCs at each stage. For instance, HSCs present 
in the fetal liver are in cycle, whereas adult bone marrow HSCs are largely quiescent.  

The initial wave of blood production in the mammalian yolk sac is termed ‘‘primitive.’’ The 
primary function for primitive hematopoiesis is the production of red blood cells that 
facilitate tissue oxygenation as the embryo undergoes rapid growth. The hallmark of 
primitive erythroid cells is expression of embryonic globin proteins. The primitive 
hematopoietic system is transient and rapidly replaced by adult-type hematopoiesis that is 
termed “definitive”. In mammals, the next site of hematopoietic potential is the AGM 
region. Hematopoietic cells were first detected in the aorta of the developing pig more than 
80 years ago. Morphological examination revealed that a sheet of lateral mesoderm migrates 
medially, touches endoderm, and then forms a single aorta tube. Clusters of hematopoietic 
cells subsequently appear in the ventral wall. Similarly, an intraembryonic source of adult 
HSCs in mice capable of long-term reconstitution of irradiated hosts resides in the AGM 
region (Muller et al., 1994). At embryonic day 10.5, little HSC activity is detectable, whereas 
by day 11 engrafting activity is present. Additional hematopoietic activity in the mouse 
embryo was detected subsequently in other sites, including the umbilical arteries and the 
allantois in which hematopoietic and endothelial cells are co-localized (Inman & Downs, 
2007). Umbilical veins lack hematopoietic potential, suggesting that a hierarchy exists 
during definitive hematopoiesis in which HSCs arise predominantly during artery 
specification. In addition, significant numbers of HSCs are found in the mouse placenta 
(Gekas et al., 2005; Ottersbach & Dzierzak, 2005), nearly coincident with the appearance of 
HSCs in the AGM region and for several days thereafter. Placental HSCs could arise 
through de novo generation or colonization upon circulation, or both. The relative 
contribution of each of the above sites to the final pool of adult HSCs remains largely 
unknown. 

Subsequent definitive hematopoiesis involves the colonization of the fetal liver, thymus, 
spleen, and ultimately the bone marrow. It is believed that none of these sites is 
accompanied by de novo HSC generation. Rather, their niches support expansion of 
populations of HSCs that migrate to these new sites. However, until very recently, there has 
been no evidence by fate mapping or direct visualization that HSCs from one site colonize 
subsequent sites. 

4. Pathways involved in the emergence of HSCs 
The AGM has been characterized largely by morphology and functional assays, but the 
pathways involved in HSC generation remain incompletely defined. Studies of chick 
embryos demonstrate that endoderm has a prominent role and secretes inducing factors. 
Somitic mesoderm also contributes to the dorsal aspect of the aorta, and the addition of 
factors such as VEGF, TGF-β, and FGF to the somitic mesoderm leads to induction of 
hematopoietic tissue. In contrast, TGF-α and EGF suppressed formation of hematopoietic 
cells (Pardanaud & Dieterlen-Lievre, 1999). 

Signaling pathways that regulate the induction of the AGM have been uncovered in mouse 
and zebrafish, Notch 1 is required for artery identity and aortic HSC production (Kumano et 
al., 2003). The fate decisions imposed on mesodermal progenitors within the AGM are 
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clearly influenced by the Notch pathway (Burns et al., 2005). For instance, mice deficient in 
RBPj (a downstream component of the Notch pathway) show expanded VE-Cadherin and 
CD31/PECAM endothelial cell expression with concomitant loss of definitive HSCs (Robert-
Moreno et al., 2005). Ablation of the COUP-TFII transcription factor in endothelial cells 
enabled veins to acquire arterial characteristics, including the expression of Notch1 and the 
formation of ectopic HSCs (You et al., 2005). This result would favor Notch acting to induce 
HSCs from a hemogenic endothelial cell. The model in which the Notch pathway regulates 
arterial and HSC fate choice either from distinct mesodermal populations or over different 
developmental windows since each decision can be uncoupled in vivo is very attractive. The 
finding that both aorta and vein express HSC markers in the Notch-activated state with 
minimal change in ephrinB2a expression indicates that Notch independently regulates 
mesoderm–HSC and artery–vein cell fate decisions.Lateral inhibition has been proposed in 
the central nervous system whereby Notch signaling promotes non-neural fates while 
inhibiting neural development (Lewis, 1998). HSC fate may be established by a similar 
mechanism whereby Notch activation in an endothelial or mesenchymal cell causes down-
regulation of ligand production. Consequently, a cell that produces more ligand will force 
its neighbor to produce less, thus generating a salt-and-pepper pattern of cells containing 
elevated Notch activity. In this model, cells containing high levels of Notch Intra 
Cytoplasmatic Domain (NICD) would become HSCs, while those with low NICD activity 
would remain endothelial or mesenchymal.  

5. Hematopoietic niches 
Stem cells depend on their microenvironment, the niche, for regulation of self-renewal and 
differentiation. As the site of hematopoiesis changes during vertebrate development, the 
nature of the stem cell niche must also change. Mutant mice in which the BMP pathway is 
disrupted have increased numbers of osteoblasts and HSCs (Calvi et al., 2003; Zhang et al., 
2003). These findings suggest that osteoblasts may represent a critical component of the 
bone marrow niche for HSCs. Microscopical examination revealed that HSCs appear to 
reside in the periosteal area of calvarium marrow, where osteoblasts represent an essential 
component of the bone marrow niche (Papadimitriou et al., 1994). Most recent live animal 
tracking experiments by using real-time imaging of individual HSCs have indicated that 
endosteum forms a special zone where HSCs reside (Lo Celso et al., 2009; Xie et al., 2009). 
The bone marrow HSC niche is constituted of mesenchymal cells type osteoblasts, 
extracellular matrix components and minerals (high density calcium salts), all of which 
contribute to the unique micro-environment (niche) (Moore & Lemischka, 2006; Wilson & 
Trumpp, 2006). At least two distinct hematopoietic progenitor cell supportive niches in bone 
marrow have been identified thus far: the osteoblastic, which is regulated by BMP, 
osteopontin, angiopoietin-1, notch and maybe others (Adams & Scadden, 2006; Wilson & 
Trumpp, 2006) and the other one, the vascular niche. The vascular niche is thought to be the 
site where actively dividing stem or progenitor cells is located, and osteoblastic niche is an 
environment promoting maintenance of quiescent HSCs (Calvi et al., 2003). Currently, how 
these two different niches communicate with each other is largely unknown. 

The number of HSCs in the bone marrow niche is highly controlled through physical 
interactions among different cell types, in a way that maintains stem cell state. HSCs remain 
in a quiescent state through close interaction with osteoblasts where this interaction is not 

 
Networks Establishing Hematopoietic Stem Cell Multipotency and Self-Renewal 

 

7 

only crucial to attach HSCs to niche osteoblasts, but is also essential to maintain HSC 
dormancy and function. Many factors, including ligands for Notch receptors and N-
cadherin, are liberated by osteoblasts, although the contribution of these to adult 
hematopoiesis remains to be established. The role of N-cadherin as a mediator of 
interactions with osteoblasts (Zhang et al., 2003), as well as the prominence of osteoblasts for 
HSC adherence, has been challenged (Kiel et al., 2007).  Recent findings suggest that HSCs 
are maintained in a quiescent state through interaction with thrombopoietin-producing 
osteoblasts (Yoshihara et al., 2007). Thrombopoietin (TPO) is the primary cytokine that 
regulates megakaryocyte and platelet development. Thrombopoietin and its receptor Mpl 
also exert profound effects on primitive hematopoietic cells. All HSCs express Mpl; TPO−/− 
or Mpl−/− mice have a decreased number of repopulating HSCs (Solar et al., 1998). In vitro 
culture studies (Matsunaga et al., 1998) also indicate a role of TPO in promoting the survival 
of repopulating HSCs. Through study of AGM and fetal liver Mpl−/− HSCs, Petit-Cocault et 
al. (2007) showed that TPO contributes to both generation and expansion of HSCs during 
definitive hematopoiesis. An intracellular adaptor, Lnk, induces a negative signaling 
pathway downstream of TPO in HSCs (Buza-Vidas et al., 2006; Seita et al., 2007). Another 
study (Tong et al., 2007) on mice that express Mpl lacking the C-terminal 60 amino acids 
revealed a pivotal role of an unknown signal emanating from the membrane proximal 
region of the Mpl receptor or from JAK2 that is critical for maintenance of HSC activity. 

The association of HSCs with osteoblasts is countered by other studies that place HSCs 
adjacent to vascular cells. The chemokine CXCL12 regulates the migration of HSCs to the 
vascular cells (Kiel & Morrison, 2006). Taken together, these findings suggest that HSCs 
reside in various sites within the marrow and that their function might depend on their 
precise localization. Much of the existing debate may be semantic, however, if the 
osteoblastic and vascular niches are intertwined and not physically separate. Alternatively, 
HSCs may truly reside in distinct sub-regions, which may endow them with different 
activities. Cellular dynamics within the niche are relevant to clinical marrow 
transplantation. For example, recent findings suggest that antibody-mediated clearance of 
host HSCs facilitates occupancy of the niche and transplantation by exogenous HSCs 
(Czechowicz et al., 2007). 

The physical interactions between individual HSCs and osteoblasts may be effective in 
determining the stem cell number by facilitating asymmetric or symmetric divisions, which 
in turn enable HSCs to either self-renew themselves or give birth to early progenitors for 
blood cells production (Moore & Lemischka, 2006; Wilson and Trumpp, 2006). HSCs are not 
of static nature, but exist in a dynamic state, since they migrate from the bone marrow into 
the peripheral blood (frequent trafficking). Whether, or not, HSCs contribute into the repair 
of the vascular system, is still not known (Janzen & Scadden, 2006).  

5.1 Signaling in the niche 

Many cell culture experiments have shown that HSCs respond to multiple cytokines and 
that the fate of a HSC self renewal, apoptosis, mobilization from the niche, formation of 
differentiated progeny cells depends on multiple cytokines, adhesion proteins, and other 
signals produced by stromal cells and likely other cells in the body. Since osteoblast (a cell 
derived from mesenchymal stem cells) is a key component in the HSC niche for the 
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clearly influenced by the Notch pathway (Burns et al., 2005). For instance, mice deficient in 
RBPj (a downstream component of the Notch pathway) show expanded VE-Cadherin and 
CD31/PECAM endothelial cell expression with concomitant loss of definitive HSCs (Robert-
Moreno et al., 2005). Ablation of the COUP-TFII transcription factor in endothelial cells 
enabled veins to acquire arterial characteristics, including the expression of Notch1 and the 
formation of ectopic HSCs (You et al., 2005). This result would favor Notch acting to induce 
HSCs from a hemogenic endothelial cell. The model in which the Notch pathway regulates 
arterial and HSC fate choice either from distinct mesodermal populations or over different 
developmental windows since each decision can be uncoupled in vivo is very attractive. The 
finding that both aorta and vein express HSC markers in the Notch-activated state with 
minimal change in ephrinB2a expression indicates that Notch independently regulates 
mesoderm–HSC and artery–vein cell fate decisions.Lateral inhibition has been proposed in 
the central nervous system whereby Notch signaling promotes non-neural fates while 
inhibiting neural development (Lewis, 1998). HSC fate may be established by a similar 
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regulation of ligand production. Consequently, a cell that produces more ligand will force 
its neighbor to produce less, thus generating a salt-and-pepper pattern of cells containing 
elevated Notch activity. In this model, cells containing high levels of Notch Intra 
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nature of the stem cell niche must also change. Mutant mice in which the BMP pathway is 
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2003). These findings suggest that osteoblasts may represent a critical component of the 
bone marrow niche for HSCs. Microscopical examination revealed that HSCs appear to 
reside in the periosteal area of calvarium marrow, where osteoblasts represent an essential 
component of the bone marrow niche (Papadimitriou et al., 1994). Most recent live animal 
tracking experiments by using real-time imaging of individual HSCs have indicated that 
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The bone marrow HSC niche is constituted of mesenchymal cells type osteoblasts, 
extracellular matrix components and minerals (high density calcium salts), all of which 
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marrow have been identified thus far: the osteoblastic, which is regulated by BMP, 
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Trumpp, 2006) and the other one, the vascular niche. The vascular niche is thought to be the 
site where actively dividing stem or progenitor cells is located, and osteoblastic niche is an 
environment promoting maintenance of quiescent HSCs (Calvi et al., 2003). Currently, how 
these two different niches communicate with each other is largely unknown. 

The number of HSCs in the bone marrow niche is highly controlled through physical 
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only crucial to attach HSCs to niche osteoblasts, but is also essential to maintain HSC 
dormancy and function. Many factors, including ligands for Notch receptors and N-
cadherin, are liberated by osteoblasts, although the contribution of these to adult 
hematopoiesis remains to be established. The role of N-cadherin as a mediator of 
interactions with osteoblasts (Zhang et al., 2003), as well as the prominence of osteoblasts for 
HSC adherence, has been challenged (Kiel et al., 2007).  Recent findings suggest that HSCs 
are maintained in a quiescent state through interaction with thrombopoietin-producing 
osteoblasts (Yoshihara et al., 2007). Thrombopoietin (TPO) is the primary cytokine that 
regulates megakaryocyte and platelet development. Thrombopoietin and its receptor Mpl 
also exert profound effects on primitive hematopoietic cells. All HSCs express Mpl; TPO−/− 
or Mpl−/− mice have a decreased number of repopulating HSCs (Solar et al., 1998). In vitro 
culture studies (Matsunaga et al., 1998) also indicate a role of TPO in promoting the survival 
of repopulating HSCs. Through study of AGM and fetal liver Mpl−/− HSCs, Petit-Cocault et 
al. (2007) showed that TPO contributes to both generation and expansion of HSCs during 
definitive hematopoiesis. An intracellular adaptor, Lnk, induces a negative signaling 
pathway downstream of TPO in HSCs (Buza-Vidas et al., 2006; Seita et al., 2007). Another 
study (Tong et al., 2007) on mice that express Mpl lacking the C-terminal 60 amino acids 
revealed a pivotal role of an unknown signal emanating from the membrane proximal 
region of the Mpl receptor or from JAK2 that is critical for maintenance of HSC activity. 

The association of HSCs with osteoblasts is countered by other studies that place HSCs 
adjacent to vascular cells. The chemokine CXCL12 regulates the migration of HSCs to the 
vascular cells (Kiel & Morrison, 2006). Taken together, these findings suggest that HSCs 
reside in various sites within the marrow and that their function might depend on their 
precise localization. Much of the existing debate may be semantic, however, if the 
osteoblastic and vascular niches are intertwined and not physically separate. Alternatively, 
HSCs may truly reside in distinct sub-regions, which may endow them with different 
activities. Cellular dynamics within the niche are relevant to clinical marrow 
transplantation. For example, recent findings suggest that antibody-mediated clearance of 
host HSCs facilitates occupancy of the niche and transplantation by exogenous HSCs 
(Czechowicz et al., 2007). 

The physical interactions between individual HSCs and osteoblasts may be effective in 
determining the stem cell number by facilitating asymmetric or symmetric divisions, which 
in turn enable HSCs to either self-renew themselves or give birth to early progenitors for 
blood cells production (Moore & Lemischka, 2006; Wilson and Trumpp, 2006). HSCs are not 
of static nature, but exist in a dynamic state, since they migrate from the bone marrow into 
the peripheral blood (frequent trafficking). Whether, or not, HSCs contribute into the repair 
of the vascular system, is still not known (Janzen & Scadden, 2006).  

5.1 Signaling in the niche 

Many cell culture experiments have shown that HSCs respond to multiple cytokines and 
that the fate of a HSC self renewal, apoptosis, mobilization from the niche, formation of 
differentiated progeny cells depends on multiple cytokines, adhesion proteins, and other 
signals produced by stromal cells and likely other cells in the body. Since osteoblast (a cell 
derived from mesenchymal stem cells) is a key component in the HSC niche for the 
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regulation of HSC number via self-renewal (Adams & Scadden, 2006; Huang et al., 2007), 
modifications of osteoblast functions in co-orchestration with other niche components, 
would be pivotal for HSCs survival, self-renewal, differentiation and apoptosis under 
certain circumstances.  

HSCs fate decisions is activated by external environmental stimuli and coordinated by 
intrinsic factors. External stimuli include hematopoietic growth factors such as SCF, 
BMP/TGF-, FGF, TPO, WNT proteins (WNT3A), Angiopoietin-1, IL-3, IL-6, Flt3-ligand, as 
well as Ca2+, hypoxia, PGE2 and retinoic acid (Wilson & Trumpp, 2006) while intrinsic 
factors are essentially genes controlling cell cycle, apoptosis and chromatin remodeling.  

5.2 How some extrinsic factors act in the niche 

Stem cell factor receptor, also known as c-kit and its ligand SCF play a central role in 
hematopoiesis, melanogenesis and gametogenesis (Edling & Hallberg, 2007; Kent et al., 
2008). C-kit is a member of the type-III subfamily of receptor tyrosine kinases that also 
includes the receptor for M-CSF, Flt-3 and PDGF. It is expressed in HSCs (LT-HSCs, ST-
HSCs and MPPs) (Zayas et al., 2008), normal B- and T-cell progenitors, mast cells, germ 
cells, melanocytes, neurons, glial cells, placenta, kidney, lung and gut cells. Deficiency 
and/or deregulation in SCF or c-kit produce defects in hematopoiesis leading to Acute 
Myeloid Leukemia (AML) (Scholl et al., 2008). Sporadic mutations of c-kit and 
autocrine/paracrine activation pathways of the SCF/c-kit pathway have been implicated in a 
variety of malignancies. Gain of function mutations of c-kit are associated with malignancies 
such AML, gastrointestinal tumors and mastocytomas. Moreover, expression of a defective 
c-kit leads to a decrease in repopulating HSCs (Ikuta & Weissman, 1992). 

Binding of SCF to c-kit promotes dimerization and activation of protein kinase that auto-
phosphorylates the receptor. Although SCF may not be essential for the generation of HSCs, 
numerous studies have shown that it prevents HSC apoptosis. Almost all cytokine 
combinations used to date for culturing HSCs include SCF. SCF potentiates the greater 
ability of fetal liver HSCs than adult HSCs to undergo symmetric self-renewal in culture this 
activity likely needs the cooperation of other factors. The membrane-bound form of SCF is 
also an adhesive molecule for HSCs to the bone marrow environment (Heissig et al., 2002) 
as interruption of the interaction between the membrane-bound stem cell factor on 
osteoblasts with the c-kit receptor on HSCs by blocking antibodies has demonstrated that c-
kit signaling is essential to maintain HSC dormancy and function (Suzuki et al., 2006), and 
an increased number of osteoclasts was associated with HSC mobilization. Receptor 
activator of nuclear factor (NF)-κB (RANK) ligand and cathepsin K mediate the cleavage of 
membrane-bound SCF; this decreases the abundance of SCF and, therefore, increases HSC 
mobilization (Kollet et al., 2006). The involvement of SCF in survival, mobility and possibly 
self-renewal of HSCs in culture and in the HSC niche likely reflects the complex relationship 
of different cell fates of HSCs. 

Transforming growth factor (TGF)-β potently inhibits HSC activity in vitro (Blank et al., 
2008). However, a TGF-β signaling deficiency in vivo does not affect proliferation of HSCs. 
TGF-β and BMP are secreted ligands that are recognized by different receptors that 
dimerizes and activates downstream cytosolic targets, culminating with the translocation of 
these activated transcription factors to the nucleus. BMPs, members of the TGF-β 
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superfamily, play important roles in HSC specification during development. A negative role 
of BMP signaling in maintenance of mouse HSCs was shown by its control of the size of the 
HSC endosteal niche (Ross & Li, 2006). BMP4 supports HSC expansion in culture and 
partially mediates the effects of Sonic hedgehog on cultured human HSCs (Bhardwaj et al., 
2001). Recently, expression characterization of TGF-β superfamily ligands, receptors, and 
Smads in mouse HSCs was published; primary HSCs and the Lhx2-HPC cell line express 
most of the proteins required to transmit signals from several TGF-β family ligands 
(Utsugisawa et al., 2006). In addition, Pimanda et al. (2007) demonstrated the integration of 
BMP4/Smad pathway and Scl and Runx1 activity in HSC development.  

All long-term repopulating bone marrow HSCs express a fibroblast growth factor (FGF) 
receptor (Yeoh et al., 2006); both FGF-1 and FGF-2 support HSC expansion when 
unfractionated mouse bone marrow cells are cultured in serum-free medium. Crcareva et al. 
(2005) confirmed that FGF-1 stimulates ex vivo expansion of HSCs and showed that the 
expanded cells were efficiently transduced by retrovirus vectors. Conditional derivatives of 
FGF receptor-1 have also been used to support short-term HSC expansion and long-term 
HSC survival in culture (Schiedlmeier et al, 2007). However, the role of the FGF pathway in 
regulating adult HSCs or embryonic hematopoietic development is controversial as the 
same authors showed that the treatment of purified mouse HSCs that ectopically express 
HoxB4 with the fibroblast growth factor receptor (FGFR) inhibitor SU5402 enhanced HSC 
repopulating activity. Similar results were obtained using primitive hematopoietic colonies 
derived from embryonic stem cells. These inconsistent results were obtained from different 
starting cell populations and under different culture conditions, suggesting that the 
crosstalk of FGF signaling with other pathways is complex. 

The WNT protein binds to a receptor complex consisting of a member of the Frizzled family 
of seven transmembrane proteins and the LDL receptor-related proteins LRP5 or LRP6 
(Clevers, 2006). In the canonical Wnt pathway, receptor activation leads to stabilization of β-
catenin, which accumulates and translocates to the nucleus where it activates target gene 
expression in concert with transcription factors such as TCF and LEF. Fleming et al. (2008) 
analyzed the role of Wnt signaling on HSC activity, including its effects on cell-cycle 
quiescence and the capacity of HSCs to reconstitute the hematopoietic system of recipient 
mice (whose bone marrow has been ablated by radiation). In contrast to previous studies 
that genetically manipulated the HSCs themselves, they analyzed the effects of blocking 
Wnt signaling in the mouse bone marrow microenvironment by overexpression of 
dickkopf1 (Dkk1), an antagonist of Wnt/ β-catenin signaling. Dkk1 is a soluble secreted 
protein that interacts with the Wnt co-receptors LRP5 and LRP6 (Kawano & Kypta, 2003). It 
is known that the number of osteoblasts directly affects the number of long-term 
repopulating HSCs (Calvi et al., 2003; Zhang et al., 2003). The overexpression of Dkk1 in the 
osteoblastic lineage under the control of a 2.3 kb fragment of the collagen 1α promoter 
reduced activation of the Tcf/Lef transcription factors in HSCs in a non-cell-autonomous 
manner. 

The transgenic mice showed no significant alteration in the proportion of HSCs and 
common lymphoid progenitor cells under steady-state conditions. Although HSCs from the 
Dkk1 transgenic mice could reconstitute the hematopoietic system of irradiated recipient 
mice, they lost their reconstituting capacity after repeated bone marrow transplantation, 
indicating that the inhibition of Wnt signaling in the niche results in the premature loss of 
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regulation of HSC number via self-renewal (Adams & Scadden, 2006; Huang et al., 2007), 
modifications of osteoblast functions in co-orchestration with other niche components, 
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BMP/TGF-, FGF, TPO, WNT proteins (WNT3A), Angiopoietin-1, IL-3, IL-6, Flt3-ligand, as 
well as Ca2+, hypoxia, PGE2 and retinoic acid (Wilson & Trumpp, 2006) while intrinsic 
factors are essentially genes controlling cell cycle, apoptosis and chromatin remodeling.  
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2008). C-kit is a member of the type-III subfamily of receptor tyrosine kinases that also 
includes the receptor for M-CSF, Flt-3 and PDGF. It is expressed in HSCs (LT-HSCs, ST-
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and/or deregulation in SCF or c-kit produce defects in hematopoiesis leading to Acute 
Myeloid Leukemia (AML) (Scholl et al., 2008). Sporadic mutations of c-kit and 
autocrine/paracrine activation pathways of the SCF/c-kit pathway have been implicated in a 
variety of malignancies. Gain of function mutations of c-kit are associated with malignancies 
such AML, gastrointestinal tumors and mastocytomas. Moreover, expression of a defective 
c-kit leads to a decrease in repopulating HSCs (Ikuta & Weissman, 1992). 

Binding of SCF to c-kit promotes dimerization and activation of protein kinase that auto-
phosphorylates the receptor. Although SCF may not be essential for the generation of HSCs, 
numerous studies have shown that it prevents HSC apoptosis. Almost all cytokine 
combinations used to date for culturing HSCs include SCF. SCF potentiates the greater 
ability of fetal liver HSCs than adult HSCs to undergo symmetric self-renewal in culture this 
activity likely needs the cooperation of other factors. The membrane-bound form of SCF is 
also an adhesive molecule for HSCs to the bone marrow environment (Heissig et al., 2002) 
as interruption of the interaction between the membrane-bound stem cell factor on 
osteoblasts with the c-kit receptor on HSCs by blocking antibodies has demonstrated that c-
kit signaling is essential to maintain HSC dormancy and function (Suzuki et al., 2006), and 
an increased number of osteoclasts was associated with HSC mobilization. Receptor 
activator of nuclear factor (NF)-κB (RANK) ligand and cathepsin K mediate the cleavage of 
membrane-bound SCF; this decreases the abundance of SCF and, therefore, increases HSC 
mobilization (Kollet et al., 2006). The involvement of SCF in survival, mobility and possibly 
self-renewal of HSCs in culture and in the HSC niche likely reflects the complex relationship 
of different cell fates of HSCs. 

Transforming growth factor (TGF)-β potently inhibits HSC activity in vitro (Blank et al., 
2008). However, a TGF-β signaling deficiency in vivo does not affect proliferation of HSCs. 
TGF-β and BMP are secreted ligands that are recognized by different receptors that 
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superfamily, play important roles in HSC specification during development. A negative role 
of BMP signaling in maintenance of mouse HSCs was shown by its control of the size of the 
HSC endosteal niche (Ross & Li, 2006). BMP4 supports HSC expansion in culture and 
partially mediates the effects of Sonic hedgehog on cultured human HSCs (Bhardwaj et al., 
2001). Recently, expression characterization of TGF-β superfamily ligands, receptors, and 
Smads in mouse HSCs was published; primary HSCs and the Lhx2-HPC cell line express 
most of the proteins required to transmit signals from several TGF-β family ligands 
(Utsugisawa et al., 2006). In addition, Pimanda et al. (2007) demonstrated the integration of 
BMP4/Smad pathway and Scl and Runx1 activity in HSC development.  

All long-term repopulating bone marrow HSCs express a fibroblast growth factor (FGF) 
receptor (Yeoh et al., 2006); both FGF-1 and FGF-2 support HSC expansion when 
unfractionated mouse bone marrow cells are cultured in serum-free medium. Crcareva et al. 
(2005) confirmed that FGF-1 stimulates ex vivo expansion of HSCs and showed that the 
expanded cells were efficiently transduced by retrovirus vectors. Conditional derivatives of 
FGF receptor-1 have also been used to support short-term HSC expansion and long-term 
HSC survival in culture (Schiedlmeier et al, 2007). However, the role of the FGF pathway in 
regulating adult HSCs or embryonic hematopoietic development is controversial as the 
same authors showed that the treatment of purified mouse HSCs that ectopically express 
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self-renewal activity. These findings show that Wnt/β-catenin activity is crucial for the 
maintenance of HSC quiescence in the bone marrow niche. 

The angiopoietin (Ang) family of growth factors is composed of four members that bind to 
the Tie-2 tyrosine kinase receptor; Ang growth factors are important modulators of 
angiogenesis. Members of the angiopoietin family of proteins contain an N-terminal coiled–
coil domain that mediates homo-oligomerization and a C-terminal fibrinogen-like domain 
that binds Tie-2. To identify the HSCs in situ, Arai et al. (2004) analyzed the receptor 
tyrosine kinase Tie-2 expression in bone marrow and found that 5-FU-resistant Tie-2 
expressing HSCs adhere to osteoblasts at the endosteal surface, in agreement with previous 
findings of Calvi et al. (2003) and Zhang et al (2003). They also demonstrated that 
angiopoietin-1 (Ang-1), a Tie-2 receptor ligand, is produced primarily by osteoblasts, 
indicating that Tie-2 and Ang-1 are expressed complementarily in the niche. Tie-2 together 
with Tie-1 was also found required for homing of HSCs to bone marrow. Taken together, 
Tie receptors seem one group of the likely candidates for localizing stem cells to the stem 
cell niche. 

Mineral content of bone contributes to compose a unique extracellular matrix in bone 
marrow and distinguishes it from other mesenchymal tissues. The extracellular calcium 
concentrations are recognized by the seven-transmembrane calcium-sensing receptors and 
therefore can initiate an intracellular G protein–coupled response. Those receptors are found 
on hematopoietic cells and have also been identified on the surface of HSCs (Adams et al., 
2006). Local calcium gradient is involved in retaining HSCs in close physical proximity to 
the endosteal surface of bone. Extracellular calcium ion concentrations in the endosteum are 
likely higher than in the central marrow region (Silver et al., 1988). In receptor deficient mice 
models, HSCs were found not to engraft in the bone marrow (Adams et al., 2006) suggesting 
that the ability of stem cells to sense and respond to the increased calcium concentrations at 
the endosteal surface participates in creating the unique stem cell-niche interaction that 
enables bone marrow hematopoiesis. 

Most slow-cycling hematopoietic cells are found in the hypoxic zones close to bone surface 
and distant from capillaries (Kubota et al., 2008), raising the possibility that these hypoxic 
niches are important for diminished HSC proliferation. Evidence for quiescent HSCs 
situated in a hypoxic environment has lately been confirmed by analyzing bone marrow 
cells from mice injected with a Hoechst dye. Transplantation results showed that the bone 
marrow fraction with the lowest Hoechst-dye uptake, inferred to be hypoxic, had the 
highest amount of long-term repopulating cells (Parmar et al., 2007). Consistently, HSCs 
were found to be the most positive for binding of the hypoxic probe pimonidazole. The 
molecular mechanisms involve the hypoxia-inducible factor-1a regulated gene expressions 
in stromal cells, such as c-Kit, stromal cell derived factor−1, and others (Ceradini et al., 
2004). 

Other molecules were recently identified to have role in signaling pathways inside the 
niche. DNA array experiments showed that, among other proteins, IGF-2 is specifically 
expressed in cells that do support HSC expansion in culture. Moreover, it was showed that 
all fetal liver and bone marrow HSCs express receptors for IGF-2.  The inclusion of IGF-2 
with SCF, TPO, and FGF-1 supports an eight-fold increase of highly enriched HSCs in 
culture (Zhang & Lodish, 2004). Whether IGF-2 acts on self-renewal, apoptosis, 
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differentiation, or homing of HSCs is unclear. Interestingly, IGF-2 was found to bind and 
stimulate self-renewal of human embryonic stem cells (Bendall et al., 2007). Angiopoietin-
like proteins (Angptls) were also implicated in HSC expansion. Angptls are a family of 
seven secreted glycoproteins that share sequence homology with the angiopoietins 
(Morisada et al., 2006). Similar to the angiopoietins, each Angptl contains an N-terminal 
coiledcoil domain and a C-terminal fibrinogen-like domain. However, unlike angiopoietins, 
Angptls do not bind to Tie-2 or Tie-1 and their receptors are unknown. This suggests that 
Angptls may have different functions from the angiopoietins. Angptl7 was suggested to be a 
target of the Wnt/β-catenin signaling pathway. However, most of the physiological activities 
of the Angptls remain unknown. Recently Angptl2 and Angptl3 were identified as growth 
factors that stimulate ex vivo expansion of bone marrow HSCs. Other analogues, including 
Angptl5, Angptl7, and Mfap4, also support ex vivo expansion of HSCs.  

5.3 Signaling through cell adhesion molecules 

In addition to signaling pathways as described above, extracellular matrix components of 
the niche have also been shown to play role in regulating the HSC dynamics. A matrix 
glycoprotein, osteopontin (OPN), as a constraining factor on HSCs within the bone marrow 
microenvironment is produced by osteoblasts in response to stimulation (Stier et al., 2005). 
Using studies that combine OPN-deficient mice and exogenous OPN, Stier et al. (2005) 
demonstrated that OPN modifies primitive hematopoietic cell number and function in a 
stem cell non-autonomous manner. The OPN-null microenvironment is sufficient to increase 
the number of stem cells associated with increased stromal Jagged-1 and Ang-1 expression 
and reduced primitive hematopoietic cell apoptosis. The activation of the stem cell 
microenvironment with PTH was shown to induce a super-physiologic increase in stem cells 
in the absence of OPN. Therefore, OPN seems to be a negative regulatory element of the 
stem cell niche that limits the size of the stem cell pool and may provide a mechanism for 
restricting excess stem cell expansion under conditions of niche stimulation. 

The production of OPN by osteoblasts is likely to be an essential requirement as shown by 
Karahuseyinoglu et al. (2007). Osteogenically induced umbilical cord stromal cells express 
OPN during the first week of induction followed by a third week expression of another 
matricellular protein, bone sialoprotein-2 (BSP-2). In the following weeks, in conditioned 
media differentiating osteoblasts express osteonectin and osteocalcin that led us to suggest 
that all those proteins have roles in autocrine regulation of osteoblast maturation and thus 
might serve to determine the conditional status of the partner cell(s) in hematopoietic niche 
microenvironment.  

Previous studies showed that cell adhesion molecules, such as cadherins and integrins, are 
crucial for the interactions between HSCs and the osteoblastic niche. N-cadherin−mediated 
adhesion mediates slowing cell cycling of HSCs and may keep HSCs quiescent. Some 
studies showed that specialized spindle-shaped N-cadherin+ osteoblasts are a key 
component of the bone marrow stem cell niche. HSCs are thought to be anchored to spindle-
shaped N-cadherin+ osteoblast cells via a homotypic N-cadherin interaction. Also, N-
cadherin and β1-integrin are identified as the downstream targets in Tie-2/Ang-1 signaling 
and TPO/MPL signaling (Yoshihara et al., 2007) in HSCs, respectively, suggesting a link 
between adhesion molecules and cell-cycle regulators in modulating the HSC−niche 
interaction. These data suggest cell-adhesion molecules not only contribute to the anchoring 
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differentiation, or homing of HSCs is unclear. Interestingly, IGF-2 was found to bind and 
stimulate self-renewal of human embryonic stem cells (Bendall et al., 2007). Angiopoietin-
like proteins (Angptls) were also implicated in HSC expansion. Angptls are a family of 
seven secreted glycoproteins that share sequence homology with the angiopoietins 
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coiledcoil domain and a C-terminal fibrinogen-like domain. However, unlike angiopoietins, 
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Angptls may have different functions from the angiopoietins. Angptl7 was suggested to be a 
target of the Wnt/β-catenin signaling pathway. However, most of the physiological activities 
of the Angptls remain unknown. Recently Angptl2 and Angptl3 were identified as growth 
factors that stimulate ex vivo expansion of bone marrow HSCs. Other analogues, including 
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the niche have also been shown to play role in regulating the HSC dynamics. A matrix 
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the number of stem cells associated with increased stromal Jagged-1 and Ang-1 expression 
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in the absence of OPN. Therefore, OPN seems to be a negative regulatory element of the 
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Karahuseyinoglu et al. (2007). Osteogenically induced umbilical cord stromal cells express 
OPN during the first week of induction followed by a third week expression of another 
matricellular protein, bone sialoprotein-2 (BSP-2). In the following weeks, in conditioned 
media differentiating osteoblasts express osteonectin and osteocalcin that led us to suggest 
that all those proteins have roles in autocrine regulation of osteoblast maturation and thus 
might serve to determine the conditional status of the partner cell(s) in hematopoietic niche 
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component of the bone marrow stem cell niche. HSCs are thought to be anchored to spindle-
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of HSCs to the niche, but also regulate cell-cycle quiescence of HSCs in the niche. However, 
the studies by conditional deletion of N-cadherin fail to support the effects of N-cadherin on 
hematopoiesis (Kiel et al., 2007). 

The members of the Notch family are developmental morphogens shown to be expressed in 
self-renewing tissues, enhance the self-renewal capacity of HSCs and promote T-cell 
differentiation. Notch signaling is initiated by the involvement of the extracellular portion of 
Notch with its ligands Jagged/Delta. Activation of the Notch signaling pathway has been 
shown to potentiate self-renewal of HSCs. It is initiated by the binding of Jagged ligand to 
Notch protein followed by metalloproteinase (-secretase) cleavage in the extracellular 
receptor portion leading to the intracellular release of Notch (NICD). Then Notch translocate 
into the nucleus, where it forms a multimeric transcriptional complex with other 
transcription factors (Huntly & Gilliland, 2005). Inhibitors of -secretase abrogate the Notch 
signaling activation (Rizzo et al., 2008; Shih & Wang, 2007). 

Calvi et al. (2003) and Duncan et al. (2005) demonstrated that the Notch signaling pathway 
plays a role in the osteoblast bone marrow HSCs niche. Notch ligands have positive effects 
on ex vivo expansion of HSCs: activated Notch is able to immortalize primitive mouse 
hematopoietic progenitors and Notch ligands support HSC expansion in culture (Chiba, 
2006). Recently, by culturing human cord blood cells in serum-free medium supplemented 
with SCF, TPO, Flt3L, IL-3, IL-6/sIL-6R, and Delta 1, Suzuki et al. (Suzuki et al., 2006) 
reported an approximate six-fold increase in SCID-repopulating cell (SRC) number. It is 
noteworthy that there exists a dose effect for Notch ligands in HSC culture. Whereas a low 
amount of Delta 1 supports human cord blood SRC expansion, high amounts of the cytokine 
induce apoptosis (Chiba, 2006). 

This emphasizes the complicated relationship among the different fates of HSCs. As 
conditional knockouts of Notch1 and Jagged1 have normal in vivo HSC activities (Mancini et 
al., 2005), there likely is functional redundancy of different Notch isoforms and their ligands. 

Endothelial cells in the vascular niche environment contacting HSCs also provide 
maintenance signals on the HSC behaviour (Coultas et al., 2005 ; Li & Li, 2006). The main 
components of vascular niche – hematopoietic cells and endothelial cells – are closely 
related during development since they are both derived from haemangioblasts (Kopp et 
al., 2005). Previous studies have suggested that the vascular niche is the place for HSC 
differentiation and mobilization (Avencilla et al., 2004). Endothelial cells expressing 
vascular cell-adhesion molecule-1 (VCAM-1) associate closely with megakaryocytes and 
their progenitors through VLA-4 in response to chemotactic factors, stromal cell-derived 
factor- 1 (SDF1) and fibroblast growth factor-4 (FGF4), and thus provide a niche for 
megakaryocyte maturation and platelet production. The immediate juxtaposition of 
HSCs to endothelial cells also facilitates their rapid mobilization and entry into 
circulation in response to stress and, in the case of megakaryocytes, release of platelets 
directly into the blood. Endothelial cells promote survival of HSCs in culture, but this 
seems to be limited to certain populations of endothelial cells (Li et al., 2004). Fractions of 
HSCs in both adult bone marrow and spleen were found in close association with 
endothelial sinusoids (Kiel et al., 2005), suggesting that endothelial cells provide support 
to HSCs in vivo. Depending on these data, it is now plausible to note that while the 
osteoblastic niche provides a quiescent environment for HSC maintenance, the vascular 
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niche offers an alternative niche for mobilized stem cells and promotes proliferation and 
further differentiation or maturation into the circulatory system. It would be interesting 
to further define the respective contributions of endothelial and endosteal niches to HSC 
behaviour. 

5.4 Cell intrinsic responses 

Recent studies have shown that Polycomb group (PcG) proteins and their interaction are 
important in the regulation of HSC self-renewal and lineage restriction. In particular, 
members of the PRC1 (Polycomb repression complex 1), such as Bmi1, Mel18 and Rae28, 
have been implicated. Bmi1 plays an important role in regulating the proliferative activity 
of stem and progenitor cells. It is required for the self-renewal of both adult HSCs and 
neural stem cells (Molofsky et al., 2005; Park et al, 2003). Bmi1 enhances symmetrical 
expansion of the stem cell pool through self-renewal, induces a marked ex vivo expansion 
of multipotent progenitors, and increases the ability of HSCs to repopulate bone marrow 
in vivo (Iwama et al., 2004). Leukemic cells lacking Bmi1 undergo proliferation arrest, 
differentiation and apoptosis, leading to failure of leukemia in a mouse transplant model 
(Lessard & Sauvageau, 2003). In Bmi1-deficient bone marrow there is an up-regulation of 
cell cycle inhibitors p16 and p19, and the p53-induced gene Wig1, and a down-regulation 
of the apoptosis inhibitor AI-6. This suggests that a mechanism exists whereby Bmi1 
functions by modulating proliferation and preventing apoptosis (Park et al., 2004). Bmi1 
has also been shown to regulate the expression of Hox genes that are required for 
differentiation during hematopoiesis (van der Lugt et al., 1996).Loss or knockdown of 
another Polycomb gene, Mel18, leads to increased expression of Hoxb4 (Kajiume et al., 
2004), and transplanted Mel18-deficient bone marrow showed an increase in overall HSC 
numbers but a decrease in their activity owing to arrest in G0 phase of the cell cycle. 
Rae28-deficient HSCs were defective in their long-term repopulating ability in serial 
transplantation experiments (Kim et al., 2004; Ohta et al., 2002). Taken together, these 
studies show the importance of the Polycomb proteins in HSC self-renewal and 
maintenance of the blood system. 

Transcriptional repression by PcG proteins is essential for maintenance of HSC identity. Part 
of the mechanism by which it functions is by repression of genes that promote lineage 
specification, cell death and cell cycle arrest. More recently, PcG complexes have been 
shown to be essential for maintenance of the undifferentiated state in murine embryonic 
stem (ES) cells and human ES cells by directly repressing a large number of developmental 
regulators (Boyer et al., 2006; Lee et al., 2006). PcG complexes bind to and presumably 
repress the expression of a subset of these genes linked to differentiation. This represents a 
dynamic repression of genes required for differentiation, and a scenario in which PcG 
proteins act as transcription repressors by cooperating with a specific set of transcription 
factors in stem cells. Some target genes include Hox family members important for induction 
of differentiation. Expression of Hox genes that are involved in differentiation is repressed in 
the ES cells by PcG proteins. Thus, PcG complex repression is also necessary for ES cell 
identity. Taken together, these studies suggest that differentiation is the default state during 
stem cell replication, and self-renewal requires active repression of transcription factors that 
prevent self-renewal 
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The transcription factor Tel (Translocation Ets leukemia; also known as Etv6 [Ets variant 
gene 6]), an Ets (E-26 transforming-specific)-related transcriptional repressor, is also 
required for HSC maintenance. Conditional inactivation of Tel/Etv6 in HSCs rapidly leads to 
the depletion of Tel/Etv6-deficient bone marrow. However, Tel/Etv6 is not required for the 
maintenance of committed precursors. When it is conditionally inactivated in most 
hematopoietic lineages, it does not affect their differentiation or survival (Hock et al., 2004). 
At the moment, the mechanism by which Tel/Etv6 modulates adult HSCs renewal is not 
known. Study of the downstream targets it represses should shed light on other players 
essential for HSC maintenance. 

Pbx1 (pre–B-cell acute lymphoblastic leukemia) is a TALE class homeodomain transcription 
factor that critically regulates numerous embryonic processes, including hematopoiesis. 
Pbx1 is preferentially expressed in LT-HSCs compared to more mature short-term HSCs and 
multipotent progenitor cells (Ficara et al., 2008). By using Pbx1-conditional knockout mice, it 
was revealed that Pbx1 positively regulates HSC quiescence. Transcriptional profiling 
showed that a significant proportion of Pbx1-dependent genes are associated with the TGF-β 
pathway. 

The homeobox (Hox) genes encode transcription factors that regulate embryonic body 
patterning and organogenesis. They play a role in the regulation of hematopoiesis. 
Overexpression of HoxB4 in bone marrow leads to expansion of HSCs in vivo and in vitro, 
therefore appearing to be a positive regulator of HSC self-renewal (Antonchuck et al., 2002; 
Krosl et al., 2003; Miyake et al., 2006; Sauvageau et al., 1995). It therefore came as a surprise 
when HoxB4-deficient mice had normal hematopoietic development but exhibited only mild 
proliferative HSC defects (Brun et al., 2004). In an attempt to determine if this was due to 
compensatory mechanisms, the entire HoxB cluster was deleted. However, this did not lead 
to major defects in hematopoiesis (Bijl et al., 2006), possibly owing to compensation by 
HoxA4 and/or HoxC4. 

Gfi1 (Growth factor independence 1), a zinc-finger repressor, has been recently implicated as 
a regulator of HSC self-renewal. Two groups working independently determined that Gfi1 
controls self-renewal of HSCs by restraining their proliferative potential (Hock et al 2004; 
Zeng et al., 2004). They showed that Gfi1-deficient HSCs display increased proliferation 
rates and are also functionally compromised in competitive repopulation and serial 
transplantation assays. Gfi1 might exert its effects on HSC proliferation by regulating the 
cell cycle inhibitor p21.  

Gfi1 is originally recognized for its role in T-cell differentiation and lymphoma. Gfi1 gene 
knockout is one of the first targeted mutants to exhibit the combination of an increase in 
cycling HSCs at the expense of HSC function. Both Gfi1 knockout models displayed an 
increase in cycling cells within the HSC pool, a large decrease in HSC function in 
transplantation experiments. Profoundly reduced expression of p21, the cyclin-dependent 
kinase inhibitor, in Gfi1 null HSCs may account for the mechanism. Thus, under normal 
homeostasis, Gfi1 is thought to suppress the proliferation of HSCs, thereby keeping HSCs in 
quiescence. 

Numerous studies have identified roles for p53 in the proliferation, differentiation, 
apoptosis, and aging of hematopoietic cells. LT-HSCs express high levels of p53 transcripts, 
which is an indication of roles of p53 in HSC physiology (Dumble et al., 2007). Recently, p53 
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has been identified as a positive regulator of HSC quiescence through analysis of p53−/− 
mice (Liu et al., 2009). Furthermore, in the same study, it was demonstrated that the 
increased quiescence of HSCs from MEF null mice, in which both p53 and p21 are up-
regulated, is dependent on p53, but not p21, further confirming the positive role of p53 in 
maintaining HSC in quiescence. Gfi1 was identified as p53 target gene, which is both shown 
important in regulating HSC quiescence by up-regulation or knockdown experiments. 

Stem cell leukemia/T-cell acute lymphoblastic leukemia 1 (SCL/TAL1) plays a key role in 
controlling development of primitive and definitive hematopoiesis during mouse 
development. In adult HSCs, it is highly expressed in LT-HSCs compared with short-term 
HSCs and progenitors (Lacombe et al., 2010). SCL impedes G0-G1 transition in HSCs. The 
function of HSCs from Scl +/− mice or with decreased dosage of SCL protein by in vitro 
interference was shown decreased in various transplantation assays. At the molecular level, 
SCL maintains HSC quiescence by regulating gene expression of Cdkn1a and Id1. 

Recently, many other transcriptional factors, such as interferon regulatory factor−2, a 
transcriptional suppressor of interferon signaling (Sato et al., 2009); Nurr1, a nuclear 
receptor transcription factor (Sirin et al., 2010); and thioredoxin-interacting protein, a 
transcriptional repressor (Shao et al., 2010), have been identified as positive regulators of 
HSC quiescence. Loss of HSC quiescence was observed in mice with deletion of each of 
these factors. 

Individual member of Retinoblastoma (Rb) tumor suppressor gene family serves critical 
roles in the control of cellular proliferation and differentiation with functional redundancy 
for each other. The mice with conditional triple knockout of Rb family genes including Rb, 
p107, and p130 display a cell-intrinsic myeloproliferation that originates from 
hyperproliferative early hematopoietic progenitors due to the loss of quiescence, and the 
mutant HSCs show strong short-term repopulation capacity but impaired long-term 
repopulation ability on transplantation. Thus, Rb family members collectively maintain HSC 
quiescence (Viatour et al., 2008). 

It has been shown that the conditional inactivation of c-Myc induces excessive expression of 
integrins and N-cadherin in HSCs, leading to the enhanced HSC interaction with the niche, 
which subsequently enable Myc-deficient HSCs stay in quiescence. Conversely, enforced c-
Myc expression in HSCs downregulates N-cadherin and integrins, leading to a loss of HSC 
function (Wilson et al., 2004). 

p21 mRNA expression levels are dramatically lower in the Gfi1-deficient HSCs. p21  itself 
has been implicated in the regulation of HSCs (Cheng et al., 2000). In its absence, HSCs have 
an impaired serial transplantation capacity. Another cell cycle inhibitor, p18 , has also been 
shown to affect HSC self-renewal. The absence of p18 leads to increased HSC self-renewal 
(Yuan et al., 2004; Yu et al., 2006). Therefore, intricate control of the cell cycle and 
proliferation machinery is required for self-renewal regulation. 

In contrast to p21, little is known about the role of p57 in adult stem cell populations. Using 
primary human hematopoietic cells and microarray analysis, Scandura et al. (2004) 
identified p57 as the only cyclin-dependent kinase inhibitor induced by TGF-β. Up-
regulation of p57 is essential for TGF-β−induced cell-cycle arrest in these cells, which may 
represent the mechanisms by which TGF-β affects cell-cycle arrest and stem cell quiescence. 
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Bone marrow is a very low oxygen tension environment that would protect cells from 
exposure to oxidative stress. Various intrinsic factors have also been identified to function in 
maintaining low oxidant levels in HSCs. ATM, a cell-cycle checkpoint regulator activated 
after DNA damage, is shown to regulate oxidant levels in HSCs (Ito et al., 2006). ATM 
deficiency-induced ROS elevation in HSCs specifically activates the p38 mitogen-activated 
protein kinase (MAPK) pathway, a signaling pathway responding to diverse cellular 
stresses, leading to a defect in the maintenance of HSC quiescence (Ito et al., 2004). ATM−/− 
mice over the age of 24 weeks show progressive bone marrow failure due to a defect in HSC 
function associated with elevated levels of ROS. Treatment with anti-oxidative reagents, N-
acetyl cysteine or with a MAPK inhibitor restores reconstitutive capacity and quiescence of 
ATM−/− HSCs. 

Members of the FoxO subfamily of forkhead transcription factors have been shown to 
protect HSCs from oxidative stress by up-regulating genes involved in their detoxification. 
Triple knockout mice of FoxO1, FoxO3, and FoxO4 exhibited defective long-term 
repopulating activity of HSCs, which correlated with increased cycling and apoptosis of 
HSCs, as well as increased levels of ROS in HSCs (Tothova et al., 2007). Similarly, the HSC 
compartment in FoxO3a null mice suffers from augmented levels of ROS and subsequent 
bone marrow failure (Miyamoto et al., 2007). The HSC defect resulting from loss of FoxOs 
could also be rescued by administration of the antioxidant N-acetyl cysteine. 

It is conceivable that both the hypoxic environment in which the HSCs reside and the 
intrinsic factors in HSCs serve to protect HSCs from oxygen radicals, keeping HSCs’ 
quiescent status. 

The JAK–STAT (Janus family kinase–signal transducer and activator of transcription) 
pathway is a common downstream pathway of cytokine signaling that promotes 
hematopoiesis. Constitutive activation of the transcription factors of the Stat family, 
particularly Stat3 and Stat5, are frequently detected in leukemias, lymphomas and solid 
tumors. In order to evaluate their role in HSCs, constitutively active Stat mutants were 
used to activate signaling in HSCs. Activation of Stat5 in HSCs led to the dramatic 
expansion of multipotent progenitors and promoted HSC self-renewal ex vivo (Kato et al., 
2005). Deletion of Stat5 resulted in profound defects in hematopoiesis and markedly 
reduced ability of the mutant cells to repopulate the bone marrow of lethally irradiated 
mice (Snow et al., 2002). In a mouse model of myeloproliferative disease (MPD), sustained 
Stat5 activation in HSCs and not multipotent progenitors induced fatal MPD, suggesting 
that the capacity of Stat5 to promote self-renewal of hematopoietic stem cells is crucial for 
MPD development. Another group showed that transduction of adult mouse bone 
marrow cells with a constitutively activated form of Stat3 increased their regenerative 
activity in lethally irradiated recipients, whereas the transduction of these cells with a 
dominant negative form of Stat3 suppressed their regenerative activity (Chung et al., 
2006). These studies suggest that Stat proteins play a role in HSC self-renewal and 
potentially in other tissues; owing to the wide range of solid tissue and blood 
malignancies that harbor constitutively activated Stats. 

Studies using transgenic mice constitutively expressing BCL2 (B-cell lymphoma 2) in all 
hematopoietic tissues provide evidence directly supporting this theory. The forced 
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expression of the oncogene Bcl2 resulted in increased numbers of transgenic HSCs in vivo 
and gave these cells a competitive edge over wild type HSCs in competitive reconstitution 
experiments (Domen et al., 1998; Domen et al., 2000) suggesting that cell death plays a role 
in regulating the homeostasis of HSCs. Recently, Mcl1 (Myeloid cell leukemia 1), another 
anti-apoptotic Bcl2 family member, has been shown to be required for HSC survival 
(Opferman et al., 2005). 

6. Quiescence or self-renewal 
In order to both maintain a supply of mature blood cells and not exhaust HSCs throughout 
the lifetime of an individual, under steady state, most HSCs remain quiescent and only a 
small number enter the cell cycle. However, in response to hematopoietic stress such as 
blood loss, HSCs exit quiescence and rapidly expand and differentiate to repopulate the 
peripheral hematopoietic compartments. When quiescence is disrupted, HSCs displayed 
defective maintenance in G0 phase of cell cycle, leading to premature exhaustion of the stem 
cell pool under conditions of hematopoietic stress, impaired self-renewal, and loss of 
competitive repopulating capacity, eventually causing hematological failure. 

Quiescence of HSCs is not only critical for protecting the stem cell compartment and 
sustaining stem cell pools over long periods, but it is also critical for protecting stem cells by 
minimizing their accumulation of replication-associated mutations. The balance between 
quiescence and proliferation is tightly controlled by both HSC-intrinsic and -extrinsic 
mechanisms. Understanding quiescence regulation in HSC is of great importance not only 
for understanding the physiological foundation of HSCs, but also for understanding 
the pathophysiological origins of many related disorders. 

In steady state conditions HSCs are in a slowly dividing state, termed relative quiescence, 
with a cell division cycle in the mouse in the range of 2–4 weeks, localized in close contact 
with stromal cells, including osteoblasts (Calvi et al., 2003; Zhang et al., 2003).  This is in 
contrast to the rapidly cycling hematopoietic progenitor cells, which are more committed to 
differentiation than HSCs. The balance between quiescent and cycling stem cells was 
proposed to rely on the amount of soluble cytokines, which result in HSCs relocating from 
the osteoblastic to the vascular niche (Heissig et al., 2002). However new results indicate that 
it depends on a complex network of signals.  

 
Fig. 1. Networks interaction model for: A) quiescence, B) self-renewal and C) survival. 
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In part, the dramatic contrast in cell cycle status between stem and progenitor cells has led 
to the hypothesis that cell cycle regulation plays a fundamentally important role in stem cell 
fate determination. This hypothesis is supported by recent data demonstrating a slower rate 
of division in Hoxb4hiPbx1lo cells, which extensively self-renewal in vitro, compared to 
control cells (Cellot et al., 2007). It is essential for an HSC to undergo cell division if it is to 
self-renew, but how the cell division cycle is integrated into the process of self-renewal is 
unclear. It is also unknown as to whether cell cycle regulation represents an intrinsic or 
extrinsic modifier of HSC fate. 

6.1 How HSC maintain quiescence  

Negative regulators of both Cdk2 and Cdk4/6 activity, and therefore Rb function, have been 
demonstrated to have roles in regulating HSCs (Cheng et al., 2000; Janzen et al., 2006; 
Stepanova & Sorrentino, 2005; Van Os et al., 2007; Walkley et al., 2005). For the most part 
however these phenotypes have been relatively subtle, particularly when compared to 
hematopoietic phenotypes apparent after disruption of transcription factors such as C/EBPα  
(Hock et al., 2004) and Tel  (Zhang et al., 2004) amongst others, and are often apparent only 
after serial transplantation. The "Rb pathway" has also been implicated in phenotypes 
observed in both the Bmi1-/- and ATM-/- HSCs (Ito et al., 2004; Lessard & Sauvageau, 2003; 
Park et al., 2003).  The interaction of cell cycle regulators with other factors such as Hoxb4 or 
telomerase deficiency has produced much more striking phenotypes than that observed for 
the cell cycle mutants in isolation (Choudhury et al., 2007; Miyake et al., 2006). While clearly 
demonstrating that cell cycle modifiers have roles in regulating stem cells, particularly 
HSCs, the aforementioned studies have not been able to clearly discriminate between 
intrinsic or extrinsic contributions to HSC fate as all studies to date had utilized non-
hematopoietic restricted mutant alleles. A study demonstrating that the p27Kip1-/- 
microenvironment mediates the myelo-lymphoid expansion observed in the p27Kip1-/- 
animals raises the possibility that the HSC expansion observed in p27Kip1-/- bone marrow is 
extrinsic in nature (Chien et al., 2006; Walkley et al, 2005). This result suggested that cell 
cycle regulators might play a role in regulating the competence of the hematopoietic niche, 
in addition to having potential intrinsic roles in HSC fate determination. Moreover Daria et 
al (2007) observed a requirement for Rb in the stress response of HSCs and this has also 
previously been suggested in the context of the role of Rb in erythropoiesis (Spike et al., 
2004; Spike & Macleod, 2005). 

Also of note is that the cell division dynamics of HSCs change during development, from 
rapidly cycling and dividing cells during the fetal liver and early stages of life to relatively 
quiescent and more slowly cycling in the adult context (Bowie et al., 2007; Bradford et al., 1997; 
Ito et al, 2000; Kiel et al., 2007; Sato et al., 1999). Thus the role for Rb may be context dependent, 
both in terms of stress response and developmentally in the regulation of HSC fate. 

One important point that is becoming clearer recently is how some HSCs are maintained 
quiescent while others enter self-renewal program. Although bone–lining cells in the 
endosteal surface are often described as osteoblasts in the literature, they are heterogeneous 
in their degree of differentiation, and only a minority of these cells are actually bone 
synthesizing osteoblasts. So a good hypothesis is that in the endosteal niche some cells are in 
contact with true osteoblasts that expresses the necessary factors to maintain quiescence 
while others are not receiving the same signalization so will follow other fate. 
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Li (2008) proposed that HSC quiescence is maintained through several signaling pathways 
including positive and negative regulators from extrinsic and intrinsic factors already 
described. In this context the Tie-2/Ang-1 signaling pathway plays a critical role in the 
maintenance of HSCs in a quiescent state in the bone marrow niche (Adams et al., 2006). 
HSCs express the receptor tyrosine kinase Tie-2 and osteoblasts are the source of the Ang-1 
ligand for Tie-2. Tie-2/Ang-1 signaling activates its key downstream targets, β1-integrin and 
N-cadherin in lineage-negative, Sca-1, C-kit double-positive (LSK), and Tie-2-positive cells, 
and promotes HSC interactions with extracellular matrix and cellular components of the 
niche. This interaction is sufficient to maintain the quiescence and enhanced survival of 
HSCs by preventing cell division (Arai et al., 2007). Ang-1/Tie-2 signaling also activates the 
phosphatidylinositol 3-kinase/Akt signaling pathway (Visnjic et al., 2004). 
Phosphatidylinositol 3-kinase/Akt signaling regulates several cell-cycle regulators, such as 
the CDK inhibitor, p21, which in turn leads to HSC quiescence. 

Other pathway that has been proven to enhance quiescence is TPO/MPL. TPO is secreted 
by osteoblast while MPL is expressed in the membrane of HSCs. Interaction of these two 
proteins maintain HSCs attached to osteoblasts by activation of a pathway that results in the 
expression of their adhesion molecules targets and at the same time activate genetic 
programs which will control entry in cell cycle and survival of HSC. How these positive 
regulators interact with other positive and negative regulators is not completely understood. 
Moreover, which signaling pathways are being activated and which genes have their 
expression changed waits to be clarified. 

A recent study by Wang et al. (2009) recently identified STAT5, a downstream target of 
MPL, as a positive regulator of HSC quiescence by analyzing STAT5−/− mice. Expression of 
quiescence regulators including Tie-2 and p57 are decreased in STAT5−/− HSCs. This 
study demonstrated that STAT5 might mediate MPL effects in maintaining HSC quiescence 
during steady state hematopoiesis and that the same pathway directly or indirectly 
regulates Tie-2 and p57. Interestingly, up-regulation of p57 is essential for TGF-β−induced 
cell-cycle arrest. How these pathways are connected awaits more investigation. 

Two other signaling pathways that act as positive and negative regulators of quiescence 
deserve more discussion, the Hypoxia induced factor (HIF) and Osteopontina signaling 
pathway. Hypoxia microenvironment seems to be important for maintaining HSC 
quiescence The molecular mechanisms for this involve the hypoxia-inducible factor-1a (HIF-
1a) regulated gene expressions in stromal cells. Two genes known to be targets of the HIF 
pathway are c-Kit and stromal cell derived factor−1 (SDF-1 or CXCL12) that both have 
proven to be important to HSC maintenance.  

Osteopontina (OPN) is a negative regulator of HSC quiescence as an OPN-null 
microenvironment is sufficient to increase the number of stem cells associated with 
increased stromal Jagged-1 and Ang-1 expression and reduced primitive hematopoietic cell 
apoptosis. OPN seems to function by preventing HSC cycling. It is interesting to note that 
the release of this inhibition occurs in parallel with the possible activation of the Notch 
pathway. 

As we can see there is many connections between intrinsic factors and extrinsic cues and 
between different intrinsic factors or different extrinsic factors. Some intrinsic factors 
function through affecting extrinsic factors, such as c-Myc, which negatively regulates HSC 
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In part, the dramatic contrast in cell cycle status between stem and progenitor cells has led 
to the hypothesis that cell cycle regulation plays a fundamentally important role in stem cell 
fate determination. This hypothesis is supported by recent data demonstrating a slower rate 
of division in Hoxb4hiPbx1lo cells, which extensively self-renewal in vitro, compared to 
control cells (Cellot et al., 2007). It is essential for an HSC to undergo cell division if it is to 
self-renew, but how the cell division cycle is integrated into the process of self-renewal is 
unclear. It is also unknown as to whether cell cycle regulation represents an intrinsic or 
extrinsic modifier of HSC fate. 

6.1 How HSC maintain quiescence  

Negative regulators of both Cdk2 and Cdk4/6 activity, and therefore Rb function, have been 
demonstrated to have roles in regulating HSCs (Cheng et al., 2000; Janzen et al., 2006; 
Stepanova & Sorrentino, 2005; Van Os et al., 2007; Walkley et al., 2005). For the most part 
however these phenotypes have been relatively subtle, particularly when compared to 
hematopoietic phenotypes apparent after disruption of transcription factors such as C/EBPα  
(Hock et al., 2004) and Tel  (Zhang et al., 2004) amongst others, and are often apparent only 
after serial transplantation. The "Rb pathway" has also been implicated in phenotypes 
observed in both the Bmi1-/- and ATM-/- HSCs (Ito et al., 2004; Lessard & Sauvageau, 2003; 
Park et al., 2003).  The interaction of cell cycle regulators with other factors such as Hoxb4 or 
telomerase deficiency has produced much more striking phenotypes than that observed for 
the cell cycle mutants in isolation (Choudhury et al., 2007; Miyake et al., 2006). While clearly 
demonstrating that cell cycle modifiers have roles in regulating stem cells, particularly 
HSCs, the aforementioned studies have not been able to clearly discriminate between 
intrinsic or extrinsic contributions to HSC fate as all studies to date had utilized non-
hematopoietic restricted mutant alleles. A study demonstrating that the p27Kip1-/- 
microenvironment mediates the myelo-lymphoid expansion observed in the p27Kip1-/- 
animals raises the possibility that the HSC expansion observed in p27Kip1-/- bone marrow is 
extrinsic in nature (Chien et al., 2006; Walkley et al, 2005). This result suggested that cell 
cycle regulators might play a role in regulating the competence of the hematopoietic niche, 
in addition to having potential intrinsic roles in HSC fate determination. Moreover Daria et 
al (2007) observed a requirement for Rb in the stress response of HSCs and this has also 
previously been suggested in the context of the role of Rb in erythropoiesis (Spike et al., 
2004; Spike & Macleod, 2005). 

Also of note is that the cell division dynamics of HSCs change during development, from 
rapidly cycling and dividing cells during the fetal liver and early stages of life to relatively 
quiescent and more slowly cycling in the adult context (Bowie et al., 2007; Bradford et al., 1997; 
Ito et al, 2000; Kiel et al., 2007; Sato et al., 1999). Thus the role for Rb may be context dependent, 
both in terms of stress response and developmentally in the regulation of HSC fate. 

One important point that is becoming clearer recently is how some HSCs are maintained 
quiescent while others enter self-renewal program. Although bone–lining cells in the 
endosteal surface are often described as osteoblasts in the literature, they are heterogeneous 
in their degree of differentiation, and only a minority of these cells are actually bone 
synthesizing osteoblasts. So a good hypothesis is that in the endosteal niche some cells are in 
contact with true osteoblasts that expresses the necessary factors to maintain quiescence 
while others are not receiving the same signalization so will follow other fate. 
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Li (2008) proposed that HSC quiescence is maintained through several signaling pathways 
including positive and negative regulators from extrinsic and intrinsic factors already 
described. In this context the Tie-2/Ang-1 signaling pathway plays a critical role in the 
maintenance of HSCs in a quiescent state in the bone marrow niche (Adams et al., 2006). 
HSCs express the receptor tyrosine kinase Tie-2 and osteoblasts are the source of the Ang-1 
ligand for Tie-2. Tie-2/Ang-1 signaling activates its key downstream targets, β1-integrin and 
N-cadherin in lineage-negative, Sca-1, C-kit double-positive (LSK), and Tie-2-positive cells, 
and promotes HSC interactions with extracellular matrix and cellular components of the 
niche. This interaction is sufficient to maintain the quiescence and enhanced survival of 
HSCs by preventing cell division (Arai et al., 2007). Ang-1/Tie-2 signaling also activates the 
phosphatidylinositol 3-kinase/Akt signaling pathway (Visnjic et al., 2004). 
Phosphatidylinositol 3-kinase/Akt signaling regulates several cell-cycle regulators, such as 
the CDK inhibitor, p21, which in turn leads to HSC quiescence. 

Other pathway that has been proven to enhance quiescence is TPO/MPL. TPO is secreted 
by osteoblast while MPL is expressed in the membrane of HSCs. Interaction of these two 
proteins maintain HSCs attached to osteoblasts by activation of a pathway that results in the 
expression of their adhesion molecules targets and at the same time activate genetic 
programs which will control entry in cell cycle and survival of HSC. How these positive 
regulators interact with other positive and negative regulators is not completely understood. 
Moreover, which signaling pathways are being activated and which genes have their 
expression changed waits to be clarified. 

A recent study by Wang et al. (2009) recently identified STAT5, a downstream target of 
MPL, as a positive regulator of HSC quiescence by analyzing STAT5−/− mice. Expression of 
quiescence regulators including Tie-2 and p57 are decreased in STAT5−/− HSCs. This 
study demonstrated that STAT5 might mediate MPL effects in maintaining HSC quiescence 
during steady state hematopoiesis and that the same pathway directly or indirectly 
regulates Tie-2 and p57. Interestingly, up-regulation of p57 is essential for TGF-β−induced 
cell-cycle arrest. How these pathways are connected awaits more investigation. 

Two other signaling pathways that act as positive and negative regulators of quiescence 
deserve more discussion, the Hypoxia induced factor (HIF) and Osteopontina signaling 
pathway. Hypoxia microenvironment seems to be important for maintaining HSC 
quiescence The molecular mechanisms for this involve the hypoxia-inducible factor-1a (HIF-
1a) regulated gene expressions in stromal cells. Two genes known to be targets of the HIF 
pathway are c-Kit and stromal cell derived factor−1 (SDF-1 or CXCL12) that both have 
proven to be important to HSC maintenance.  

Osteopontina (OPN) is a negative regulator of HSC quiescence as an OPN-null 
microenvironment is sufficient to increase the number of stem cells associated with 
increased stromal Jagged-1 and Ang-1 expression and reduced primitive hematopoietic cell 
apoptosis. OPN seems to function by preventing HSC cycling. It is interesting to note that 
the release of this inhibition occurs in parallel with the possible activation of the Notch 
pathway. 

As we can see there is many connections between intrinsic factors and extrinsic cues and 
between different intrinsic factors or different extrinsic factors. Some intrinsic factors 
function through affecting extrinsic factors, such as c-Myc, which negatively regulates HSC 
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quiescence by controlling N-cadherin expression level, reducing the N-cadherin−mediated 
interaction between HSCs and niche. Some extrinsic cues function through certain intrinsic 
factors, such as STAT5, which may serve as a component of MPL−induced signaling 
pathway, mediating MPL’s effects in maintaining HSC quiescence. 

Interestingly, among those HSC quiescence regulators that have been identified so far, the 
majority are positive regulators; few are negative for the maintenance of HSCs quiescence. 
This is consistent with the idea showing that the bias toward reduced gene expression that 
actively maintains HSC quiescence is an important mechanism of HSC proliferation, 
suggesting that various positive regulators of HSC quiescence are actively restricting 
proliferation of HSCs, and that there may exist signals in the environment to promote HSC 
proliferation. 

6.2 Deciding for self-renewal 

Many signaling pathways are thought to contribute to stem cell self-renewal in the marrow 
niche including Notch (Maillard et al., 2003), Wnt (Duncan et al. 2005; Reya et al., 2003; 
Willert et al., 2003) and Hedgehog (Baron, 2001 ; Bhardwaj et al., 2001; Gering & Patient 2005). 

Activated Notch expands the stem and progenitor cell compartment by either influencing 
undifferentiated cells to adopt a HSC fate or by causing a G0 HSC population to up-regulate 
runx1-dependent gene expression. Findings that the stem cell markers runx1, scl, and lmo2 
were transcriptionally increased in response to NICD (Notch Intra-Cytoplamatic Domain) 
indicate that stem and progenitor cells were expanded in the adult marrow, possibly by 
increasing stem cell self-renewal. A conditional allele of runx1 was generated in the mouse 
to study the loss of Runx1 function during adult hematopoiesis (Growney et al., 2005; 
Ichikawa et al., 2004). In transplantation studies, Runx1-excised marrow cells showed a 
reduced competitive repopulating ability in long-term engraftment assays (Growney et al., 
2005), demonstrating that Runx1 is essential for normal stem cell function.   

The Wnt/-catenin signaling pathway also plays a crucial role during self-renewal of HSCs 
(Nemeth & Bodine, 2007). Deregulation of this pathway has been implicated in the 
formation of solid tumors, like lung epidermal adenocarcinomas, breast carcinomas and 
intestinal colorectal tumors just to mention a few (Reya & Clevers, 2005). Although several 
Wnt genes are expressed in bone marrow, the precise role of Wnt signaling pathway in 
HSCs and its mechanism(s) of action remained unclear until very recently.  

There is a multitude of Wnt signaling cascades some of them regulating one another. Using 
different receptors, Wnt proteins can trigger at least three intracellular signaling pathways: 
the canonical b-catenin pathway, the non-canonical calcium pathway and the c-Jun N-
terminal kinase pathway (Zeng et al., 2004). Several components of the Wnt signaling 
machinery have been shown to play a role in HSC self-renewal. Both canonical as well as 
non-canonical pathways seem to be involved, since the canonical ligand Wnt3a intrinsically 
promotes self-renewal (Luis et al., 2009). On the other hand, the non-canonical ligand Wnt5a 
has been shown to extrinsically promote self-renewal by inhibiting canonical signaling 
(Murdoch et al., 2003). The mechanistic basis for the balance between canonical and non-
canonical pathways is not fully understood. It is likely that numerous Wnt inhibitors or 
antagonists are modulating Wnt signaling.  
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Taken together, the existing studies suggest that canonical Wnt signaling may not be strictly 
required for HSC function, but that canonical Wnt signaling may affect self-renewal and 
differentiation of HSCs depending on the extent of canonical Wnt signaling and on the 
context of expression of additional genes. Non-canonical Wnt signaling and/or other 
signaling pathways may also compensate for the absence of canonical Wnt signaling in 
maintaining the self-renewal of HSCs (Huang, 2007). 

 To exactly control the fine tune of Wnt in HSC it is likely that the numerous Wnt-signaling 
inhibitors (Dickkopf homolog (Dkk), Wnt inhibitory factor (Wif) or secreted frizzled-related 
protein (Sfrp), or other Wnt antagonists, such as Kremen, Ctgf, Cyr61, Sost and Sostdc1) 
have to be the correctly expressed. Interestingly, some of these molecules also directly 
stimulate certain Fzds independent of Wnt factors. For example, Sfrp1 directly activates 
Fzd2, as well as Fzd4, and Fzd7 but can also interact with Wnt5a (Rodriguez et al., 2005; 
Dufourc et al, 2008; Matsuyama et al, 2009 & Kirstetter et al., 2006). This balance and 
feedback mechanisms between canonical and non-canonical Wnt signaling, suggests that -
catenin is the primary regulatory target of Wnt signaling. However, overexpression or 
stabilization of -catenin results in expansion of the HSC pool, but, at the same time, the loss 
of myelopoiesis is due to a differentiation block (Renstrom et al., 2010), suggesting that b-
catenin promotes self-renewal and/or inhibits differentiation.  

Conversely, Wnt signaling also induces increased expression of HOXB4, Bmi1 and targets of 
Notch-1, genes that are implicated in self-renewal of HSCs . Transcription factors of 
homeodomain family (HOX family) have been found to regulate HSC self-renewal and 
downregulate differentiation. Disruption of HOX genes in mice led to abnormalities in 
multiple hematopoietic cell lineages. Moreover, overexpression of HOX genes (like HOXB4) 
has been associated with HSCs ex vivo expansion and HOX gene mutation with acute 
leukemia.  Bmi1,a polycomb gene, seems to have a repressor role over p16 inhibiting 
apoptosis of HSCs and thus contributing to its maintenance . So the correct Wnt signaling 
seems to be essential to integrate the intracellular response in the decision to self-renew or 
differentiate (Reya et al., 2003). 

The investigation of the interactions between  Bmi1 and Hoxb4, showed that Bmi1 is not 
required for the in vivo expansion of fetal HSCs but is essential for the long-term 
maintenance of adult HSCs. Moreover, Hoxb4 overexpression induces an expansion of 
Bmi1-/- STR-HSCs leading to a rescue of their repopulation defect. Together, these results 
support the emerging concept that fate and sustainability of this fate are two critical 
components of self-renewal in adult stem cells such as HSCs. 

 Moreover Polycomb group (PcG) proteins play a role in the transcriptional repression of genes 
through histone modifications. Recent studies have clearly demonstrated that PcG proteins are 
required for the maintenance of embryonic as well as a broad range of adult stem cells, 
including hematopoietic stem cells (HSCs). PcG proteins maintain the self-renewal capacity of 
HSCs by repressing tumor suppressor genes and keep differentiation programs poised for 
activation in HSCs by repressing a cohort of hematopoietic developmental regulator genes via 
bivalent chromatin domains. Enforced expression of one of the PcG genes, Bmi1, augments the 
self-renewal capacity of HSCs. PcG proteins also maintain redox homeostasis to prevent 
premature loss of HSCs. These findings established PcG proteins as essential regulators of HSCs 
and underscored epigenetics as a new field of HSC research (Li et al., 2010; Komuna, 2010). 
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quiescence by controlling N-cadherin expression level, reducing the N-cadherin−mediated 
interaction between HSCs and niche. Some extrinsic cues function through certain intrinsic 
factors, such as STAT5, which may serve as a component of MPL−induced signaling 
pathway, mediating MPL’s effects in maintaining HSC quiescence. 

Interestingly, among those HSC quiescence regulators that have been identified so far, the 
majority are positive regulators; few are negative for the maintenance of HSCs quiescence. 
This is consistent with the idea showing that the bias toward reduced gene expression that 
actively maintains HSC quiescence is an important mechanism of HSC proliferation, 
suggesting that various positive regulators of HSC quiescence are actively restricting 
proliferation of HSCs, and that there may exist signals in the environment to promote HSC 
proliferation. 

6.2 Deciding for self-renewal 

Many signaling pathways are thought to contribute to stem cell self-renewal in the marrow 
niche including Notch (Maillard et al., 2003), Wnt (Duncan et al. 2005; Reya et al., 2003; 
Willert et al., 2003) and Hedgehog (Baron, 2001 ; Bhardwaj et al., 2001; Gering & Patient 2005). 

Activated Notch expands the stem and progenitor cell compartment by either influencing 
undifferentiated cells to adopt a HSC fate or by causing a G0 HSC population to up-regulate 
runx1-dependent gene expression. Findings that the stem cell markers runx1, scl, and lmo2 
were transcriptionally increased in response to NICD (Notch Intra-Cytoplamatic Domain) 
indicate that stem and progenitor cells were expanded in the adult marrow, possibly by 
increasing stem cell self-renewal. A conditional allele of runx1 was generated in the mouse 
to study the loss of Runx1 function during adult hematopoiesis (Growney et al., 2005; 
Ichikawa et al., 2004). In transplantation studies, Runx1-excised marrow cells showed a 
reduced competitive repopulating ability in long-term engraftment assays (Growney et al., 
2005), demonstrating that Runx1 is essential for normal stem cell function.   

The Wnt/-catenin signaling pathway also plays a crucial role during self-renewal of HSCs 
(Nemeth & Bodine, 2007). Deregulation of this pathway has been implicated in the 
formation of solid tumors, like lung epidermal adenocarcinomas, breast carcinomas and 
intestinal colorectal tumors just to mention a few (Reya & Clevers, 2005). Although several 
Wnt genes are expressed in bone marrow, the precise role of Wnt signaling pathway in 
HSCs and its mechanism(s) of action remained unclear until very recently.  

There is a multitude of Wnt signaling cascades some of them regulating one another. Using 
different receptors, Wnt proteins can trigger at least three intracellular signaling pathways: 
the canonical b-catenin pathway, the non-canonical calcium pathway and the c-Jun N-
terminal kinase pathway (Zeng et al., 2004). Several components of the Wnt signaling 
machinery have been shown to play a role in HSC self-renewal. Both canonical as well as 
non-canonical pathways seem to be involved, since the canonical ligand Wnt3a intrinsically 
promotes self-renewal (Luis et al., 2009). On the other hand, the non-canonical ligand Wnt5a 
has been shown to extrinsically promote self-renewal by inhibiting canonical signaling 
(Murdoch et al., 2003). The mechanistic basis for the balance between canonical and non-
canonical pathways is not fully understood. It is likely that numerous Wnt inhibitors or 
antagonists are modulating Wnt signaling.  
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Taken together, the existing studies suggest that canonical Wnt signaling may not be strictly 
required for HSC function, but that canonical Wnt signaling may affect self-renewal and 
differentiation of HSCs depending on the extent of canonical Wnt signaling and on the 
context of expression of additional genes. Non-canonical Wnt signaling and/or other 
signaling pathways may also compensate for the absence of canonical Wnt signaling in 
maintaining the self-renewal of HSCs (Huang, 2007). 

 To exactly control the fine tune of Wnt in HSC it is likely that the numerous Wnt-signaling 
inhibitors (Dickkopf homolog (Dkk), Wnt inhibitory factor (Wif) or secreted frizzled-related 
protein (Sfrp), or other Wnt antagonists, such as Kremen, Ctgf, Cyr61, Sost and Sostdc1) 
have to be the correctly expressed. Interestingly, some of these molecules also directly 
stimulate certain Fzds independent of Wnt factors. For example, Sfrp1 directly activates 
Fzd2, as well as Fzd4, and Fzd7 but can also interact with Wnt5a (Rodriguez et al., 2005; 
Dufourc et al, 2008; Matsuyama et al, 2009 & Kirstetter et al., 2006). This balance and 
feedback mechanisms between canonical and non-canonical Wnt signaling, suggests that -
catenin is the primary regulatory target of Wnt signaling. However, overexpression or 
stabilization of -catenin results in expansion of the HSC pool, but, at the same time, the loss 
of myelopoiesis is due to a differentiation block (Renstrom et al., 2010), suggesting that b-
catenin promotes self-renewal and/or inhibits differentiation.  

Conversely, Wnt signaling also induces increased expression of HOXB4, Bmi1 and targets of 
Notch-1, genes that are implicated in self-renewal of HSCs . Transcription factors of 
homeodomain family (HOX family) have been found to regulate HSC self-renewal and 
downregulate differentiation. Disruption of HOX genes in mice led to abnormalities in 
multiple hematopoietic cell lineages. Moreover, overexpression of HOX genes (like HOXB4) 
has been associated with HSCs ex vivo expansion and HOX gene mutation with acute 
leukemia.  Bmi1,a polycomb gene, seems to have a repressor role over p16 inhibiting 
apoptosis of HSCs and thus contributing to its maintenance . So the correct Wnt signaling 
seems to be essential to integrate the intracellular response in the decision to self-renew or 
differentiate (Reya et al., 2003). 

The investigation of the interactions between  Bmi1 and Hoxb4, showed that Bmi1 is not 
required for the in vivo expansion of fetal HSCs but is essential for the long-term 
maintenance of adult HSCs. Moreover, Hoxb4 overexpression induces an expansion of 
Bmi1-/- STR-HSCs leading to a rescue of their repopulation defect. Together, these results 
support the emerging concept that fate and sustainability of this fate are two critical 
components of self-renewal in adult stem cells such as HSCs. 

 Moreover Polycomb group (PcG) proteins play a role in the transcriptional repression of genes 
through histone modifications. Recent studies have clearly demonstrated that PcG proteins are 
required for the maintenance of embryonic as well as a broad range of adult stem cells, 
including hematopoietic stem cells (HSCs). PcG proteins maintain the self-renewal capacity of 
HSCs by repressing tumor suppressor genes and keep differentiation programs poised for 
activation in HSCs by repressing a cohort of hematopoietic developmental regulator genes via 
bivalent chromatin domains. Enforced expression of one of the PcG genes, Bmi1, augments the 
self-renewal capacity of HSCs. PcG proteins also maintain redox homeostasis to prevent 
premature loss of HSCs. These findings established PcG proteins as essential regulators of HSCs 
and underscored epigenetics as a new field of HSC research (Li et al., 2010; Komuna, 2010). 
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Recently we demonstrated that another polycomb group member, Suz12 gene, is activated 
by the non canonical Wnt pathway and may epigenetically inhibit genes involved in 
hematopoietic differentiation.  These data pointed to cell cycle changes, deregulation of 
early differentiation genes and regulation of  PRC2 polycomb complex genes, due to Suz12 
role in CML blast crisis. This observation indicates that the cross talk between Wnt and 
Polycomb pathways may promotes hematopoietic differentiation. (Pizzatti et al., 2010). 

Taken together all these data fits in a model were HSCs fated to self renew are in contact in 
the endosteal niches with osteoblasts expressing Notch legands (Jagged) so the pathway that 
will be induced is Notch pathway. 

The Hedgehog (Hh) is a ligand that binds and represses the Patched receptor and thereby 
releases the latent activity of the multipass membrane protein Smoothened, which is 
essential for transducing the Hh signal. Using Patched+/− mouse with increased Hh signaling 
activity, it was demonstrated that constitutive activation of the Hh signaling pathway results 
in the steady-state accumulation of phenotypically defined HSCs and an increase in the 
proportion of cycling cells within this population (Kuhn et al., 1995). However, HSC activity 
on secondary transplantation is reduced 3-fold, indicating the functional exhaustion of the 
HSC pool in this mutant. In vivo treatment with an inhibitor of the Hh pathway rescues 
these transcriptional and functional defects in HSCs. This study establishes Hh  signaling as 
a negative regulator of the HSC quiescence. In contrast to the germline Patched+/− mode, the 
mode of conditional deletion of Smoothened in the adult hematopoietic compartment was 
used in other two studies. However, the negative effects of the Hh pathway on HSC 
quiescence were shown in one study (Walkley & Orkin, 2006) and not in another (Stead et 
al., 2002). The discrepancy is possibly due to a distinct mode of deletion. How this pathway 
collaborate with the two others is not clear although interaction through GSK3 have been 
already proposed.  

The outcome of Hh  signaling varies according to the receiving cell type. GLI, the 
cytoplasmic effector of  Hh  signaling  activates the transcription of several target genes as 
CyclinD1 and D2,N-Myc,Wnts, FoxM1,Hes 1,Bcl2,Osteopontin and others. If these genes are 
activated in HSCs  has not yet been defined but if they are, a clear interconnection between 
several important signaling pathways  is visualized. 

One important point when talking about self-renewal is how to prevent exhaustion of the 
HSC pool. 

7. Role of telomerase in hematopoietic stem cell  
Stem cells self renewal capacity is believed to be closely associated with tissue degeneration 
during aging. Studies of human genetic diseases and gene-targeted animal models have 
provided evidence that functional decline of telomeres and deregulation of cell cycle 
checkpoints contribute to the aging process of tissue stem cells. Telomere dysfunction can 
induce DNA damage response via key cell cycle checkpoints, leading to cellular senescence 
or apoptosis depending on the tissue type and developmental stage of a specific stem cell 
compartment (Ju Z et al., 2011). 

Studies in hematopoietic stem cell (HSC) biology are often focused on “self-renewal” and 
differentiation. Implicit in the word self-renewal is that the two daughter cells generated by 
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a self-renewal division are identical to the parental cell. Strictly speaking, this is not possible 
because DNA is continuously damaged and repaired by DNA-repair mechanisms that are 
not 100% efficient (Lansdorp  et al., 2005). 

It is important to note that the efficiency of DNA repair varies greatly among different stem 
cell types. For example, embryonic stem cells are quite resistant to DNA damage and 
maintain the length of telomere repeats on serial passage, whereas HSCs are quite sensitive 
to DNA damage and less able to maintain telomere length. This idea has given rise to the 
notion that many aspects of normal aging could primarily reflect limitations in DNA repair 
and telomere-maintenance pathways in the (stem) cells of the soma (Lansdorp et al., 2005). 

The loss of telomere repeats in adult hematopoietic cells (including purified “candidate” 
HSCs) relative to fetal hematopoietic cells also fits a model that postulates a finite and 
limited replicative potential of HSCs (Vaziri et al., 1994; Lansdorp et al., 1995;  Lansdorp et 
al., 1997). How this collaborates with the model of LT-HSCs given rise to ST-HSCs has not 
still been addressed. 

Eukaryotic chromosomes are capped by special structures called telomeres, which are 
guanine-rich, simple repeat sequences. Telomeres act to guarantee chromosome integrity by 
preventing illegitimate recombination, degradation, and end fusions (Blackburn et al., 1991; 
Stain et al ., 2004). 

Synthesis and maintenance of telomeric repeats are accomplished by a specialized 
ribonucleoprotein complex known as telomerase. Telomerase consists of an essential RNA 
template and protein components, one of which appears to resemble reverse transcriptase. 
In the absence of telomerase, the failure of DNA polymerase to fully synthesize DNA 
termini leads to chromosome shortening (Stain et al., 2004; Lee et al., 1998).  

In contrast to mice were short telomeres maintain cell survival for some generations, a 
modest two fold reduction in telomerase levels in humans (resulting from 
haploinsufficiency for the telomerase RNA template gene) typically results in premature 
death from complications of aplastic anemia or immune deficiency. Recent studies indicate 
that short telomeres and eventual marrow failure may also result from haploinsufficiency 
for the telomerase reverse transcriptase(hTERT) gene (Yamaguchi et al., 2005). 

Moreover the large number of HSCs typically used in clinical transplant settings may 
effectively prevent their replicative exhaustion. Variations in telomere length between 
cells and individuals have even made it difficult to reproducibly document a decline in 
telomere length following transplantation. Nevertheless, a significant shortening of 
telomeres was observed in the first year after allogeneic bone marrow transplantation 
(Landsdorp et al., 2005). Furthermore, marrow failure with pronounced telomere 
shortening has been described in a few long-term survivors of HSC transplants. Although 
there is little evidence to suggest that telomere shortening will result in an epidemic of 
marrow failure in HSC transplant recipients, caution remains warranted when the cell 
number available for transplantation is limited or when the telomere length in HSCs for 
transplantation is short, as in cells from old donors or patients with telomerase 
deficiencies. It is tempting to speculate that some of the advantages of cord blood HSC 
transplants are related to the longer telomeres in individual cord blood HSCs (Awaya et 
al ., 2002). 
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Recently we demonstrated that another polycomb group member, Suz12 gene, is activated 
by the non canonical Wnt pathway and may epigenetically inhibit genes involved in 
hematopoietic differentiation.  These data pointed to cell cycle changes, deregulation of 
early differentiation genes and regulation of  PRC2 polycomb complex genes, due to Suz12 
role in CML blast crisis. This observation indicates that the cross talk between Wnt and 
Polycomb pathways may promotes hematopoietic differentiation. (Pizzatti et al., 2010). 

Taken together all these data fits in a model were HSCs fated to self renew are in contact in 
the endosteal niches with osteoblasts expressing Notch legands (Jagged) so the pathway that 
will be induced is Notch pathway. 

The Hedgehog (Hh) is a ligand that binds and represses the Patched receptor and thereby 
releases the latent activity of the multipass membrane protein Smoothened, which is 
essential for transducing the Hh signal. Using Patched+/− mouse with increased Hh signaling 
activity, it was demonstrated that constitutive activation of the Hh signaling pathway results 
in the steady-state accumulation of phenotypically defined HSCs and an increase in the 
proportion of cycling cells within this population (Kuhn et al., 1995). However, HSC activity 
on secondary transplantation is reduced 3-fold, indicating the functional exhaustion of the 
HSC pool in this mutant. In vivo treatment with an inhibitor of the Hh pathway rescues 
these transcriptional and functional defects in HSCs. This study establishes Hh  signaling as 
a negative regulator of the HSC quiescence. In contrast to the germline Patched+/− mode, the 
mode of conditional deletion of Smoothened in the adult hematopoietic compartment was 
used in other two studies. However, the negative effects of the Hh pathway on HSC 
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a self-renewal division are identical to the parental cell. Strictly speaking, this is not possible 
because DNA is continuously damaged and repaired by DNA-repair mechanisms that are 
not 100% efficient (Lansdorp  et al., 2005). 

It is important to note that the efficiency of DNA repair varies greatly among different stem 
cell types. For example, embryonic stem cells are quite resistant to DNA damage and 
maintain the length of telomere repeats on serial passage, whereas HSCs are quite sensitive 
to DNA damage and less able to maintain telomere length. This idea has given rise to the 
notion that many aspects of normal aging could primarily reflect limitations in DNA repair 
and telomere-maintenance pathways in the (stem) cells of the soma (Lansdorp et al., 2005). 

The loss of telomere repeats in adult hematopoietic cells (including purified “candidate” 
HSCs) relative to fetal hematopoietic cells also fits a model that postulates a finite and 
limited replicative potential of HSCs (Vaziri et al., 1994; Lansdorp et al., 1995;  Lansdorp et 
al., 1997). How this collaborates with the model of LT-HSCs given rise to ST-HSCs has not 
still been addressed. 
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guanine-rich, simple repeat sequences. Telomeres act to guarantee chromosome integrity by 
preventing illegitimate recombination, degradation, and end fusions (Blackburn et al., 1991; 
Stain et al ., 2004). 

Synthesis and maintenance of telomeric repeats are accomplished by a specialized 
ribonucleoprotein complex known as telomerase. Telomerase consists of an essential RNA 
template and protein components, one of which appears to resemble reverse transcriptase. 
In the absence of telomerase, the failure of DNA polymerase to fully synthesize DNA 
termini leads to chromosome shortening (Stain et al., 2004; Lee et al., 1998).  

In contrast to mice were short telomeres maintain cell survival for some generations, a 
modest two fold reduction in telomerase levels in humans (resulting from 
haploinsufficiency for the telomerase RNA template gene) typically results in premature 
death from complications of aplastic anemia or immune deficiency. Recent studies indicate 
that short telomeres and eventual marrow failure may also result from haploinsufficiency 
for the telomerase reverse transcriptase(hTERT) gene (Yamaguchi et al., 2005). 

Moreover the large number of HSCs typically used in clinical transplant settings may 
effectively prevent their replicative exhaustion. Variations in telomere length between 
cells and individuals have even made it difficult to reproducibly document a decline in 
telomere length following transplantation. Nevertheless, a significant shortening of 
telomeres was observed in the first year after allogeneic bone marrow transplantation 
(Landsdorp et al., 2005). Furthermore, marrow failure with pronounced telomere 
shortening has been described in a few long-term survivors of HSC transplants. Although 
there is little evidence to suggest that telomere shortening will result in an epidemic of 
marrow failure in HSC transplant recipients, caution remains warranted when the cell 
number available for transplantation is limited or when the telomere length in HSCs for 
transplantation is short, as in cells from old donors or patients with telomerase 
deficiencies. It is tempting to speculate that some of the advantages of cord blood HSC 
transplants are related to the longer telomeres in individual cord blood HSCs (Awaya et 
al ., 2002). 
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It has been proposed that telomeres can switch between an open state (in principle allowing 
elongation by telomerase) and a closed state (inaccessible to telomerase) with the likelihood 
of the open state inversely related to the length of the repeat track (Blackburn et al., 2001). In 
most human cells, telomerase appears to be present at limiting levels, allowing elongation of 
only a limited number of critically short telomeres. Accumulation of short telomeres before 
replicative senescence has been observed and replicative senescence or apoptosis could 
result when the number of critically short telomeres exceeds the telomere repair capacity in 
a cell (Ju Z et al., 2011). In this context the ability of HSCs to modulate telomerase activity 
may be crucial in maintaining the self-renewal process. In human BM cells, low telomerase 
activity levels were demonstrated in multipotent HSCs, whereas significant upregulation of 
enzyme activity was apparent in the presence of proliferation-inducing cytokines (Samper et 
al., 2002; Stein et al., 2004). So cytokines and JAK-STAT signaling pathway may contribute to 
self renewal by maintaining telomerase activity. 

The role of DNA repair pathways and telomeres/telomerase in the biology of normal and 
malignant human HSCs cells as well as the biology of aging clearly needs further study. 
New insight in the role of telomerase in HSCs has been provided by recent studies of 
patients with inborn errors in telomerase activity. Therefore, a further understanding of the 
molecular mechanisms underlying HSC aging may help identity new therapeutic targets for 
stem cell-based regenerative medicine. 

8. Asymmetric cell division – A mechanism to generate progenitors while 
maintaining HSC 
In both invertebrates like the insect Drosophila, and mammals, the major characteristic of 
stem cells is their ability to self-renew. Using various modes of proliferation, stem cells 
maintain or expand the available stem cell pool, but they can also generate more specialized 
progeny that constitute the majority of cells in an adult individual. In multi-cellular 
organisms, totipotent zygotes generate pluripotent stem cells, which become increasingly 
restricted in their lineage potential during development, and subsequently give rise to 
mature tissue-specific, multipotent stem cells. Stem cells show either ‘proliferative’ 
symmetric divisions or ‘differentiative’ asymmetric divisions to regulate a balance between 
the maintenance of stem cell pool and the supply of mature cells. It is critical for stem cells 
to tightly control this balance between the two different modes of division, both during 
development and adulthood, because, failure in maintaining cellular homeostasis may lead 
to incomplete tissue or organ development, whereas uncontrolled proliferation can lead to 
tumorigenesis. 

Symmetric cell divisions commonly occur during development of invertebrates and 
vertebrates, phenomena that can also be observed during wound healing and 
regeneration of tissues. This mode of division is defined by the generation of two 
daughter cells that acquire the same fate, thereby expanding the pool of stem cells 
required or generating two differentiating daughter cells. Asymmetric cell divisions play 
a key role in generating cellular diversity during development by generating two 
daughter cells that are committed to different fates in a single division, simultaneously 
self-renewing to generate a daughter cell with stem cell properties, as well as to give rise 
to a more differentiated progeny. 

 
Networks Establishing Hematopoietic Stem Cell Multipotency and Self-Renewal 

 

25 

Asymmetric stem cell divisions can be controlled by intrinsic mechanisms or the asymmetric 
exposure to extrinsic cues. Intrinsic mechanisms use apical-basal or planar polarity along the 
mitotic spindle to asymmetrically segregate cell fate determinants into only one daughter 
cell. Extrinsic mechanisms rely on contact with the so called stem cell niche, a cellular 
microenvironment that provides external cues (Doe, 2008; Li & Xie, 2005; Morrison & 
Spradling, 2008). Orientation of its mitotic spindle perpendicular to the niche surface allows 
the asymmetric segregation of cell fate determinants relative to the external stimuli to 
maintain self-renewal potential.  

Much progress has been made in understanding intercellular mechanisms, especially the 
identification of niches for various types of tissue stem cells and elucidation of the role of the 
niche in regulating asymmetric stem cell division.  

Although the role of niche in the asymmetric division of mammalian stem cells has not been 
clearly illustrated, Fuchs (2008) have shown that embryonic basal epidermal cells use their 
polarity to divide asymmetrically with respect to the underlying basal lamina, generating a 
committed suprabasal cell and a proliferative basal cell. Because skin stem cells are a 
subpopulation of mitotically active basal epidermal cells, it is conceivable that these stem 
cells divide in an asymmetric fashion to self-renew and to produce differentiated 
keratinocytes. Moreover, integrins and cadherins in the basal lamina are essential for the 
proper localization of apical complexes containing atypical PKC (aPKC), the Par3 – LGN – 
Inscuteable protein, and NuMA (nuclear mitotic apparatus protein) – dynactin. This 
asymmetric localization may be functionally important because similar complexes in 
Drosophila neuroblasts are essential for asymmetric division  (Chia et al., 2008). 

In addition to basal epidermal cells, mouse neuroepithelial stem cells and hematopoietic 
precursor cells undergo both asymmetric and symmetric divisions. In the mammalian 
central nervous system, embryonic neuroepithelial cells first undergo symmetric division to 
expand their population and then switch to asymmetric divisions for neurogenesis. This 
switch involves a change in cleavage plane orientation from perpendicular to parallel to the 
plane of the apical lamina, leading to an asymmetric distribution to the daughter cells of the 
apical plasma membrane, which constitutes only a minute fraction (1 – 2%) of the entire 
neuroepithelial cell plasma membrane (Kosodo et al., 2004). Somewhat similarly, mouse 
hematopoietic progenitor cells are capable of both symmetric and asymmetric divisions in 
cultures supported by stromal cells (Wu et al., 2007). A pro-differentiation stromal cell line 
increased the frequency of asymmetric division, whereas a pro-proliferation stromal cell line 
promoted symmetric division. These observations indicate that niche signaling can also 
control the asymmetry of stem cell division at a populational level. 

Although niche induction accounts for asymmetric division in some types of stem cells, it 
may not play a role in all types of stem cells. In some stem cells there is an intrinsic polarity 
where molecules are segregated along an axis and serves as determinant of cell fate after cell 
division. In these cases the orientation of mitotic spindle has to be coordinated with the 
asymmetric localization of the cell fate regulators. This is the case, for example of Numb 
homologue during hematopoietic precursor cell division. So looking for hematopoietic niche 
and signaling between microenviroment cells and the stem cell we could “ 
envisage”(imagine; idealize, construct) a model for stem cell to decide between symmetric 
or asymmetric division. 



 
Advances in Hematopoietic Stem Cell Research 

 

24

It has been proposed that telomeres can switch between an open state (in principle allowing 
elongation by telomerase) and a closed state (inaccessible to telomerase) with the likelihood 
of the open state inversely related to the length of the repeat track (Blackburn et al., 2001). In 
most human cells, telomerase appears to be present at limiting levels, allowing elongation of 
only a limited number of critically short telomeres. Accumulation of short telomeres before 
replicative senescence has been observed and replicative senescence or apoptosis could 
result when the number of critically short telomeres exceeds the telomere repair capacity in 
a cell (Ju Z et al., 2011). In this context the ability of HSCs to modulate telomerase activity 
may be crucial in maintaining the self-renewal process. In human BM cells, low telomerase 
activity levels were demonstrated in multipotent HSCs, whereas significant upregulation of 
enzyme activity was apparent in the presence of proliferation-inducing cytokines (Samper et 
al., 2002; Stein et al., 2004). So cytokines and JAK-STAT signaling pathway may contribute to 
self renewal by maintaining telomerase activity. 

The role of DNA repair pathways and telomeres/telomerase in the biology of normal and 
malignant human HSCs cells as well as the biology of aging clearly needs further study. 
New insight in the role of telomerase in HSCs has been provided by recent studies of 
patients with inborn errors in telomerase activity. Therefore, a further understanding of the 
molecular mechanisms underlying HSC aging may help identity new therapeutic targets for 
stem cell-based regenerative medicine. 

8. Asymmetric cell division – A mechanism to generate progenitors while 
maintaining HSC 
In both invertebrates like the insect Drosophila, and mammals, the major characteristic of 
stem cells is their ability to self-renew. Using various modes of proliferation, stem cells 
maintain or expand the available stem cell pool, but they can also generate more specialized 
progeny that constitute the majority of cells in an adult individual. In multi-cellular 
organisms, totipotent zygotes generate pluripotent stem cells, which become increasingly 
restricted in their lineage potential during development, and subsequently give rise to 
mature tissue-specific, multipotent stem cells. Stem cells show either ‘proliferative’ 
symmetric divisions or ‘differentiative’ asymmetric divisions to regulate a balance between 
the maintenance of stem cell pool and the supply of mature cells. It is critical for stem cells 
to tightly control this balance between the two different modes of division, both during 
development and adulthood, because, failure in maintaining cellular homeostasis may lead 
to incomplete tissue or organ development, whereas uncontrolled proliferation can lead to 
tumorigenesis. 

Symmetric cell divisions commonly occur during development of invertebrates and 
vertebrates, phenomena that can also be observed during wound healing and 
regeneration of tissues. This mode of division is defined by the generation of two 
daughter cells that acquire the same fate, thereby expanding the pool of stem cells 
required or generating two differentiating daughter cells. Asymmetric cell divisions play 
a key role in generating cellular diversity during development by generating two 
daughter cells that are committed to different fates in a single division, simultaneously 
self-renewing to generate a daughter cell with stem cell properties, as well as to give rise 
to a more differentiated progeny. 

 
Networks Establishing Hematopoietic Stem Cell Multipotency and Self-Renewal 

 

25 

Asymmetric stem cell divisions can be controlled by intrinsic mechanisms or the asymmetric 
exposure to extrinsic cues. Intrinsic mechanisms use apical-basal or planar polarity along the 
mitotic spindle to asymmetrically segregate cell fate determinants into only one daughter 
cell. Extrinsic mechanisms rely on contact with the so called stem cell niche, a cellular 
microenvironment that provides external cues (Doe, 2008; Li & Xie, 2005; Morrison & 
Spradling, 2008). Orientation of its mitotic spindle perpendicular to the niche surface allows 
the asymmetric segregation of cell fate determinants relative to the external stimuli to 
maintain self-renewal potential.  

Much progress has been made in understanding intercellular mechanisms, especially the 
identification of niches for various types of tissue stem cells and elucidation of the role of the 
niche in regulating asymmetric stem cell division.  

Although the role of niche in the asymmetric division of mammalian stem cells has not been 
clearly illustrated, Fuchs (2008) have shown that embryonic basal epidermal cells use their 
polarity to divide asymmetrically with respect to the underlying basal lamina, generating a 
committed suprabasal cell and a proliferative basal cell. Because skin stem cells are a 
subpopulation of mitotically active basal epidermal cells, it is conceivable that these stem 
cells divide in an asymmetric fashion to self-renew and to produce differentiated 
keratinocytes. Moreover, integrins and cadherins in the basal lamina are essential for the 
proper localization of apical complexes containing atypical PKC (aPKC), the Par3 – LGN – 
Inscuteable protein, and NuMA (nuclear mitotic apparatus protein) – dynactin. This 
asymmetric localization may be functionally important because similar complexes in 
Drosophila neuroblasts are essential for asymmetric division  (Chia et al., 2008). 

In addition to basal epidermal cells, mouse neuroepithelial stem cells and hematopoietic 
precursor cells undergo both asymmetric and symmetric divisions. In the mammalian 
central nervous system, embryonic neuroepithelial cells first undergo symmetric division to 
expand their population and then switch to asymmetric divisions for neurogenesis. This 
switch involves a change in cleavage plane orientation from perpendicular to parallel to the 
plane of the apical lamina, leading to an asymmetric distribution to the daughter cells of the 
apical plasma membrane, which constitutes only a minute fraction (1 – 2%) of the entire 
neuroepithelial cell plasma membrane (Kosodo et al., 2004). Somewhat similarly, mouse 
hematopoietic progenitor cells are capable of both symmetric and asymmetric divisions in 
cultures supported by stromal cells (Wu et al., 2007). A pro-differentiation stromal cell line 
increased the frequency of asymmetric division, whereas a pro-proliferation stromal cell line 
promoted symmetric division. These observations indicate that niche signaling can also 
control the asymmetry of stem cell division at a populational level. 

Although niche induction accounts for asymmetric division in some types of stem cells, it 
may not play a role in all types of stem cells. In some stem cells there is an intrinsic polarity 
where molecules are segregated along an axis and serves as determinant of cell fate after cell 
division. In these cases the orientation of mitotic spindle has to be coordinated with the 
asymmetric localization of the cell fate regulators. This is the case, for example of Numb 
homologue during hematopoietic precursor cell division. So looking for hematopoietic niche 
and signaling between microenviroment cells and the stem cell we could “ 
envisage”(imagine; idealize, construct) a model for stem cell to decide between symmetric 
or asymmetric division. 



 
Advances in Hematopoietic Stem Cell Research 

 

26

A particularly exciting development in basic stem cell research in the past few years is the 
discovery of novel functions of cell cycle regulators in controlling the asymmetry of stem 
cell division, as timely reviewed by Chia et al (2008). For example, the cdc2/cdk1 level 
controls whether a neural or muscle progenitor undergoes symmetric or asymmetric 
division. In neuroblasts, high levels of CDK1 during mitosis are required for the asymmetric 
localization of apical and basal protein complexes. In addition, Aurora and Polo kinases act 
as tumor suppressors in neuroblasts by preventing excess self-renewal, implicating the 
function of asymmetric division in restricting over-proliferation. The mutations of these two 
kinase genes affect the asymmetric localization of aPKC, Numb, Partner of Numb, and 
Notch, causing symmetric division to generate two daughter neuroblasts. In addition, 
anaphase-promoting complex/cyclosome is also required for the localization of Miranda 
and its cargo proteins (Prospero, Brain Tumor, and Staufen). More surprisingly, even cyclin 
E, a G1 cyclin, is involved in asymmetric neuroblast division. 

Interestingly in epidermal progenitors the decision of choosing between symmetric cell 
division or asymmetric cell decision is tightly regulated. Two control points have been 
indentified: expression of Inscutable and recruitment of NuMA to the apical cell cortex. 
Moreover in embryonic lung distal epithelium Eya1 protein regulates cell polarity, spindle 
orientation and the localization of Numb, which inhibits Notch signaling with the 
participation of NuMa protein (El-Hashad et al , 2011). 

9. Conclusion 
In the last ten years a body of evidence has accumulated on the hematopoietic stem cell 
niches and the mechanisms by which they regulate HSCs homeostasis. However many 
questions remain to be addressed. What we can speculate with today data is that in the 
endosteal niche dissimilar stages of differentiating osteoblasts provides diverse signals. 
These signals induce a quiescent or a self-renewal fate. However after leaving quiescence 
HSCs are prone to accumulate mutations that will lead to senescence. To prevent HSCs 
exhaustion mechanisms to enhance survival are also induced. Several of these additional 
signals come from the osteoblasts but also from other cells from microenvironment as 
stromal cells and endothelial cells. This is specially visualized in the decision of a symmetric 
or asymmetric division. From the control of all these interconnected pathways depends a 
normal hematopoiesis.  
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1. Introduction 
Hematopoietic stem cells (HSCs) are probably the most extensively characterized somatic 
stem cells and are the only stem cells that have been clinically used to treat diseases such as 
leukemia, germ cell tumors, and congenital immunodeficiencies. Because of their capacity 
for self-renewal and their ability to differentiate into different lineages, HSCs are able to 
continually replenish the cells that make up the hematopoietic system (Kondo et al., 2003). 
Decades of intensive study using multicolor cell sorting techniques have allowed 
investigators to identify these cells within a small population in the mouse bone marrow 
(BM) (i.e., CD34low/-, Kit+ Sca-1+ lineage marker-negative cells: CD34low/- KSL) and thereby 
allow the prospective isolation of nearly-homogenous HSC populations for further 
characterization (Osawa et al., 1996).  

Under steady-state conditions, the majority of HSCs are maintained in a quiescent state in 
which they divide infrequently to produce proliferative progenitors that eventually give rise 
to the mature hematopoietic cells that sustain blood homeostasis (Cheshier et al., 1999). 
However, in response to external stresses such as bleeding, myeloablative chemotherapy 
and total body irradiation, HSCs proliferate extensively to produce very high numbers of 
primitive progenitor cells, thereby enabling rapid hematological regeneration (Randall et al., 
1997). Once recovery from myelosuppression has been achieved, the activated HSCs return 
to a quiescent state via a number of negative feedback mechanisms (Venezia et al., 2004). 
The cell fate decisions (including life and death, self-renewal and differentiation) of HSCs 
are important processes that regulate the number and lifespan of the HSC pool within a 
host. Defects in these processes may contribute to hematopoietic failures and to the 
development of hematologic malignancies.  

Understanding the molecular mechanisms underlying HSC regulation is of great 
importance to basic stem cell biology and for the development of HSCs for use in various 
clinical applications. Information regarding the regulation of HSC fate has been gained 
using conventional experimental approaches such as gene deletion, gene overexpression, 
and the direct stimulation of HSCs with cytokines. Although many studies have elucidated 
the factors controlling HSC fate using these methods, they can occasionally be misleading 
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because they lack physiological relevance and do not identify phenomena such as genetic 
redundancy. For example, family genes or alternative pathways can compensate 
functionally for deleted genes in gene-ablated mouse models in a manner that masks the 
true physiology. One approach to identifying the individual components involved in the 
molecular pathways underlying HSC regulation is to define the molecular signature of the 
HSCs by comparative transcriptional profiling of distinct subsets of hematopoietic cells. 
Over the past decade, several attempts have been made by independent investigators, 
including ourselves, to define the molecular signature of HSCs (Park et al., 2002; Ramalho-
Santos et al., 2002; Ivanova et al., 2002; Akashi et al., 2003; Venezia et al., 2004; Zhong et al., 
2005; Forsberg et al., 2005; Ramos et al., 2006; Chambers et al., 2007; Kubota et al., 2009). A 
list of gene expression profiling studies using purified mouse HSCs performed to date is 
shown in Table 1. Although this information has, more or less, clarified the molecular 
makeup of HSCs and several critical factors have been identified based on the data reported 
in these studies, it is still extremely time-consuming to elucidate the physiological function 
of each individual gene involved in HSC regulation. The transcriptional regulation of stem 
cell fate, particularly by factors that have specific functions in HSCs, is only beginning to be 
understood.  

In this chapter, we briefly review the recent advances in our knowledge of cell-intrinsic 
regulators of HSC self-renewal, differentiation, quiescence, cycling, and survival. 
 

 
Table 1. Gene expression profiling analyses of adult HSCs 

2. Regulators of HSC fate 
2.1 Regulation of HSC self-renewal and quiescence 

The outstanding feature of adult stem cells is their relative quiescence (Orford et al., 2008; 
Wilson et al., 2008). Quiescence is critical for the maintenance and self-renewal of HSCs. 
Unscheduled HSC proliferation results in the loss of self-renewal or stem cell exhaustion 
(Orford et al., 2008; Wilson et al., 2009; Trumpp et al., 2010). Identification of the molecules 
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that regulate adult HSCs has largely been achieved through the use of gene-targeted mouse 
models. Increasing or decreasing HSC cell-cycling results in the accelerated production of 
more committed progenitors at the expense of self renewal, or the insufficient production of 
progeny cells, which eventually results in BM failure. 

2.1.1 Positive regulation 

2.1.1.1 GATA-2 

GATA-2 is highly expressed in immature progenitors within hematopoietic lineages (Tsai & 
Orkin, 1997; Akashi et al., 2000). The haploinsufficient GATA-2+/– mouse model shows 
mildly increased quiescence of both HSCs and progenitor cells (Rodrigues et al., 2005). 
However, Tipping et al. recently showed that enforced expression of GATA-2 in a murine 
cell line (Ba/F3), or human cord blood HSCs (CD34+CD38－) and progenitors (CD34+CD38+), 
increases quiescence and inhibits proliferation (Tipping, et al, 2009).  

2.1.1.2 Bmi1 

Bmi1 belongs to the polycomb group (PcG) of proteins, which play a role in the 
transcriptional repression of genes via histone modification (Rajasekhar et al., 2007). Bmi1 is 
highly expressed in HSCs. The expression of Bmi1 is maintained at high levels in lymphoid 
lineage cells but is downregulated during myeloid differentiation (Iwama et al., 2004). 
Although Bmi1-/- mice show normal fetal liver hematopoiesis, progressive pancytopenia 
emerges in postnatal Bmi1-/- mice. This hematopoietic defect can be attributed to impaired 
HSC self-renewal. Transplanted fetal liver and bone marrow cells from Bmi1-/- mice cannot 
contribute to long-term hematopoiesis, although they do maintain the ability to repopulate 
in the short-term (Park et al., 2003; Iwama et al., 2004). Conversely, enforced expression of 
Bmi1 promotes HSC self-renewal (Iwama et al., 2004). Thus, Bmi1 is essential for the 
maintenance of HSC self-renewal.  

The activity of Bmi1 in HSCs largely depends on the silencing of its target, the Ink4a locus 
(Jacobs et al., 1999). The expression of p16INK4a and p19ARF (both cell-cycle inhibitors encoded by 
the Ink4a locus) is markedly upregulated in hematopoietic cells in Bmi1-deficient mice, and the 
overexpression of p16INK4a and p19ARF in HSCs induces cell-cycle arrest and p53-dependent 
apoptosis (Park et al., 2003). On the contrary, the deletion of both p16INK4a and p19ARF restores the 
self-renewal ability of Bmi1-/- HSCs (Oguro et al., 2006). Thus, Bmi1 prevents the premature loss 
of HSCs by repressing the p16INK4a- and p19ARF-dependent senescence pathways.   

2.1.1.3 Gfi-1 

Gfi1 is a SNAG-domain–containing zinc-finger transcriptional repressor, which plays a role in 
T cell proliferation and the development of lymphoid tumors (Gilks et al., 1993). It is suggested 
that Gfi-1 restricts proliferation and preserves functional integrity of hematopoietic stem cells. 
Gfi-1-null HSCs show excessive cell cycling and a decreased capacity for self-renewal in 
competitive repopulation assays (Hock et al., 2004; Zeng et al., 2004). 

2.1.1.4 Pbx1 

Pbx1 is a TALE class homeodomain transcription factor that critically regulates numerous 
embryonic processes, including hematopoiesis (DiMartino et al., 2001). Although a potential 
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role was suggested by the observation that Pbx1 is preferentially expressed in long-term 
repopulating HSCs (LT-HSCs) compared with more mature progenitor cells (Forsberg et al., 
2005), its functional analysis in adult HSCs has been hampered because Pbx1 mutant mice 
are embryonic lethal. Therefore, Pbx1-conditional knockout (KO) mice have been used to 
study the role of Pbx1 in the adult mouse hematopoietic system (Ficara et al., 2008). 
Conditional inactivation of Pbx1 in hematopoietic cells results in the loss of HSCs, which is 
associated with decreased quiescence. This leads to a defect in the maintenance of self-
renewal in serial transplantation assays. Global gene expression profiling analyses show 
that a significant proportion (~8%) of the downregulated genes in Pbx1-deficient HSCs 
belong to the TGF-β signaling pathway, which has been implicated in maintaining HSC 
quiescence (Yamazaki et al., 2009). Also, in contrast to WT LT-HSCs, Pbx1-mutant LT-HSCs 
do not upregulate the expression of several downstream transcripts in response to TGF-β 
stimulation in vitro. These results suggest that Pbx1 regulates HSC self-renewal and 
quiescence, at least in part by affecting the response to TGF-β. 

2.1.1.5 Evi-1 

The ecotropic viral integration site-1 (Evi-1) was first identified in murine model systems as 
the integration site for the ecotropic retrovirus that causes myeloid leukemia (Morishita et 
al., 1988; Mucenski et al., 1988). Several studies using gene-targeting mice show that Evi-1 is 
required for HSC regulation. Yuasa et al. showed that Evi-1 is preferentially expressed in 
HSCs in embryos and adult BM. Evi-1–deficient embryonic HSCs are severely decreased in 
number, and show defective repopulating capacity. In addition, the expression of GATA-2 
mRNA is markedly reduced in HSCs from Evi-1–null embryos. GATA-2 promoter analysis 
revealed that Evi-1 directly binds to the GATA-2 promoter and acts as an enhancer (Yuasa et 
al., 2005). Another study using conditional Evi-1 knockout mice showed that Evi-1 also 
regulates adult HSC proliferation in a dose-dependent manner. Evi-1–deficient BM HSCs 
did not maintain definitive hematopoiesis and lost their ability to reconstitute the cell 
population. Mutant mice heterozygous for Evi-1 exhibited an intermediate phenotype in 
terms of HSC activity (Goyama et al., 2008). Furthermore, gene expression profiling of Evi-
1–deleted HSCs and leukemic cells identified Pbx1 as a downstream target for Evi-1 in HSCs 
(Shimabe et al., 2009). 

2.1.1.6 JunB 

The AP-1 transcription factor, JunB, is a transcriptional regulator of myelopoiesis and a 
potential tumor suppressor gene in mice (Passegue et al., 2001). Compared with normal 
HSCs, JunB-deficient LT-HSCs showed an average 2-fold increase in the percentage of 
cycling cells, suggesting that JunB functions to limit cell-cycle entry. Gene expression 
analyses revealed that JunB-deficient LT-HSCs show increased expression of cyclins and 
decreased expression of cyclin-dependent kinase inhibitors (Santaguida et al., 2009). 
These results suggest that the absence of JunB induces quiescent cells to enter the cell 
cycle. 

2.1.1.7 p53 

The p53 tumor suppressor protein functions as a transcription factor, regulating the 
transcription of genes that induce cell-cycle arrest, senescence, and apoptosis. LT-HSCs 
express high levels of p53 (Dumble et al., 2007). Although p53-deficient mice show almost 
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normal hematopoiesis (Lotem & Suchs., 1993), a number of studies have identified a role for 
p53 in the proliferation, differentiation, apoptosis, and aging of HSCs (Kastan et al., 1991; 
Shounan et al., 1996; Park et al., 2003; Dumble et al., 2007). Recent detailed analyses of p53-
null mice have unraveled other important functions of p53 in HSCs. Liu et al. found that p53 
promotes HSC quiescence, and that p53-deficient HSCs enter the cell cycle more easily (Liu 
et al., 2009). Competitive BM repopulation assays revealed that p53-null cells out-compete 
wild-type cells (TeKippe et al., 2003; Chen et al., 2008; Liu et al., 2009), indicating that p53 is 
a negative regulator of HSC self-renewal. In addition, Liu et al. also identified Gfi-1 and 
necdin as p53 target genes by performing comparative transcriptional profiling of HSCs 
isolated from wild-type and p53-deficient mice. The results of in vitro overexpression and 
knockdown experiments identified a role for necdin in the maintenance of HSC quiescence 
and self-renewal. However, necdin appears to have a modest functional role in HSCs in vivo 
(Kubota et al., 2009), and necdin overexpression does not result in enhanced HSC quiescence 
(Sirin et al., 2010). 

2.1.1.8 Nurr1 

Gene expression profiling analyses identified Nurr1 (also known as Nr4a2), an orphan 
nuclear receptor, as a candidate molecule that may play a functional role in HSC quiescence 
(Venezia et al., 2004; Chambers et al., 2007). Overexpression of Nurr1 resulted in HSC 
quiescence. On the other hand, loss of one Nurr1 allele resulted in enhanced cycling and 
sensitivity to the chemotherapeutic agent 5-fluorouracil (5-FU). Molecular analysis showed 
that Nurr1 overexpression is positively correlated with the upregulation of the cell-cycle 
inhibitor p18INK4C, suggesting a mechanism by which Nurr1 may regulate HSC quiescence 
(Sirin et al., 2010). 

2.1.1.9 Reactive oxygen species, FoxOs 

Reactive oxygen species (ROS) play an important role in the regulation of HSC quiescence. 
The forkhead O (FoxO) family of transcription factors (FoxO1, FoxO3, FoxO4, and FoxO6) 
participates in various cellular processes, including the induction of cell-cycle arrest, stress 
resistance, apoptosis, differentiation, and metabolism (Greer & Brunet., 2005). Two groups 
reported that FoxOs play a regulatory role in a number of physiologic processes that 
influence HSC numbers and function. Both aged germline FoxO3-deficient mice and 
conditional triple knockout (FoxO1, 3, 4) mice show a reduction in HSC numbers with a 
deficient repopulating capacity in competitive reconstitution assays and serial competitive 
transplantation assays (Tothova et al., 2007; Miyamoto et al., 2007). These phenotypes 
correlate with increased cell-cycling and apoptosis of HSCs, caused by increased levels of 
ROS. Furthermore, treatment with the antioxidant, N-acetyl-L-cysteine (NAC), rescues the 
FoxO-deficient HSC phenotype.  

2.1.1.10 Fbxw7 

Fbxw7 is the F-box protein subunit of an SCF-type ubiquitin ligase complex that targets 
positive regulators of the cell-cycle, including Notch, c-Myc, cyclin E, and c-Jun. Two 
independent groups investigated the functions of Fbxw7 in HSCs using conditional Fbxw7 
knockout mice (Matsuoka et al., 2008; Thompson et al., 2008). Conditional ablation of Fbxw7 
rapidly and severely affects hematopoietic progenitor maintenance within the BM. Fbxw7-/- 
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role was suggested by the observation that Pbx1 is preferentially expressed in long-term 
repopulating HSCs (LT-HSCs) compared with more mature progenitor cells (Forsberg et al., 
2005), its functional analysis in adult HSCs has been hampered because Pbx1 mutant mice 
are embryonic lethal. Therefore, Pbx1-conditional knockout (KO) mice have been used to 
study the role of Pbx1 in the adult mouse hematopoietic system (Ficara et al., 2008). 
Conditional inactivation of Pbx1 in hematopoietic cells results in the loss of HSCs, which is 
associated with decreased quiescence. This leads to a defect in the maintenance of self-
renewal in serial transplantation assays. Global gene expression profiling analyses show 
that a significant proportion (~8%) of the downregulated genes in Pbx1-deficient HSCs 
belong to the TGF-β signaling pathway, which has been implicated in maintaining HSC 
quiescence (Yamazaki et al., 2009). Also, in contrast to WT LT-HSCs, Pbx1-mutant LT-HSCs 
do not upregulate the expression of several downstream transcripts in response to TGF-β 
stimulation in vitro. These results suggest that Pbx1 regulates HSC self-renewal and 
quiescence, at least in part by affecting the response to TGF-β. 
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express high levels of p53 (Dumble et al., 2007). Although p53-deficient mice show almost 
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normal hematopoiesis (Lotem & Suchs., 1993), a number of studies have identified a role for 
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that Nurr1 overexpression is positively correlated with the upregulation of the cell-cycle 
inhibitor p18INK4C, suggesting a mechanism by which Nurr1 may regulate HSC quiescence 
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The forkhead O (FoxO) family of transcription factors (FoxO1, FoxO3, FoxO4, and FoxO6) 
participates in various cellular processes, including the induction of cell-cycle arrest, stress 
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reported that FoxOs play a regulatory role in a number of physiologic processes that 
influence HSC numbers and function. Both aged germline FoxO3-deficient mice and 
conditional triple knockout (FoxO1, 3, 4) mice show a reduction in HSC numbers with a 
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correlate with increased cell-cycling and apoptosis of HSCs, caused by increased levels of 
ROS. Furthermore, treatment with the antioxidant, N-acetyl-L-cysteine (NAC), rescues the 
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Fbxw7 is the F-box protein subunit of an SCF-type ubiquitin ligase complex that targets 
positive regulators of the cell-cycle, including Notch, c-Myc, cyclin E, and c-Jun. Two 
independent groups investigated the functions of Fbxw7 in HSCs using conditional Fbxw7 
knockout mice (Matsuoka et al., 2008; Thompson et al., 2008). Conditional ablation of Fbxw7 
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transplantation assays. As Fbxw7 is able to ubiquitinate several target proteins, studies were 
conducted to examine the protein expression of Notch1, c-Myc, and cyclin E. The results 
showed that c-Myc protein was substantially overexpressed in Fbxw7-/- HSCs, suggesting 
that the activation of the cell-cycle in Fbxw7-null HSCs induced by excess c-Myc causes the 
premature exhaustion of HSCs.  

2.1.1.11 HIF-1α 

Leukemic stem cells (LSCs) reside in the niches near epiphysis of the bone (Ishikawa et al., 
2007) and oxygen concentration of this area is quite low. Thus, it may be very important for 
leukemic cells, especially for LSCs to survive and adapt to hypoxia (Takeuchi et al., 2010). 
Cellular responses to hypoxia are mediated by hypoxia-inducible factors (HIFs), which 
regulate gene expression to facilitate adaptation to hypoxic conditions (Kaelin & Ratcliffe., 
2008). Hypoxia inducible factor-1α (HIF-1α) is stabilized under low-oxygen conditions, such 
as those present in the BM. Recently, two groups investigated the importance of hypoxia 
and its related signaling pathways in HSC function using different approaches (Simsek et 
al., 2010; Takubo et al., 2010). HIF-1α levels are elevated in adult HSCs and its transcription 
is regulated by the homeodomain protein Meis1, which is essential for hematopoiesis (Hisa 
et al., 2004; Simsek et al., 2010). HIF-1α conditional knockout mice show that HIF-1α–
deficient HSCs have an increased cell cycling rate and show progressive loss of long-term 
repopulation ability in serial transplantation assays (Takubo et al., 2010). Taken together, 
these data indicate that the precise regulation of HIF-1α levels is required to maintain HSC 
quiescence. 

2.1.1.12 Lkb1 

The control of energy metabolism within HSCs is poorly understood, although they are 
highly sensitive to oxidative stress. Recently, several groups examined the role of the 
protein, Lkb1, in the metabolic regulation of HSCs (Nakada et al., 2010; Gurumurthy et al., 
2010; Gan et al., 2010). Lkb1 is a kinase enzyme that regulates the activity of AMP-
activated protein kinase (AMPK). Conditional inactivation of Lkb1 (Mx1-Cre; LKB1fl/fl or 
RosaCreERT2; LKB1L/L) in adult mice causes the loss of HSC quiescence, rapid HSC 
depletion, and pancytopenia. Interestingly, Lkb1 seems to regulate HSC homeostasis 
primarily through pathways that are independent of its downstream effectors, AMPK and 
mTORC1.  

2.1.1.13 Cyclin-dependent kinase inhibitors  

p21cip1/waf1 (hereafter referred to as p21) is a mammalian member of the CIP/KIP family and 
was the first cyclin-dependent kinase inhibitor to be identified (Serrano et al., 1993; Harper 
et al., 1993; Stier et al., 2003). Serial transplantation assays using p21-deficient cells showed 
premature HSC exhaustion; also, p21-null mice were more sensitive to 5-FU (Cheng et al., 
2000). These results suggest that p21 restricts HSC entry into the cell cycle and regulates the 
size of the HSC pool under conditions of stress. However, a later study demonstrated that 
p21 plays a minor role in regulating HSC quiescence under conditions of steady-state 
hematopoiesis (van Os et al., 2007). 

Although p57kip2 (hereafter referred to as p57) is highly expressed in HSCs (Table 2) (Kubota 
et al., 2009; Umemoto et al., 2005), little is known about its functional role. Microarray 
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analysis studies of human CD34+ HSC/progenitor cells identified p57 as the only cyclin-
dependent kinase inhibitor induced by TGFβ (Scandura et al., 2004). Knockdown of p57 in 
hematopoietic cell lines using small interfering RNA (siRNA) results in more rapid 
proliferation of hematopoietic cells in the absence of TGF-β. These results suggest that p57 is 
required for the TGF-β–mediated cell cycle entry of hematopoietic cells and for repressing 
the proliferation of these cells. 
 

 
Table 2. Genes expressed at higher levels in HSCs than in other subsets. 

Genes showing at least 2-fold higher expression in CD34-/low KSL cells than in CD34+ KSL 
cells were selected by microarray analysis. The selected genes were then evaluated by Q-
PCR, and genes whose transcripts were expressed at ≥ 2-foltd higher levels in CD34-/low KSL 
cells than all other samples are listed. 
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repopulation ability in serial transplantation assays (Takubo et al., 2010). Taken together, 
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primarily through pathways that are independent of its downstream effectors, AMPK and 
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2.1.1.13 Cyclin-dependent kinase inhibitors  

p21cip1/waf1 (hereafter referred to as p21) is a mammalian member of the CIP/KIP family and 
was the first cyclin-dependent kinase inhibitor to be identified (Serrano et al., 1993; Harper 
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premature HSC exhaustion; also, p21-null mice were more sensitive to 5-FU (Cheng et al., 
2000). These results suggest that p21 restricts HSC entry into the cell cycle and regulates the 
size of the HSC pool under conditions of stress. However, a later study demonstrated that 
p21 plays a minor role in regulating HSC quiescence under conditions of steady-state 
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analysis studies of human CD34+ HSC/progenitor cells identified p57 as the only cyclin-
dependent kinase inhibitor induced by TGFβ (Scandura et al., 2004). Knockdown of p57 in 
hematopoietic cell lines using small interfering RNA (siRNA) results in more rapid 
proliferation of hematopoietic cells in the absence of TGF-β. These results suggest that p57 is 
required for the TGF-β–mediated cell cycle entry of hematopoietic cells and for repressing 
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2.1.2 Negative regulation 

2.1.2.1 E3 ubiquitin ligase 

The E3 ubiquitin ligase, c-Cbl, is a member of the RING finger-type ubiquitin ligase Cbl 
(casitas B-cell lymphoma) family. The c-Cbl protein is thought to implement the degradation 
of various cellular proteins, receptors, and signaling molecules including Notch1, STAT5, 
and c-Kit (Jehn et al., 2002; Goh et al., 2002; Zeng et al., 2005). c-Cbl–deficient mice were 
used to study the role of c-Cbl in HSCs (Rathinam et al., 2008). The number of HSCs and 
progenitors was significantly higher in the BM of c-Cbl-null mice due to increased 
proliferation. Interestingly, detailed analyses revealed augmented STAT5 phosphorylation 
in c-Cbl-/- HSCs in response to TPO/c-MPL signaling which is crucial for the proliferation 
and self-renewal of HSCs (Kimura et al., 1998), and this led to enhanced c-Myc expression. 
C-Cbl–deficient HSCs also showed an increased repopulating ability in competitive 
reconstitution assays, including serial transplantation. These results suggest that c-Cbl acts 
as a negative regulator of both the size of the HSC pool and self-renewal (Rathinam et al., 
2008). 

Recently, Itch, another E3 ligase belonging to the HECT family (Bernassola et al., 2008), was 
also identified as a negative regulator of HSC homeostasis and function. The phenotype of 
Itch-/- HSCs was similar to that of c-Cbl-/- HSCs. However, unlike c-Cbl, Itch-deficient HSCs 
showed augmented Notch1 signaling. Furthermore, knockdown of Notch1 in Itch-null 
HSCs resulted in the reversion of the phenotype (Rathinam et al., 2011). Taken together, 
these studies underscore the pivotal roles of E3 ubiquitin ligases and the importance of post-
translational modification of HSCs in the molecular control of HSC self-renewal. 

2.1.2.2 Egr1 

Egr1 is a member of the immediate early response gene family (Gashler et al., 1995). Egr1 is 
highly expressed in LT-HSCs under steady-state conditions and is downregulated upon 
proliferative stimulation and migration in response to pharmacological mobilization (Min et 
al., 2008). Egr1-deficient mice show a significant increase in the frequency of cycling HSCs. 
This phenomenon results in a slightly higher frequency of HSCs in the BM of Egr1-/- mice. 
Interestingly, loss of Egr1 results in a striking increase (up to 10-fold) in the number of 
circulating HSCs. Importantly, HSCs isolated from both the BM and peripheral blood of 
Egr1-/- mice show a greater degree of long-term multi-lineage repopulation after 
transplantation, although their life span is slightly reduced. Quantitative RT-PCR analysis 
shows that Bmi1 is upregulated in Egr1-/- HSCs. In addition, Egr1-/- HSCs also show the 
downregulation of p21CIP1/WAF1 and increased expression of cyclin-dependent kinase 4 
(cdk4), which is consistent with their increased cell-cycling status (Min et al., 2008). Taken 
together, the deletion of Egr1 causes an increase in the number of cycling HSCs but does not 
lead to stem cell exhaustion. This may be due to Bmi1 upregulation. 

2.1.2.3 Lnk 

Lnk is a member of an adaptor protein family that possesses a number of protein-protein 
interaction domains: a proline-rich amino-terminus, a pleckstrin homology (PH) domain, a 
Src homology 2 (SH2) domain, and many potential tyrosine phosphorylation motifs (Rudd., 
2001). Studies using Lnk-deficient mice show that Lnk-null HSCs are expanded during post-
natal development (Ema et al., 2005; Buza-Vidas et al., 2006). The Lnk-/- HSC population 
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contains an increased proportion of quiescent cells and shows decelerated cell cycle kinetics 
and enhanced resistance to repeat treatment with 5-FU in vivo compared with wild-type 
HSCs. Genetic evidence demonstrates that Lnk controls HSC self-renewal and quiescence, 
predominantly through c-Mpl. Furthermore, Lnk-deficient HSCs show higher levels of 
symmetric proliferation in response to thrombopoietin (TPO) in ex vivo culture than wild-
type HSCs (Seita et al., 2007). Biochemical analyses revealed that Lnk directly binds to 
phosphorylated tyrosine residues in JAK2 after TPO stimulation (Bersenev et al., 2008). 
Therefore, Lnk is a physiologic negative regulator of JAK2 in HSCs, and TPO/c-
Mpl/JAK2/Lnk constitute a major regulatory pathway controlling HSC quiescence and self-
renewal. 

2.1.2.4 Myc 

Human c-MYC was the second proto-oncogene to be identified and encodes a basic helix-
loop-helix leucine zipper transcription factor (c-Myc) (Sheiness et al., 1978). Overexpression 
of one of the three family members has been detected in numerous human cancers including 
Burkitt’s lymphoma (c-MYC), neuroblastoma (N-MYC), and small cell lung cancer (L-MYC) 
(Nesbit et al., 1999). Conditional deletion of c-Myc in the BM results in cytopenia and the 
accumulation of functionally defective HSCs. In the absence of c-Myc, HSC differentiation 
into more committed progenitors is inhibited because they upregulate a number of adhesion 
molecules, such as N-cadherin, that anchor them in the niche. Conversely, enforced c-Myc 
expression in HSCs causes marked repression of N-cadherin and integrin expression leading 
to the loss of self-renewal ability at the expense of differentiation (Wilson et al., 2004). These 
results suggest that c-Myc activity controls the first differentiation step of LT-HSCs in vivo. 
Unexpectedly, conditional ablation of both c-myc and N-myc results in pancytopenia and 
rapid lethality due to HSC apoptosis via the accumulation of the cytotoxic molecule, 
Granzyme B (Laurenti et al., 2008). Thus, Myc activity controls important aspects of HSC 
function such as proliferation, survival and differentiation.  

2.1.2.5 MEF/ELF4 

MEF (also known as ELF4), an Ets transcription factor, was identified as a novel 
component of the transcriptional circuit that dynamically regulates HSC quiescence 
(Lacorazza et al., 2006). Mef-deficient HSCs grow more slowly than wild-type HSCs in 
response to cytokine stimulation Pyronin Y staining and BrdU incorporation show 
increased quiescence. Enhanced HSC quiescence in Mef-null mice also increases HSC 
resistance to cytotoxic agents that target dividing cells and allows more rapid 
hematological recovery after chemotherapy or irradiation. These findings suggest that 
Mef normally functions to induce or facilitate the entry of quiescent HSCs into the cell 
cycle and imply that Mef expression and/or activity may be dynamically regulated in 
HSCs. To explain this, Lacorazza et al. proposed a model in which Mef acts at an earlier 
stage than p18 and antagonizes p21. 

2.2 Survival of HSCs 

HSC self-renewal and apoptosis represent major factors that determine the size of the HSC 
mass. The number of HSCs is also controlled by their capacity to survive during 
homeostasis or under conditions of stress.  
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Egr1 is a member of the immediate early response gene family (Gashler et al., 1995). Egr1 is 
highly expressed in LT-HSCs under steady-state conditions and is downregulated upon 
proliferative stimulation and migration in response to pharmacological mobilization (Min et 
al., 2008). Egr1-deficient mice show a significant increase in the frequency of cycling HSCs. 
This phenomenon results in a slightly higher frequency of HSCs in the BM of Egr1-/- mice. 
Interestingly, loss of Egr1 results in a striking increase (up to 10-fold) in the number of 
circulating HSCs. Importantly, HSCs isolated from both the BM and peripheral blood of 
Egr1-/- mice show a greater degree of long-term multi-lineage repopulation after 
transplantation, although their life span is slightly reduced. Quantitative RT-PCR analysis 
shows that Bmi1 is upregulated in Egr1-/- HSCs. In addition, Egr1-/- HSCs also show the 
downregulation of p21CIP1/WAF1 and increased expression of cyclin-dependent kinase 4 
(cdk4), which is consistent with their increased cell-cycling status (Min et al., 2008). Taken 
together, the deletion of Egr1 causes an increase in the number of cycling HSCs but does not 
lead to stem cell exhaustion. This may be due to Bmi1 upregulation. 

2.1.2.3 Lnk 

Lnk is a member of an adaptor protein family that possesses a number of protein-protein 
interaction domains: a proline-rich amino-terminus, a pleckstrin homology (PH) domain, a 
Src homology 2 (SH2) domain, and many potential tyrosine phosphorylation motifs (Rudd., 
2001). Studies using Lnk-deficient mice show that Lnk-null HSCs are expanded during post-
natal development (Ema et al., 2005; Buza-Vidas et al., 2006). The Lnk-/- HSC population 
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contains an increased proportion of quiescent cells and shows decelerated cell cycle kinetics 
and enhanced resistance to repeat treatment with 5-FU in vivo compared with wild-type 
HSCs. Genetic evidence demonstrates that Lnk controls HSC self-renewal and quiescence, 
predominantly through c-Mpl. Furthermore, Lnk-deficient HSCs show higher levels of 
symmetric proliferation in response to thrombopoietin (TPO) in ex vivo culture than wild-
type HSCs (Seita et al., 2007). Biochemical analyses revealed that Lnk directly binds to 
phosphorylated tyrosine residues in JAK2 after TPO stimulation (Bersenev et al., 2008). 
Therefore, Lnk is a physiologic negative regulator of JAK2 in HSCs, and TPO/c-
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2.2.1 Bcl-2 family 

Accumulating evidence suggests that the suppression of apoptosis is required for HSC 
survival. Forced expression of Bcl-2 increases the number of HSCs and provides them with 
enhanced competitive repopulation ability (Domen et al., 1998, 2000), suggesting that cell 
death plays a role in regulating HSC homeostasis.  

Mcl-1, another anti-apoptotic Bcl-2 family member, is also an essential regulator of HSC 
survival. Mcl-1 is highly expressed in LT-HSCs, and conditional deletion of MCl-1 results in 
the loss of the early BM progenitor population, including HSCs, leading to fatal 
hematopoietic failure (Opferman et al., 2005). Recently, it was reported that Mcl-1 is an 
indispensable regulator of self-renewal in human stem cells and that functional dependence 
on Mcl-1 defines the human stem cell hierarchy (Campbell et al., 2010).  

2.2.2 Scl, Lyl1 

Scl/Tal1 is a basic helix-loop-helix (bHLH) transcription factor that is essential for the 
development of HSCs in the embryo (Robb et al., 1995; Shivdasani et al., 1995). During adult 
hematopoiesis, Scl/Tal1 is highly expressed in LT-HSCs compared with short-term HSCs 
and progenitor cells (Lacombe et al., 2010). However, a study using conditional Scl/Tal1 
knockout mice revealed that Scl/Tal1 is required for the generation of, but not the 
maintenance of, adult HSCs (Mikkola et al., 2003). Another group showed that conditional 
deletion of Scl/Tal1 in adult HSCs has a relatively mild effect: Scl-null HSCs show impaired 
short-term repopulating ability, but no defect in long-term repopulating capacity (Curtis et 
al., 2004). Redundant activity caused by the expression of Lyl1, a related bHLH transcription 
factor, in adult HSCs may provide an explanation for these “mild” phenotypes. While adult 
HSCs in single-knockout mice show no or only a mild phenotype, Lyl1;Scl-conditional 
double-knockout mice show a gene dosage defect on HSC survival, as HSCs and progenitor 
cells are immediately lost due to apoptosis (Souroullas et al., 2009).  

Recently, Lacombe et al. demonstrated that Scl/Tal1 is required for the maintenance of the 
quiescent stem cell pool (Lacombe et al., 2010). Cell-cycle analyses revealed that Scl/Tal1 
negatively regulates the G0-G1 transit of LT-HSCs; however, these phenomena were specific 
to adult HSCs and were not observed in perinatal HSCs. The reconstituting ability of Scl+/- 
HSCs or HSCs with decreased Scl protein expression induced by RNA interference was 
impaired in various transplantation assays. Furthermore, gene expression analysis and 
chromatin immunoprecipitation experiments revealed that the Cdkn1a and Id1 genes are 
direct SCL targets. 

2.2.3 Tel/Etv6 

The transcription factor Tel (also known as Etv6), an Ets-related transcriptional repressor, is a 
frequent target of the diverse chromosomal translocations observed in leukemias (Golub et al., 
1994). Tel/ETV6 is also required for HSC survival in adult hematopoiesis. Following 
conditional inactivation of Tel/Etv6, HSCs are rapidly lost from the adult BM. However, 
Tel/Etv6 is not required for the maintenance of lineage-committed progenitors. Conditional 
deletion of Tel/Etv6 after lineage commitment does not affect the differentiation or survival of 
these progenitors, although it does impair the maturation of megakaryocytes (Hock et al., 2004). 
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2.2.4 Zfx 

Zfx is a zinc finger protein belonging to the Zfx/ZFy family. Mammalian Zfx is encoded on 
the X chromosome and contains an acidic transcriptional activation domain, a nuclear 
localization sequence, and a DNA binding protein domain consisting of 13 C2H2-type zinc 
fingers (Schneider-Gadicke et al., 1989). Zfx is highly expressed in both HSCs and 
undifferentiated embryonic stem cells (ESCs). Using conditional gene targeting, Zfx was 
identified as an essential transcriptional regulator of HSC function (Galan-Caridad et al., 
2007). Constitutive or inducible deletion of Zfx in HSCs (using Tie2-Cre and Mx1-Cre 
deletion strains, respectively) impairs self-renewal, resulting in increased apoptosis and the 
upregulation of stress-inducible genes.  

2.2.5 ADAR1 

ADAR (adenosine deaminase acting on RNA) catalyzes the deamination of adenosine to 
inosine in double-stranded RNA. Conventional Adar-/- mice die around embryonic day 
11.5–12 because of widespread apoptosis and defective hematopoiesis (Hartner et al., 2004; 
Wang et al., 2004). Conditional deletion of Adar in HSCs shows that ADAR1 is essential for 
the maintenance of both fetal and adult HSCs, and leads to global upregulation of type I and 
II interferon-inducible transcripts and rapid apoptosis (Hartner et al., 2009). Interferon 
regulatory factor-2 (Irf2), a transcriptional suppressor of type I interferon signaling, is a 
positive regulator of HSC quiescence (Sato et al., 2009). Irf2-deficient HSCs are unable to 
restore hematopoiesis in irradiated mice, but the reconstituting capacity of Irf2-/- HSCs can 
be restored in these cells by disabling type I IFN signaling. 

2.3 Response to hematopoietic emergency 

Various external stresses, such as myelosuppressive chemotherapy, bleeding, infection, and 
total body irradiation, put HSCs under stress, as they must proliferate to produce large 
numbers of primitive progenitor cells, thereby enabling rapid hematologic regeneration. 
Although this property has long been recognized, the molecular basis underlying the 
reaction of HSCs to hematologic emergency remains enigmatic. However, some key players 
have been identified.  

2.3.1 Heme oxygenase-1 

Heme promotes the proliferation and differentiation of hematopoietic progenitor cells 
(HPCs) (Chertkov et al., 1991) and stimulates hematopoiesis (Porter et al., 1979; Abraham, 
1991). The degradation of heme is catalyzed by heme oxygenase (HO). HO-1, encoded by 
the Hmox1 gene, is the stress-inducible isozyme of HO and is highly expressed in the spleen 
and BM (Abraham, 1991). Heterozygous HO-1–deficient mice (HO-1+/-) show accelerated 
hematologic recovery from myelotoxic injury induced by 5-FU treatment, and mice 
transplanted with HO-1+/- BM cells show more rapid hematopoietic repopulation than those 
transplanted with Ho-1+/+ BM cells. However, HO-1+/- HSCs show a reduced capacity to 
rescue lethally irradiated mice and to serially repopulate irradiated recipients (Cao et al., 
2008). These results suggest that HO-1 limits the proliferation and differentiation of HPCs 
under stressful conditions, and that the failure of this mechanism can lead to the premature 
exhaustion of the HSC pool.  
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2.3.2 Necdin 

Necdin is a member of the melanoma antigen family of molecules, whose physiological 
roles have not been well characterized (Xiao et al., 2004). Necdin acts as a cell cycle 
regulator in post-mitotic neurons (Yoshikawa, 2000). Intriguingly, recent genetic analyses 
show that aberrant genomic imprinting of NDN on the human 15q11-q13 chromosomal 
region is, at least in part, responsible for the pathogenesis of Prader-Willi syndrome 
(MacDonald & Wevrick, 1997; Nakada et al., 1998; Barker et al., 2002), a disorder 
associated with a mildly increased risk of myeloid leukemia (Davies et al., 2003). Necdin 
interacts with multiple cell-cycle related proteins, such as SV-40 large T antigen, 
adenovirus E1A, E2F1, and p53 (Taniura et al., 1998, 1999, 2005; Hu et al., 2003). As shown 
in Table 2, necdin is one of 32 genes that show higher expression in HSCs than in 
differentiated hematopoietic cells (Kubota et al., 2009). Other groups also found that 
necdin is highly expressed in HSCs (Forsberg et al., 2005; Liu et al., 2009). Necdin-
deficient mice show accelerated recovery of hematopoietic systems after 
myelosuppressive stress, such as 5-FU treatment and BM transplantation, whereas no 
overt abnormality is seen under conditions of steady-state hematopoiesis. Considering 
necdin as a potential negative cell-cycle regulator, it was reasoned that the enhanced 
hematologic recovery in necdin-null mice could be the result of an increased number of 
proliferating HSCs and progenitor cells. As expected, after 5-FU treatment, necdin-
deficient mice had an increased number of HSCs, but this was only transiently observed 
during the recovery phase (Kubota et al., 2009). These data suggest that the repression of 
necdin function in HSCs may present a novel strategy for accelerating hematopoietic 
recovery, thus providing therapeutic benefits after clinical myelosuppressive treatments 
(e.g., cytoablative chemotherapy or HSC transplantation). 

2.3.3 Slug 

Slug belongs to the highly conserved Slug/Snail family of zinc-finger transcriptional 
repressors found in diverse species ranging from C. elegans to humans. SLUG is a target 
gene for the E2A-HLF chimeric oncoprotein in pro-B cell acute leukemia (Inukai et al., 1999). 
Slug-deficient mice show normal peripheral blood counts, but they are very sensitive to γ-
irradiation (Inoue et al., 2002). Slug is induced by p53 and protects primitive hematopoietic 
cells from apoptosis triggered by DNA damage. Slug exerts this function by repressing 
Puma, a proapoptotic target of p53 (Wu et al., 2005). Sun et al. recently showed that Slug 
negatively regulates the repopulating ability of HSCs under conditions of stress. Slug 
deficiency increases HSC proliferation and reconstitution potential in vivo after 
myelosuppressive treatment, and accelerates HSC expansion during in vitro culture (Sun et 
al., 2010). 

3. Cancer stem cells 
Accumulating evidence strongly suggests that tumors are organized into cellular hierarchies 
initiated and maintained by a small pool of self-renewing cancer stem cells (CSCs) (Dick, 
2008; Reya et al., 2001). CSCs are thought to be resistant to various cancer treatments 
because of their relative quiescence (Komarova & Wodarz., 2007). Cancer relapses may 
occur because the dormancy of CSCs protects them from elimination by various cancer 
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therapies (Dick, 2008). In an acute myelogenous leukemia (AML) xenograft model, AML 
leukemic stem cells (LSCs) localized in the endosteal region of the BM show cellular 
quiescence and resistance to chemotherapy (Ishikawa et al., 2007; Saito et al., 2010). In 
patients with chronic myelogenous leukemia (CML), CD34+ progenitor cells contain 
dormant cells that are resistant to BCR/ABL tyrosine kinase inhibitors (Bhatia et al., 2003).  

It is well documented that regulators of HSC maintenance are also involved in the 
development of leukemias (Rizo et al., 2006). A number of cancer-related proteins, such as 
Bmi1, c-Myc, p53, Gfi-1, and PTEN, are key participants in HSC regulation, demonstrating 
the close relationship between normal HSCs and CSCs. Therefore, further understanding 
the mechanisms regulating HSC fate is needed if we are to develop new strategies for 
targeting CSCs and successfully treat cancer.  

4. Conclusions 
In this review, we have briefly summarized a number of critical regulators involved in the 
control of HSC self-renewal, quiescence, survival, and responses to external insults. Recent 
evidence strongly suggests that the BM niche also plays an integral role by providing critical 
signals that maintain HSCs in a stat of hibernation, thus preventing them from exhausting 
themselves. However, HSCs are critical for the maintenance and regeneration of an 
organism after injury/illness. This process must be tightly regulated and coordinated. 
Intensive studies have uncovered the molecular signatures and key molecules regulating 
HSC behavior. Moreover, new systems approaches, such as microRNA expression profiling 
and protein expression profiling, are expected to provide further useful information about 
HSC biology in the future. However, the overall picture of the molecular mechanisms that 
govern HSC fate is still unclear. Further understanding of the systems that regulate HSCs 
will enable the manipulation of stem cells for use in tissue engineering and cell-based 
therapies. 
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1. Introduction 
Haematopoietic stem cells (HSC) have the exceptional capacity to undergo continuous self-
renewal and differentiation into multiple lineages, which is essential for haematopoietic 
homeostasis and response to injury. To achieve this life long function, these cells have to be 
protected from cytotoxic and genetic damage. On the other hand, rapid activation of 
haematopoietic stem cell proliferation in response to stimuli must be ensured. While cellular 
quiescence is thought to be the key mechanism underlying this paradoxical nature of HSC, 
the molecular basis of induction and maintenance of quiescence remains unresolved.  

Quiescence is commonly defined as a reversible cell cycle exit. Induction and maintenance 
of stem cell quiescence has been studied at the level of cell cycle regulation (Orford & 
Scadden, 2008), cellular metabolism (Tothova & Gilliland, 2007) or interaction with the 
specific niche (Fuchs et al., 2004). Genome-wide association studies have been performed on 
a variety of quiescent model systems, such as serum starvation of fibroblasts (Coller et al., 
2006), primary lymphocytes (Garriga et al., 1998) or yeast in stationary phase (Patturajan et 
al., 1998, Radonjic et al., 2005). All of these studies revealed a significant decrease of 
productive mRNA transcription in these model systems. However, if quiescent adult stem 
cells share this down regulation of mRNA transcription has never been examined. 

Due to their relative ease of isolation, cells of the haematopoietic lineage have been 
extensively studied. Importantly, several assays for hematopoietic stem cell function have 
been developed, such as colony forming ability and rescue of lethally irradiated mice. These 
functional tests are lacking in most other adult stem cell models, with the exception of 
spermatogonia and mammary gland stem cells (Brinster & Nagano, 1998, Shackleton et al., 
2006). Functional assays for HSC ability have provided us with the notion that most defined 
populations of long term repopulating HSC still contain progenitor cells, which can only 
transiently contribute to repopulation of the haematopoietic system. This heterogeneity is 
not only evident in defined cell populations, but also in the in vivo niche for HSC, the bone 
marrow. HSC in the bone marrow are interspersed with transient amplifying cells and 
differentiated cells, complicating stem cell identification by spatial organization of the 
tissue. Other stem cell systems, such as spermatogonia, keratinocyte or crypt stem cells have 
a clearly defined niche architecture, enabling stem cell identification by location only (Fuchs 
et al., 2004). In this case, resting stem cells and activated progenitors can be separated by 
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location and molecular markers can be easily identified. If all adult stem cells share a 
repertoire of molecular markers, findings from other adult stem cells can be transferred to 
HSC and should lead to characterization of haematopoietic stem cell subpopulations.   

In our previous work, we found that adult melanocyte stem cells exhibit a 10 to 100fold 
lower level of housekeeping gene mRNA compared to differentiated cells, suggesting a 
global repression of mRNA transcription (Osawa et al., 2005). We could then show that the 
largest subunit of RNA polymerase II (RNApII), which is responsible for all mRNA 
transcription, exhibits a partly phosphorylated C-terminal domain (CTD), characteristic of 
initiated, but paused mRNA transcription (Freter et al., 2010). In line with this, we found the 
RNApII kinase CDK9 absent in adult melanocyte stem cells. Inhibition of CDK9 resulted in 
cellular resistance to withdrawal of essential growth factors, conferring a stem cell-like 
phenotype to progenitor cells. Interestingly, various other adult stem cells, including 
keratinocyte, muscle, spermatogonia and also HSC exhibited a similar partial 
phosphorylation of RNApII (Freter et al., 2010). We concluded that transcriptional 
quiescence is an early, specific and conserved marker for adult stem cells. This feature can 
be used to isolate and characterize pure populations of stem cell-like cells from any tissue, 
enabling a deeper understanding of stem cell biology and recapitulation of the stem cell 
niche, in order to expand immature stem cells in vitro. 

In this chapter I would like to summarize our findings that HSC exhibit a reduction in 
productive mRNA transcription. I would like to elaborate on the implications arising from 
transcriptional quiescence of a subset of HSC, both in development and disease. Technical 
challenges and resulting applications of identifying and isolating transcriptionally quiescent 
HSC in vitro will be discussed. 

2. The mRNA transcription cycle 
Regulation of gene expression is essential for all single- and multi cellular organisms. This 
fundamental process is executed at the level of mRNA transcription by RNApII, typically in 
distinct transcription steps. The different stages of mRNA transcription, initiation, promoter 
clearance, elongation, mRNA processing and release of RNApII from DNA are tightly 
regulated by modifications of the CTD of RNApII (Sims et al., 2004, Fig1). This characteristic 
domain is in mammalian cells composed of 52 repeats of the consensus sequence YS2PTS5PS. 
During mRNA transcription several posttranslational modifications of the CTD are 
occurring, most prominently phosphorylation of Serine 5 (Ser5) and Serine 2 (Ser2). These 
phosphorylation events are requisite for binding of proteins essential for RNA processing, 
splicing and polyadenylation. Using antibodies specifically detecting these phosphorylation 
events enables determination of global mRNA transcription activity in single cells in vivo. 

Gene expression in mammalian cells has been comprehensively studied at the transcription 
initiation step that is controlled by cell-specific transcription factors. In fact, it has been 
thought for long time that assembly of the preinitiation complex and subsequent 
recruitment on RNApII is the rate-limiting step for gene transcription. However, early 
results indicated that RNApII is initiated, but paused at Drosophila heat shock genes 
(Boehm et al., 2003, Ni et al., 2004). More recently, it was observed using genome-wide 
association studies that initiated but stalled polymerase  is not only present on immediate-
response or developmentally regulated genes, but also many non-expressed genes, 
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suggesting transcription elongation as the critical step in gene expression (Guenther et al., 
2007, Muse et al., 2007, Zeitlinger et al., 2007).  

Transcription initiation requires phosphorylation of Ser5 of the CTD by TFIIH, a 
heterodimeric kinase consisting of CDK7 and Cyclin H. These phosphorylation events 
enable binding of the mRNA capping machinery (Ho & Shuman, 1999) and promoter 
clearance. Typically, a short (~40nt) nascent RNA is then produced by RNApII. However, 
mRNA transcription is paused at many genes due to the action of negative elongation factor 
(NELF) and DRB-sensitivity inducing factor (DSIF) (Wu et al., 2003, Yamaguchi et al., 2002).  

 
Fig. 1. The mRNA transcription cycle is characterized by phosphorylation of the RNA 
polymerase (RNApII) CTD. Phosphorylation of Ser5 (5) by CDK7/Cyclin H induces 
promoter clearance and pre-mRNA capping. RNApII is then halted (STOP), until activation 
of CDK9/Cyclin T. Phosphorylation of the inhibitory complex and RNA polymerase II CTD 
Ser2 (2) leads to productive elongation and release of mature mRNA.  

Recruitment of positive transcription elongation factor b (P-TEFb), a heterodimeric protein 
consisting of the kinase CDK9 and one of the regulatory subunits Cyclin T1, T2 or K, to 
stalled polymerases is required for alleviation of the transcriptional block by NELF and 
DSIF (Peterlin & Price, 2006, Rahl et al., 2010). P-TEFb phosphorylates RNA recognition 
motif-containing protein RD, a component of NELF, and Spt5, a subunit of DSIF (Aida et al., 
2006, Fujinaga et al., 2004). NELF then dissociates from RNApII, while DSIF remains 
associated with RNApII and becomes a positive transcription elongation factor (Chen et al., 
2009). Importantly, phosphorylation of Ser2 of the CTD by P-TEFb triggers transcription 
elongation, mRNA processing, and release of mature mRNA (Kohoutek, 2009, Ni et al., 
2004).  

CDK9 has first been identified as a CDC2-related kinase with a PITALRE motif (Grana et al., 
1994). The cyclin partner of CDK9 is Cyclin T1, T2 or K.  Unlike other CDK/Cyclin 
heterodimers, neither P-TEFb levels nor kinase activity is fluctuating during the cell cycle 
(Garriga et al., 2003, Grana et al., 1994). CDK9 exists in two isoforms, a major 42kD sized 
peptide and an N-terminal extended peptide, whose transcription starts from an alternative 
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location and molecular markers can be easily identified. If all adult stem cells share a 
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HSC and should lead to characterization of haematopoietic stem cell subpopulations.   

In our previous work, we found that adult melanocyte stem cells exhibit a 10 to 100fold 
lower level of housekeeping gene mRNA compared to differentiated cells, suggesting a 
global repression of mRNA transcription (Osawa et al., 2005). We could then show that the 
largest subunit of RNA polymerase II (RNApII), which is responsible for all mRNA 
transcription, exhibits a partly phosphorylated C-terminal domain (CTD), characteristic of 
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suggesting transcription elongation as the critical step in gene expression (Guenther et al., 
2007, Muse et al., 2007, Zeitlinger et al., 2007).  

Transcription initiation requires phosphorylation of Ser5 of the CTD by TFIIH, a 
heterodimeric kinase consisting of CDK7 and Cyclin H. These phosphorylation events 
enable binding of the mRNA capping machinery (Ho & Shuman, 1999) and promoter 
clearance. Typically, a short (~40nt) nascent RNA is then produced by RNApII. However, 
mRNA transcription is paused at many genes due to the action of negative elongation factor 
(NELF) and DRB-sensitivity inducing factor (DSIF) (Wu et al., 2003, Yamaguchi et al., 2002).  

 
Fig. 1. The mRNA transcription cycle is characterized by phosphorylation of the RNA 
polymerase (RNApII) CTD. Phosphorylation of Ser5 (5) by CDK7/Cyclin H induces 
promoter clearance and pre-mRNA capping. RNApII is then halted (STOP), until activation 
of CDK9/Cyclin T. Phosphorylation of the inhibitory complex and RNA polymerase II CTD 
Ser2 (2) leads to productive elongation and release of mature mRNA.  
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motif-containing protein RD, a component of NELF, and Spt5, a subunit of DSIF (Aida et al., 
2006, Fujinaga et al., 2004). NELF then dissociates from RNApII, while DSIF remains 
associated with RNApII and becomes a positive transcription elongation factor (Chen et al., 
2009). Importantly, phosphorylation of Ser2 of the CTD by P-TEFb triggers transcription 
elongation, mRNA processing, and release of mature mRNA (Kohoutek, 2009, Ni et al., 
2004).  

CDK9 has first been identified as a CDC2-related kinase with a PITALRE motif (Grana et al., 
1994). The cyclin partner of CDK9 is Cyclin T1, T2 or K.  Unlike other CDK/Cyclin 
heterodimers, neither P-TEFb levels nor kinase activity is fluctuating during the cell cycle 
(Garriga et al., 2003, Grana et al., 1994). CDK9 exists in two isoforms, a major 42kD sized 
peptide and an N-terminal extended peptide, whose transcription starts from an alternative 
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TATA box upstream of the housekeeping-type promoter of the 42kD isoform (Shore et al., 
2003). The expression of both isoforms varies between developmental stages and organs 
(Shore et al., 2005). For example, the expressed isoform shifts from the longer 55kD form to 
the shorter 42kD isoform during lymphocyte activation (Liu & Herrmann, 2005). However, 
the target gene specificity is very similar between the two isoforms (Liu & Herrmann, 2005).  

P-TEFb is present in the cell as either a large or small multiprotein complex. The inactive, 
large complex consists of 7SK non-coding RNA, Hexim1, LARP7 and MEPCE (Li et al., 
2005), while the small, active complex is formed by binding of Brd4 to P-TEFb (Yang et al., 
2005). Brd4 binds to acetylated histones and may therefore target P-TEFb to actively 
transcribed genes, when no specific transcription factor is present (Jang et al., 2005)  but can 
also recruit P-TEFb to inducibly acetylated histones (Hargreaves et al., 2009). However, even 
the large complex contains primarily active P-TEFb, which is sequestered away from the 
kinase targets. Cellular stresses, such as UV irradiation, cytokines or changes in the 
microenvironment result in release of active P-TEFb to support quick mRNA transcription 
to respond to stimuli. Several transcription factors have been shown to interact directly with 
P-TEFb to stimulate transcription elongation of RNApII. These include NF-kB (Barboric et 
al., 2001), c-Myc (Eberhardy & Farnham, 2001), CIITA (Kanazawa et al., 2000), GATA1 
(Elagib et al., 2008) and Runx1 (Jiang et al., 2005), amongst others. Thus, P-TEFb can be either 
recruited directly to promoters by specific transcription factors or to acetylated histones by 
Brd4. 

Phosphorylation of Ser2 in the CTD of RNApII and productive transcription elongation is 
the critical target for eukaryotic gene expression (Bentley, 1995, Chao & Price, 2001). 
Inhibition of the CTD Ser2 kinase CDK9 by 5,6-Dichloro-1-β-D-
ribofuranosylbenzimidazole (DRB) or Flavopiridol results in degradation of most mRNA 
(Chao & Price, 2001, Sehgal & Darnell, 1976) and induces apoptosis (Chen et al., 2005, Gojo 
et al., 2002). Similarly, knockdown of CDK9 in vivo results in complete absence of mRNA 
synthesis and embryonic lethality (Eissenberg et al., 2007, Shim et al., 2002). Cyclin T1 KO 
mice exhibit minor immunological defects (Oven et al., 2007), while the Cyclin T2 KO 
mouse is embryonic lethal (Kohoutek et al., 2009) with an extremely early phenotype 
before implantation of the blastocyst. This difference in phenotype of CDK9 Cyclin 
partners can partly be explained by a limited overlap in target genes of these isoforms 
(Ramakrishnan et al., 2011).  

On the other hand, ectopic activation of P-TEFb by ablation of Hexim1 results in embryonic 
lethality as well, due to hypertrophy of the heart (Huang et al., 2004). Similarly, inactivation 
of the inhibitory large complex member LARP7 results in aberrant splicing and embryonic 
death in zebrafish, highlighting the essential role of P-TEFb for pre-mRNA splicing 
(Barboric et al., 2009). However, overexpression of CDK9 from the endogenous Rosa26 
promoter did not result in any phenotype in mice, mainly due to a low level of expression of 
CDK9 from this promoter (Freter et al., 2010). Limiting P-TEFb activity is necessary for 
development of germ line cells in both D. melanogaster and C. elegance (Batchelder et al., 
1999, Hanyu-Nakamura et al., 2008, Zhang et al., 2003). Ectopic activation of P-TEFb by 
overexpression or knock down of inhibitors results in misexpression of somatic genes in 
germ line cells and their subsequent degeneration, resulting in sterile offspring. In 
summary, levels of P-TEFb and thus the global activity of RNApII need to be maintained 
within a certain limits, not exceeding and not below a basal threshold. 
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Most cells, including proliferating, terminally differentiated and senescent cells, actively 
synthesize mRNA. In these cells, RNApII is phosphorylated on CTD Ser2 and Ser5 
independent of the cell cycle (Garriga et al., 2003, Marshall et al., 2005). However, some cells 
do not display this active phosphorylation pattern. For example, deeply dormant cells, such 
as primary T and B lymphocytes, exhibit an almost complete absence of RNApII 
phosphorylation (Garriga et al., 1998, Marshall et al., 2005). Activation of these cells by 
antigen encounter results in upregulation of Ccnt1 both on mRNA and protein level and 
subsequent phosphorylation of CTD Ser2 (Marshall et al., 2005). 

On the other hand, RNApII in yeast cells in the stationary phase (Patturajan et al., 1998, 
Radonjic et al., 2005) or on Drosophila heat shock genes (Boehm et al., 2003, Ni et al., 2004) is 
phosphorylated on Ser5, but not on Ser2. Stimulation of these cells, such as the addition of 
nutrients or heat shock, ensures rapid activation of gene transcription. Thus, analysis of the 
specific phosphorylated sites in RNApII can distinguish cells featuring phases of productive 
mRNA elongation or paused mRNA transcription initiation.  

3. mRNA transcription in the hematopoietic lineage 
Most of our knowledge of P-TEFb function derived from studies involving HIV replication 
(Barboric & Peterlin, 2005). Human Cyclin T1 is an essential co-factor of the immediate-early 
HIV gene product Tat, which recruits P-TEFb to the tar RNA located 5’ on HIV genes to 
activate gene expression (Mancebo et al., 1997, Zhu et al., 1997). In resting lymphocytes, P-
TEFb activity is low and thus HIV replication is blocked. Upon stimulation, upregulation of 
Cyclin T1 results in activation of P-TEFb and transcription of viral genes (Garriga et al., 
1998). Human Cyclin T1 (Ccnt1), the major Cyclin associated with CDK9, is characterized by 
a TAR recognition motif, which is essential for the formation of a ternary complex between 
tar RNA/Tat and P-TEFb to activate HIV gene transcription in cells (Wei et al., 1998). This 
motif contains an essential Cysteine, which is required for complex formation with HIV Tat. 
Mutagenesis of mouse Ccnt1 at this position, which normally contains a Tyrosine in mouse, 
activates HIV transcription in murine cells (Fujinaga et al., 2002).  

P-TEFb is also required for normal hematopoietic development and function. Knock down 
of CDK9 in zebrafish embryos results in severe defects in definitive erythropoiesis, but no 
gross developmental defects despite a smaller body size (Meier et al., 2006). Given the 
ubiquitous requirement of CDK9 for mRNA transcription this surprising observation may 
be explained by incomplete knockdown using morpholino DNA. Similarly, partial depletion 
of Ccnt1 in mice results in modest immunological phenotypes, such as appearance of 
autoimmunity due to impaired negative selection of autoreactive T cells in thymus (Oven et 
al., 2007). Together, these results suggest that the hematopoietic lineage may be very 
susceptible for small changes in P-TEFb activity. 

Recruitment of P-TEFb by transcription factors to heterochromatin converts this general 
elongation factor to a repressor of transcription. Runx1 binds the CD4 silencer in thymocytes 
and leads to active suppression of CD4 transcription during development. Interestingly, 
despite an engaged RNApII on the CD4 promoter and in the presence of an active CD4 
enhancer in these cells, CD4 transcription is silenced (Jiang et al., 2005). This is achieved by 
binding of Cyclin T1 to Runx1 and sequestering of P-TEFb into inactive chromatin loops 
(Jiang & Peterlin, 2008). Thus, inactive genes can be loaded with a poised polymerase and 
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induction of chromatin remodelling complexes result in rapid activation of gene 
transcription by release of active P-TEFb from adjacent loci (Jiang & Peterlin, 2008). In this 
sense, assembly of the transcriptional machinery on inactive promoters can be seen as a 
transcription bookmark, to facilitate future expression.  

Activation of hematopoietic gene transcription can also be achieved via binding of P-TEFb 
to actively acetylated chromatin. Studies on LPS-induced inflammatory gene expression in 
macrophages revealed that primary response genes have a stalled polymerase at their 
promoters, already phosphorylated at Ser5 of the CTD (Hargreaves et al., 2009). In response 
to LPS stimulation, acetylation of H4K5/8/12 recruits Brd4, this in turn engages P-TEFb 
leading to CTD Ser2 phosphorylation and mRNA transcription (Hargreaves et al., 2009). 

Hematopoietic lineages are very susceptible for inhibition of P-TEFb activity and require 
specific co-factors for their respective differentiation. For example, differentiating 
macrophages and murine erythroleukemic cells down regulate the 42kD isoform, and up 
regulate the 55 kD isoform of CDK9 (Liu & Herrmann, 2005). Megakaryocyte differentiation 
depends on activation of P-TEFb and can be blocked by CDK9 inhibitors or dominant 
negative CDK9 (Elagib et al., 2008). Erythroid differentiation depends on stabilization of a 
GATA-1/SCL/LMO2 complex on β-globin chromatin, subsequent association of P-TEFb 
and RNApII Ser2 phosphorylation in the locus by the ubiquitous enhancer 
facilitator/chromatin factor Ldb1 (Song et al., 2010). Interestingly, deletion of Ldb1 in vivo 
results in defects in adult haematopoietic stem cell maintenance and diminished long-term 
reconstitution potential upon transplantation (Li et al., 2011). However, the authors did not 
examine activity of P-TEFb in their knock-out mice, which may be reduced and thus result 
in defects in HSC specification. Certainly, many other genes and cells depend on P-TEFb 
activity during development and differentiation. Using the hematopoietic lineage as a 
model system for the basal mRNA transcription machinery will shed light onto many 
aspects of eukaryotic mechanisms of transcription control. 

Conversely, some leukemic cancers are characterized by dysregulation of P-TEFb activity. 
Several fusion genes of the histone methytransferase MLL1 involved in chromosomal 
rearrangements leading to myeloid and lymphoblastic leukaemia associate with mRNA 
transcription elongation factor encoded by ELL or P-TEFb (Benedikt et al., 2011, Lin et al., 
2010), suggesting that one major mechanism for leukomogenesis is deregulated 
transcription elongation (Shilatifard et al., 1996). Indeed, targeting P-TEFb with the specific 
CDK9 inhibitor Flavopiridol induces apoptosis in chronic lymphocytic leukemic cells by 
suppression of short-lived anti-apoptotic genes, such as Mcl-1 (Chen et al., 2005). 
Dysregulation of P-TEFb activity is involved in several other cancer types. For example 
Hexim1, a negative regulator of P-TEFb activity, was found down regulated in invasive 
breast cancer samples compared to normal breast tissue (Wittmann et al., 2003). Exploiting 
the susceptibility of the hematopoietic lineage for disturbance of their mRNA transcription 
may result in novel targets of cancer therapy. 

4. Transcriptional quiescence of hematopoietic stem cells 
Hematopoietic stem cells (HSC) have been in the focus of basic and applied research since 
many decades. Definition of subsets of transplantable HSC and their in vitro culture have 
advanced considerably in recent years. However, so far no reliable marker for the isolation 
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of pure HSC exists and our use of transplants is limited by the inability to expand these cells 
ex vivo. A sensitive marker of HSC quiescence and activation could be useful to isolate 
unadulterated long-term repopulating HSC and screen for factors that enable stem cell 
expansion while maintaining their undifferentiated state. It has been known for three 
decades that HSC down regulate productive mRNA transcription. Low retention of Pyronin 
Y, an RNA binding dye, can be used to isolate HSC (Shapiro, 1981), suggesting that global 
suppression of mRNA transcription is a feature of quiescent HSC. However, this 
observation has not been followed up by analysis of the global status of RNApII activity, 
which is responsible for all mRNA transcription.  

We have previously observed that adult melanocyte stem cells (MelSC) down regulate many 
housekeeping genes, including ActB, ActG and GapDH, suggesting a global repression of 
mRNA synthesis in these cells (Osawa et al., 2005). Melanocytes are pigmented cells in the 
hair follicle and skin, providing melanin granules to differentiating keratinocytes. The 
MelSC system in mouse hair follicles can serve as a model system for adult stem cell 
systems. It has the advantage of spatial separation of stem and differentiated cells and a 
non-lethal but obvious hair graying phenotype if this system is perturbed (Nishimura et al., 
2002). We observed that adult MelSC show a complete absence of RNApII CTD Ser2 
phosphorylation, while Ser5 was phosphorylated (Freter et al., 2010), suggesting a global 
down regulation of productive mRNA transcription. In line with this, CDK9 protein and 
mRNA was down regulated in MelSC as well. This suggests that RNApII is present at many 
genes in quiescent MelSC, but P-TEFb levels are not sufficient to induce active transcription 
elongation. Importantly, inhibition of CDK9 in vitro protected melanocyte precursors from 
stress-induced apoptosis and converted them to a stem cell-like state (Freter et al., 2010).  

We then expanded our observation to other stem cell systems, and found CTD Ser2-negative 
cells in all stem cell systems tested, including keratinocyte, muscle, spermatogonia and 
hematopoietic stem cells. This suggests that global suppression of mRNA transcription 
elongation is a conserved feature of adult stem cells. Interestingly, some stem cell systems 
showed heterogeneity of CTD Ser2 staining. For example, we observed that spermatogonia 
stem cells attached to the basal lamina are negative for CTD Ser2 phosphorylation, while 
those detaching up-regulate Ser2 phosphorylation, even though they are still positive for the 
spermatogonia stem cell marker CD9 (Freter et al., 2010). Attachment to the basal lamina is 
often a requirement for stem cell function by directing planes of division or maintenance of 
the undifferentiated state. Thus, the CTD Ser2 negative population seems to be the more 
stem cell-like population in CD9 positive spermatogonia. 

Similarly, murine CD34- c-Kit+Sca1+Lin- (KSL) long-term repopulating hematopoietic 
stem cells clearly showed two different populations. One population exhibited CTD Ser2 
phosphorylation levels as high as short-term repopulating CD34+ KSL cells, while ~27% 
of all CD34- KSL cells were negative for CTD Ser2 phosphorylation (Freter et al., 2010). 
Heterogeneity of the HSC pool has been described previously, with a transplantable 
fraction of 15-25% of CD34- KSL HSC population, also using additional markers (Ema et 
al., 2005, Foudi et al., 2009, Wilson et al., 2008). Importantly, analysis of transcriptionally 
quiescent HSC requires isolation of pure subpopulations of cells. We found that adult 
MelSC exhibit up to 100fold lower levels of total RNA per cell (Osawa et al., 2005), 
suggesting that one activated stem cell may be sufficient to mask the RNA signal of 100 
quiescent stem cells. 
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of pure HSC exists and our use of transplants is limited by the inability to expand these cells 
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In order to identify the transcriptionally quiescent subpopulation of CD34- KSL cells, we 
performed sorting of bone marrow cells and antibody staining of sorted populations. 
Unfortunately, this procedure always includes fixation of cells, so they can not be used for 
assessment of in vivo repopulation ability. In order to validate stem cell function in vivo, it 
is necessary to convert the negative CTD Ser2 phosphorylation event into a readout which 
can be measured in living cells. Kinase activity can be measured using fusion proteins of 
Cyan and Yellow fluorescent proteins (CFP and YFP respectively), separated by a kinase 
target, a flexible linker and a phosphoprotein binding domain. Phosphorylation events 
result in binding of the phosphoacceptor to the kinase target and folding of the fusion 
protein resulting in Foerster resonance energy transfer (FRET) between CFP and YFP (Sato 
et al., 2007). However, autofluorescence of cellular organelles in low energetic wavelengths, 
such as CFP, results in low signal to noise ratios, which is particularly difficult for cell 
sorting of multiparametric cell suspensions, such as bone marrow cells. Furthermore, even a 
complete lack of FRET by spatial separation results in FRET signal due to high concentration 
of expressed fluorescent proteins (Nguyen & Daugherty, 2005). Thus, a FRET-based 
approach can be useful for single-cell based imaging approaches, such as time lapse imaging 
of individual cells in vitro, but rather not for FACS sorting of heterogenic cell populations. 

Recently, the development of circular permuted green fluorescent proteins (cpGFP) has 
enabled researchers to measure phosphorylation events in living cells using a single 
wavelength (Kawai et al., 2004). However, the increase in fluorescence was only around 10-
15%, which would be too little for separation by FACS. Novel mutations of circular GFP and 
ratiometric measurement of absorbance at different wavelengths increased the dynamic 
range up to 16fold between free and saturated forms of cpGFP, at least for measurement of 
pH or Ca2+ in living cells (Bizzarri et al., 2006, Souslova et al., 2007). Yet, if a kinase reporter 
can be constructed using these advanced cpGFP mutants has still to be shown. 

We could observe a specific down regulation of CDK9, the RNApII CTD Ser2 kinase, in 
adult melanocyte stem cells both on the mRNA and protein levels (Freter et al., 2010). The 
CDK9 promoter has many features of a housekeeping gene promoter (Bagella et al., 2000, 
Liu & Rice, 2000), thus down regulation of this promoter may be due to a similar mechanism 
as other down regulated housekeeping genes in MelSC. Reporters for promoter function, for 
example GFP, Luciferase or LacZ have been used extensively to isolate or trace specific cells 
in vivo. However, isolating CDK9 promoter negative cells as transcriptionally quiescent 
stem cells could be biased by secondary effects on the reporter, such as silencing of reporter 
constructs or heterogeneity of expression between cells. One solution would be to label all 
cells with a constitutive reporter, and isolate constitutive promoter positive, CDK9 promoter 
reporter negative cells. The constitutive promoter has to be carefully chosen, as for example 
expression from the CMV promoter highly depends on CDK9 (Peng et al., 1998). Given our 
observation of low activity of CDK9 in HSC, it is not surprising that HSC show limited CMV 
promoter activity (Salmon et al., 2000). Constitutive promoters, but also promoters used for 
overexpression of genes in quiescent stem cells thus need to be validated for activity in vivo.  

In vitro culture and expansion of immature hematopoietic stem cells could help to achieve 
better transplantation response in patients, but has not been achieved yet. So far culture of 
immature HSC leads to almost immediate differentiation and loss of multi-lineage 
repopulation ability. It has been shown recently that the xenobiotic Aryl receptor is present 
on HSC (Singh et al., 2009). Activation by ligands results in nuclear translocation, 
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recruitment of Ccnt1 and activation of hematopoietic gene transcription (Tian et al., 2003). 
Interestingly, antagonists of the Aryl receptor prevent differentiation of HSC in vitro 
(Boitano et al., 2010), suggesting that transcriptional quiescence may be beneficial for in vitro 
stem cell expansion. It would be very interesting to determine if inhibitors of P-TEFb activity 
have an effect on maintenance of undifferentiated HSC. 

Transcriptional quiescence could also be used as a read-out of stem cell function in vitro. 
Screens of small molecular compounds in in vitro culture of primary HSC for maintenance 
of the human HSC markers CD34 and CD133 have led to some promising results (Boitano et 
al., 2010). However, surface proteins may be unstable or unreliable, and may not be an 
immediate read-out of stem cell function. Transcriptional quiescence could serve as an 
alternative marker for stem cell identity. The development of fluorescent reporters for this 
screening is required to evaluate the impact of cytokines or small molecules on maintenance 
and expansion of HSC in vitro. 

We and others have shown that inhibition of P-TEFb activity can be favourable for cell 
survival during cellular stresses, such as serum or growth factor starvation (Freter et al., 
2010, Kanazawa et al., 2003). Down regulation of P-TEFb activity could thus also be 
advantageous for cancer cell survival during metastasis or therapy. Flavopiridol, a very 
specific CDK9 inhibitor has been used in BLL with some success (Chen et al., 2005), but 
failed in most cases as a single agent in cancer chemotherapy (Blagosklonny, 2004). If 
transcriptionally quiescent cancer cells are present in primary or metastatic tumours, further 
inhibition of CDK9 activity may not be required. Rather, activation of mRNA transcription 
in these cells may render them susceptible to therapy and prevent metastasis and relapse. 
The first step towards this goal would be to identify and isolate transcriptionally quiescent 
cancer cells from a given tumour using a kinase activity reporter or CDK9 promoter 
reporter. Next, it would be necessary to determine if transcriptionally quiescent tumour cells 
have an enhanced tumour forming capacity in vivo or survive treatment with 
chemotherapeutic agents better than transcriptionally activated cells. Finally, high 
throughput screens for small molecular compounds which activate transcriptional quiescent 
cancer cells using the same reporter systems will enable us to activate dormant cancer stem 
cell-like cells in vivo and improve treatment of metastasis and prevent relapse of cancer in 
patients. 

5. Conclusion 
Adult stem cells have the unique capacity to self-renew and give rise to differentiated cells. 
To fulfil their lifelong function, these cells must be protected from cellular and genetic 
damage. Most adult stem cells are thought to enter a state of reversible cell cycle quiescence 
to preserve their role (Orford & Scadden, 2008). Indeed, activation of the cell cycle leads to 
premature stem cell exhaustion (Cheng et al., 2000, Kippin et al., 2005, Park et al., 2003). 
However, most cells in the adult body have withdrawn from the cell cycle and can be 
induced to proliferate again, resulting in their eventual depletion (Bond et al., 2004, 
Pajalunga et al., 2007). Some somatic cells are able to resume proliferation and even self-
renew, for example differentiated T and B lymphocytes (Fearon et al., 2001). It has thus been 
proposed that adult stem cells are distinguished by other mechanisms rather than cell cycle 
quiescence (Mikkers & Frisen, 2005). Yet, what kind of defining mechanisms or marker this 
property integrates, and if it is shared by various adult stem cells, is unclear at the moment. 
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It has been long known that adult HSC can be isolated by their low retention of Pyronin Y, 
an RNA binding dye (Shapiro, 1981), suggesting that global mRNA transcriptional 
quiescence is a hallmark of quiescent stem cells. This observation however, has never been 
addressed further in terms of the precise molecular mechanism underlying global 
transcriptional quiescence. Analysis of the distinct phosphorylation patterns of the CTD of 
RNApII during the different stages of mRNA transcription can reveal initiation, paused 
transcription or productive elongation. Our analysis of various adult stem cell systems 
showed that down regulation of productive mRNA transcription elongation is a conserved, 
specific and early feature of adult stem cells (Freter et al., 2010). In line with this, the CTD 
kinase CDK9 was absent and its inhibition improved cell survival during cellular stresses, 
suggesting a beneficial function of transcriptional quiescence for stem cell maintenance and 
survival. However, we could not induce activation of mRNA transcription by 
overexpression of CDK9 in vivo. It is thus not clear what the in vivo function of this down 
regulation is. New animal models with a constitutively active RNApII have to be developed 
to elucidate if transcriptional quiescence is necessary for adult stem cell maintenance or just 
a symptom of their quiescence. 

Interestingly, we could observe some heterogeneity in terms of mRNA transcription 
elongation in the HSC pool, where only 27% of cells showed a clear absence of mRNA 
transcription elongation. Yet, identification and isolation of these transcriptionally quiescent 
cells depends on the availability of genetically encoded reporters of mRNA transcription. 
CDK9 activity reporters need to be specific for this kinase, and a large dynamic range has to 
be provided to clearly separate cell populations. A particular challenge will be to convert the 
negative observation of CTD Ser2 dephosphorylation into a signal-positive output, in order 
to avoid false-positive events by untransfected cells.  

Taken together, we defined a novel molecular mechanism for adult stem cell quiescence, 
which may lead to the identification of pure stem cell-like cell populations from various 
sources, including heterogeneous adult stem cell populations or cancerous tissue. Even 
though some technical questions and functional tests are still to be answered, transcriptional 
quiescence is a novel and exciting mechanism to detect, isolate and characterize adult stem 
cells in an unprecedented purity from various sources. 
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1. Introduction 
Hematopoietic stem cells (HSC) are characterized with the capacity for self-renewal as 
well as multi-lineage differentiation, maintaining the immune system and blood cell 
formation throughout life. Although studies for the HSC biology have been in the 
forefront of the stem cell research field, many questions still remain with regard to the 
origin, development, and aging of HSC. Furthermore, needless to say, HSC are very 
useful for clinical medicine, particularly in the transplantation and/or regeneration 
therapy for hematological malignancies. Success of those therapies depends on how 
effectively HSC are purified and transplanted to the patients. In order to address those 
important issues in both basic and clinical science, information of cell surface molecules 
that selectively mark HSC is essential.  

Since the frequency of HSC in bone marrow or peripheral blood is extremely low, many 
studies have attempted to identify unique markers associated with those rare cells. As a 
result, it is now possible to purify long-term reconstituting HSC from mouse bone 
marrow with very high efficiency. However, many of these parameters change 
dramatically during ontogeny or inflammation, and what is worse still, they differ 
between mouse and man. Efficient HSC-based therapies and the emerging field of tissue-
regenerative medicine will benefit from more precise information about what defines 
HSC. 

In this chapter, we summarize a large body of information with respect to the HSC-
related markers and introduce Endothelial cell-selective adhesion molecule (ESAM) as a 
novel marker for HSC (Yokota et al., 2009). Indeed, ESAM is expressed throughout the 
ontogeny in mouse and can be used as a gating parameter for sorting long-term 
repopulating HSC. In addition, the marker appears to be useful for the purification of 
human HSC. 
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2. Development of methodology for HSC purification from mouse bone 
marrow 
In 1988, Spangrude et al tried to find a set of cell surface proteins that were associated 
with multi-lineage reconstitution ability, and succeeded to enrich such multipotential 
progenitors in the Lineage marker (Lin; generally including TER119, Mac1, Gr1, 
CD45R/B220, CD3, CD4, CD8)- Thy-1Low Sca-1+ fraction of mouse bone marrow 
(Spangrude et al, 1988). Indeed, they showed that only 30 Lin- Thy-1Low Sca-1+ cells 
injected via a tail vein could rescue 50% of lethally irradiated mice. Three years later, in 
1991, Ogawa et al reported that hematopoietic progenitor activity of mouse bone marrow 
was excusive to the cells expressing c-kit, which is a receptor for stem cell factor (Ogawa 
et al., 1991). Since then, Lin- Sca-1+ c-kit+ (LSK) has been generally used as a canonical 
marker set for HSC enrichment. 

It has been gradually recognized that the LSK fraction is heterogeneous, including long-
term self-renewing HSC, short-term non-self-renewing HSC and lineage-committed 
progenitors. In 1996, Osawa et al reported that long-term HSC in adult bone marrow exist 
in the CD34 low to negative fraction among LSK cells (Osawa et al., 1996). Injection of a 
single CD34-/Low LSK cell resulted in multi-lineage long-term reconstitution in 21% of 
lethally irradiated mice whereas CD34+ LSK cells revealed early but only short-term 
reconstitution. Transplantation of graded numbers of CD34-/Low LSK cells showed that the 
CD34-/Low LSK fraction contains long-term HSC at the frequency of 1 out of 5 cells. In 
2001, Christensen and Weissman also showed that the LSK fraction is heterogeneous and 
long-term HSC are highly enriched in the Flk2/Flt3 receptor tyrosine kinase negative cells 
(Christensen & Weissman, 2001). 

In addition to the cell surface markers, another approach has been developed to enrich long-
term HSC activity by focusing on their high efflux activity. Using the fluorescent DNA-
binding dye Hoechst33342, in 1996, Goodell et al found that cells in a small Hoechstlow-
stained population (termed “Side population”) can protect recipients from lethal irradiation 
at low cell doses (Goodell et al., 1996). A following study by Matsuzaki et al showed that, in 
combination with the CD34-/Low LSK phenotype, the strongest Hoechst33342 efflux activity 
(Tip-side population) can purify long-term multi-lineage HSC with almost absolute 
efficiency (Matsuzaki et al., 2004). 

Recently, Morrison and colleagues reported an alternative method for HSC purification 
based on the expression pattern of the signaling lymphocytic activation molecule (SLAM) 
family proteins, i.e. CD150, CD244, and CD48 (Kiel et al., 2005). They showed that CD150+ 
CD48- cells were uniformly CD244- and a simple gating for CD150+ CD48- could enrich long-
term HSC at approximately 1 in 5 cells. Moreover, combined with the canonical HSC marker 
LSK, the SLAM code could purify the HSC at 1 in 2 cells (Kiel et al., 2005). 

Representative achievements during these 2 decades are summarized in Table 1. With 
surface markers, we can now purify the long-term multi-lineage HSC from adult mouse 
bone marrow with extremely high efficiency as Lin- Sca-1+ c-kit+ Thy1Low CD34-/low CD150+ 
CD48- cells. In fact, recent studies have demonstrated that the Lin- Sca-1+ c-kit+ CD34- 
CD150+ CD48- fraction in adult mouse bone marrow contains truly dormant HSC, which 
divide only 5-6 times during the life span (Wilson et al., 2008; Foudi et al., 2009).  

 
Markers for Hematopoietic Stem Cells: Histories and Recent Achievements 

 

79 

 
*Tip-SP: The highest Hoechst-efflux fraction in the Side Population 

Table 1. Markers for hematopoietic stem cells in adult mouse bone marrow 

3. Fickleness of HSC surface markers 
It is important to stress here that none of the surface markers shown above is entirely 
specific to the long-term HSC. In addition, many of these parameters differ between 
strains of mice and change dramatically during developmental age. For example, Sca1, 
which has been a center in the canonical HSC marker “LSK”, is not detectable on the 
emerging HSC in the aorta-gonad-mesonephros (AGM) area and only appears after day 
11.5 of gestation on HSC in fetal liver (Matsubara et al., 2005; Our unpublished 
observation). Furthermore, the expression level of Sca1 on HSC differs between strains 
and is not very effective to enrich HSC from Balb/c mice (Spangrude & Brooks, 1993). 
Likewise, the SLAM family CD150 is not useful for the emerging and developing HSC in 
embryos (McKinney-Freeman et al., 2009). On the contrary, CD41, CD11b/Mac1, vascular 
endothelial (VE)-cadherin, and CD34 are known to mark the emerging and developing 
HSC during the fetal period, but gradually disappear along the ontogeny (Mikkola & 
Orkin, 2006). 

It is also a well-recognized fact that cell surface markers on HSC in adult bone marrow do 
fluctuate according to the cell-cycle status and the differentiating behavior, which change 
depending on the physiological requirement. Bone marrow suppression by irradiation 
and/or chemotherapy revives several disappeared markers including CD11b/Mac1 and 
CD34 whereas it significantly down-regulates the expression level of c-kit on long-term HSC 
(Randall & Weissman, 1997; Ogawa 2002). Molecular crosstalk between HSC and bone 
marrow microenvironment is thought to control the status of HSC and influence their 
surface phenotypes, but precise mechanisms remain largely unknown. Therefore, 
researchers in the HSC field need to carefully choose an appropriate marker set and a 
sorting gate depending on the HSC characteristics, otherwise they would miss important 
target cells even in the lineage depletion step.  
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4. Difference between mouse and man 
Another very critical issue on the topic of the HSC markers is their diversity between 
species. Although essential difference has not been observed between mouse and man 
regarding either the organs producing HSC or the transcription factors regulating their 
differentiation, completely different markers have been used to sort HSC in the two species. 
Human HSC do not express Sca1 or the SLAM family CD150 (Larochelle et al., 2011). While 
the CD34+ CD38- phenotype has been regarded as the canonical marker set for human HSC, 
it has been repeatedly reported that murine adult HSC locate in the CD34- CD38+ fraction 
(Randall et al., 1996; Matsuoka et al., 2001; Tajima et al., 2001). There is no reasonable 
explanation so far for the change along evolution, and such phenotypic differences between 
murine and human HSC have been an obstacle to apply achievement in mouse studies to 
human. 

Early studies by Berenson et al demonstrated that autologous CD34+ cells enriched from 
bone marrow effectively radioprotected baboons and promoted hematopoietic recovery in 
human patients after marrow ablative therapy (Berenson et al, 1988, 1991). Over the past 2 
decades, the use of CD34 as a marker for hematopoietic stem/progenitor cells has been a 
strong tool in the field of clinical hematology. Since the CD34+ fraction of human bone 
marrow contains lineage-committed progenitors as well as long-term multi-lineage HSC, 
many laboratories have sought additional markers to further enrich the CD34+ population 
for long-term HSC. CD90/Thy1, Tie, CD117/c-kit, and CD133/AC133 have been found as 
positive markers to enrich long-term-HSC whereas several negative markers including 
CD38 have been reported (Baum et al., 1992; Hasiyama et al., 1996; Gunji et al., 1993; Yin et 
al., 1997; Terstappen et al., 1991).  

Recent advances of xenotransplantation models and techniques have enabled the 
assessment of pluripotency as well as self-renewal of human hematopoietic progenitors 
in vivo (Shultz et al., 2007). A series of studies by John Dick’s laboratory have 
successfully enriched human long-term HSC within the Lin- CD34+ CD38- population 
(McKenzie et al., 2007; Doulatov et al., 2010). In a very recent report, they have purified 
human HSC from cord blood with a maker set of Lin- CD34+ CD38- CD45RA- 
CD90/Thy1+ Rhodamin123Low CD49f+. Indeed, those cells were capable of long-term 
multilineage engraftment in NOD/SCID/IL2 receptor common- chain null mice at a 
single-cell level (Notta et al., 2011). The information regarding human HSC markers is 
summarized in Table 2. 

While CD34 has been playing an important role as a reliable marker for human 
hematopoietic stem/progenitor cells in the practical medicine, several studies have 
demonstrated that long-term reconstituting activity is also detectable in the CD34- Lin- 
population (Bhatia et al., 1998; Gallacher et al., 2000; Wang et al., 2003). A prior study using 
Hoechst 33342 by Goodell et al also identified CD34- cells in the side-population of human 
and rhesus bone marrow, and actually rhesus CD34- side-population cells acquired the 
ability to form hematopoietic colonies after long-term cultivation on bone marrow stromal 
cells (Goodell et al., 1997). It should be interesting to examine molecular signatures 
associated with those CD34- HSC in primates, and compare their features with murine 
CD34- LSK cells. 
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Table 2. Markers for human hematopoietic stem cells 

5. Endothelial-related markers 
Hematopoietic cells are thought to originate from the hemangioblast and/or the hemogenic 
endothelium, which can produce hematopoietic cells and endothelial cells. Therefore, it 
seems quite natural that HSC share some surface molecules with the endothelial lineage. 
CD34, PECAM-1/CD31, endoglin, Tie2 and VE-cadherin are well-known endothelial 
antigens that also mark HSC particularly at early developmental stages (Mikkola & Orkin 
2006; Takakura et al., 1998; Yokota et al, 2006). In addition, recent studies have identified 
endomucin, endothelial protein-C receptor/CD201, and junctional adhesion molecule-A 
that are common to HSC and endothelial cells (Matsubara et al., 2005; Balazs et al., 2006; 
Sugano et al., 2008). Although, as discussed above, the expression level of some of these 
antigens declines or even diminishes at later stages of development (Mikkola & Orkin 2006), 
each of these advances offered the promise of learning more about how HSC arise de novo 
and function throughout life. It is crucial to define the means to identify the authentic HSC 
at all developmental stages so that we can ultimately understand the precise molecular 
mechanisms of the HSC development. 
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6. Identification of ESAM as a novel HSC marker 
We previously reported that Rag1/GFP- Lin- c-kitHigh Sca1+ cells derived from bone marrow 
or fetal liver of the Rag1/GFP reporter mice reconstituted lympho-hematopoiesis in lethally 
irradiated recipients, while Rag1/GFP+ Lin- c-kitHigh Sca1+ cells only transiently contributed 
to T and B lymphopoiesis (Igarashi et al., 2002; Yokota et al., 2003). Those data demonstrated 
that Rag1 expression is useful to distinguish early lymphoid progenitors (ELP) from the 
long-term HSC. To learn more about the first step of HSC differentiation to the lymphoid 
lineage, microarray analyses were conducted to search for genes that characterize the initial 
transition of HSC to ELP. The search brought us a large body of information about genes 
potentially related to early lymphopoiesis whereas it also identified genes whose expression 
seemed to correlate with HSC. Among the HSC-related genes, ESAM strongly drew our 
attention because of its conspicuous expression in the HSC fraction and sharp down-
regulation on differentiation to ELP. 

ESAM was originally identified as an endothelial cell-specific protein (Hirata et al., 2001; 
Nasdala et al., 2002). Flow cytometry analyses with anti-ESAM antibodies showed that the 
HSC-enriched Rag1- c-kitHigh Sca1+ fraction of E14.5 fetal liver could be subdivided into two 
on the basis of ESAM level (Figure 1A). The subpopulation with the high density of ESAM 
was enriched for c-kitHigh Sca1High cells, while ones with negative or low levels of ESAM 
were found in the c-kitHigh Sca1Low subset. In addition, ESAM expression well correlated 
with hematopoietic stem/progenitor activity (Figure 1B). Cells in the ESAMHigh Rag1- c-
kitHigh Sca1+ fraction formed more and larger colonies than those in the ESAM-/Low Rag1- c-
kitHigh Sca1+ fraction. Particularly, majority of CFU-Mix, multi-potent primitive progenitors, 
were found in the ESAMHigh fraction (Figure 1B and 1C). In limiting dilution stromal cell co-
cultures, we found that 1 in 2.1 ESAMHigh Rag1- c-kitHigh Sca1+ cells and 1 in 3.5 ESAM-/Low 
Rag1- c-kitHigh Sca1+ cells gave rise to blood cells. However, 1 in 8 ESAMHigh Rag1- c-kitHigh 
Sca1+ cells produced CD19+ B lineage cells whereas only 1 in 125 ESAM-/Low Rag1- c-kitHigh 
Sca1+ cells were lymphopoietic under these conditions. Furthermore, in long-term 
reconstituting assays, ESAMHigh Rag1- c-kitHigh Sca1+ cells contributed highly to the multi-
lineage recovery of lympho-hematopoiesis in recipients, but no chimerism was detected in 
mice transplanted with ESAM-/Low Rag1- c-kitHigh Sca1+ cells. These results suggested that 
the long-term multi-lineage HSC in E14.5 fetal liver are exclusively present in the ESAMHigh 
fraction. 

7. ESAM marks HSC in different developmental stages and in different 
species 
Hematopoietic cells arise from mesoderm precursors at different sites and stages of 
development (de Bruijn et al., 2000; Oberlin et al., 2002). We previously determined that, 
while myelo-erythroid progenitors emerge from the yolk sac, hematopoietic progenitors 
with lymphopoietic potential first develop in the paraaortic splanchnopleura (pSp) /AGM 
region (Yokota et al., 2006). ESAM+ cells in the AGM were found to co-express c-kit and 
endothelial antigens, Tie2, CD34 and CD31/PECAM-1 that are known as a marker set for 
emerging HSC. However, the earlier hematopoietic progenitors in the yolk sac that have 
limited life span and little lymphopoietic activity were harbored in the ESAMLow Tie2Low c-
kitHigh fraction (Figure 2). 
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(A) Flow cytometry analysis was performed for mouse E14.5 fetal liver cells using anti-c-kit, anti- Sca1, 
and anti-ESAM Abs. ESAM-/Lo or ESAMHi cells of the Rag1/GFP- ckitHi Sca1+ fraction were sorted and 
subjected to methylcellulose colony formation assay. Numbers of CFUs (B) and morphology of the 
colonies (C) are shown. (Modified from reference Yokota et al., 2009) 

Fig. 1. ESAM expression on the HSC-enriched population of mouse fetal liver 
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Yolk sac or the caudal half of embryo proper were obtained and pooled from E9.5 embryos of wild type 
C57B6 mice. The obtained cells were stained with the anti-ESAM Ab followed by goat anti-rat IgG-
FITC, anti-c-kit-APC, anti-Tie2-PE, and 7AAD. (A) The profiles of Tie2 and c-kit expression are shown 
in the left panels.  In the right panels, ESAM expression in each gate is shown in histograms. The sorted 
fractions were labeled with “a” to “f”.  The sorted cells were subjected to methylcellulose colony 
formation assay (B) and tested in the MS5 co-culture system (C).  (Modified from reference Yokota et al., 
2009) 

Fig. 2. Yolk sac hematopoietic cells differ from those in the embryo proper with respect to 
ESAM expression and lymphopoietic activity. 
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ESAM expression was also detected on HSC within the Lin- c-kitHigh Sca1+ fraction in adult 
bone marrow. Interestingly, while the expression level was slightly decreased in the adolescent 
period, it was up-regulated again in aged mice. In addition, Ooi et al showed that the ESAM+ 
Lin- Sca1+ gating could more effectively enrich adult bone marrow for the long-term 
reconstituting HSC than the conventional LSK gating, and that ESAM expression in HSC is 
conserved between different mouse strains (Ooi et al., 2009). Based on these observations, we 
conclude that ESAM serves as an effective and durable marker for HSC throughout life in mice. 

The importance of ESAM as a HSC marker has been further enhanced by the findings that 
its expression in HSC is conserved between mouse and man. Ooi et al detected abundant 
ESAM transcripts in human cord blood CD34+ CD38- Lin- Thy1/CD90+ cells (Ooi et al., 
2009). Furthermore, by using a rabbit anti-human polyclonal ESAM antibody and flow 
cytometry, we also detected ESAM expression on human cord blood CD34+ cells (Figure 3). 
The intensity of ESAM expression, however, was similar between CD34+ CD38- and CD34+ 
CD38+ cells, suggesting that the ESAM+ gate covers committed as well as non-committed 
hematopoietic progenitors. ESAM expression might serve as an alternative marker to CD34 
for the selection of hematopoietic stem/progenitor cells in human. It is noteworthy that, 
although majority of human cord blood CD34- CD38+ fraction were negative for the ESAM 
staining, the fraction contains a small ESAM+ population. Further study is necessary to 
characterize those ESAM+ CD34- cells. 

 
CD34+ cells were firstly enriched from cord blood mononuclear cells by magnetic beads conjugated 
with an anti-human CD34 antibody, and then stained with anti-CD34, anti-CD38, and anti-ESAM 
antibodies. The left panel shows CD34 and CD38 expression profile of the CD34+ enriched population. 
The middle and right panels indicate ESAM expression (red tinted) on CD34+ CD38+ or CD34+ CD38- 
cells, respectively. Dot lines show background staining levels with control IgG for an anti-ESAM 
antibody.   

Fig. 3. ESAM expression on human cord blood CD34+ cells 

8. Conclusion 
In this chapter, we summarized 2 decades achievements for the identification of HSC and 
introduced our recent discovery of human ESAM as a new HSC marker. Although it is 
possible in mouse to purify the long-term multi-lineage HSC with high efficiency, 
characterization of human HSC has lagged behind partly due to insufficient information 
about their cell surface antigens. As a new tool, ESAM expression might contribute to 
improve the purification strategy of human HSC, not only from human hematopoietic 
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tissues but also from cultures of embryonic stem cells or induced-pluripotent stem cells, for 
therapeutic application. In addition, our findings will be beneficial to basic studies of HSC 
themselves. Since ESAM is expressed on mesoderm precursors for HSC in the pSp/AGM 
region as well as expanding HSC in fetal liver, its expression will be potentially useful to 
trace developing HSC back to their origin and localize them in distinct hematopoietic 
organs. In addition, up-regulation of ESAM expression on aged HSC may provide some 
insights regarding molecular mechanisms of HSC senescence. We are expecting that a new 
HSC marker ESAM could help future studies regarding HSC in many directions. 
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tissues but also from cultures of embryonic stem cells or induced-pluripotent stem cells, for 
therapeutic application. In addition, our findings will be beneficial to basic studies of HSC 
themselves. Since ESAM is expressed on mesoderm precursors for HSC in the pSp/AGM 
region as well as expanding HSC in fetal liver, its expression will be potentially useful to 
trace developing HSC back to their origin and localize them in distinct hematopoietic 
organs. In addition, up-regulation of ESAM expression on aged HSC may provide some 
insights regarding molecular mechanisms of HSC senescence. We are expecting that a new 
HSC marker ESAM could help future studies regarding HSC in many directions. 
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1. Introduction 
Hematopoiesis is regulated by intrinsic gene-regulatory networks, ensuring the rapid 
production of differentiated blood cells for the immediate needs of embryos and generation 
of definitive hematopoietic stem cells (HSCs) that are required for life-long hematopoiesis. 
Homeostasis in bone marrow is dependent on the ability of HSCs to faithfully self-renew 
and to generate progenitor cells that undergo limited proliferation and give rise to 
terminally differentiated cells in the peripheral blood. HSCs are specialized to give rise to all 
elements of the blood system throughout life (Orkin & Zon, 2002, 2008a, 2008b) and are 
capable of self-renewal and differentiation into various lineages of the hematopoietic system 
to form all types of blood cells. Self-renewal is a tightly controlled process through which 
stem cells divide and generate daughter stem cells with properties identical to those of the 
mother cells. However, under certain conditions, HSCs differentiate into progenitor cells 
with less ability to self-renew. Since the discovery of stem cells, intense research aimed at 
understanding the genetic and molecular bases of self-renewal has identified candidate 
regulatory factors involved in the process of HSC self-renewal. These include cell-intrinsic 
regulators, such as transcription factors, signal transducers, cell-cycle inhibitors and surface 
receptors and cell-extrinsic regulators, such as the bone marrow niche and cytokines (He et 
al., 2009). 

Interferon (IFN) is produced by cells of the immune system in response to challenges by 
agents, such as viruses, bacteria and tumor cells. IFNs suppress viral replication, have 
immunomodulatory activities and are used clinically to treat viral diseases and 
malignancies, such as chronic myeloid leukemia (CML)(Stark, 1998). Type I IFNs are 
induced by the genomes of many RNA viruses, and this induction can be mimicked by the 
double-stranded RNA mimetic polyinosinic-polycytidylic acid (poly [I:C]) (Darnell et al. 
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1994, Pichlmair et al. 2007). However, under steady-state conditions in the absence of 
infection, small amount of IFN are produced constitutively (Taniguchi & Takaoka, 2001). 
Recently, Essers et al demonstrated that chronic activation of IFN- pathway impairs 
function of HSCs and acute IFN- treatment promotes the proliferation of dormant HSCs in 
vivo,  and the possibility for new application of type I IFN to target cancer stem cells is 
expected (Essers et al. 2009) .  

Interferon regulatory factors (IRFs) constitute a family of transcription factors involved in 
regulating the development and functions of the immune system (Honda et al., 2006; 
Taniguchi et al., 2001). Interferon regulatory factor-2 (IRF-2) is a transcriptional repressor in 
the interferon system and is thought to function by competing with IRF-1. While IRF-2 acts 
as a repressor for interferon production, IRF-2 exists ubiquitously and is a positive regulator 
for H4, vascular adhesion molecule-1 (VCAM-1), CIITA, gp91 phox, Fas ligand, TPO 
receptor (Vaughan et al.1995, Jesse et al. 1998 , Xi et al. 1999, Luo & Skalnik 1996, Chow et al. 
2000, Stellacci et al. 2004, Masumi et al, 2001). Previously, we demonstrated that IRF-2 
expression into mouse bone marrow hematopoietic stem/progenitor cells induced 
megakaryopoiesis through CD41 promoter activation in an inflammatory states (Masumi et 
al. 2009). IRF-2 regulates cell growth and differentiation through the target gene promoters. 

There are several studies of hematopoietic approaches using IRF-2-/- mice. The 
physiological role in lymphoid and hematopoietic development has been investigated in 
IRF-2-/-mice, in which a general bone marrow suppression of hematopoiesis and B 
lymphopoiesis has been reported (Matsuyama et al. 1993). Recently, a marked reduction of 
hematopoietic stem cells in IRF-2-/- mice involving a type I interferon-dependent 
mechanism was reported (Sato et al. 2009). The population of bone marrow Lin-c-Kit+Sca-1+ 
(KSL) cells is increased in IRF-2-/- mice because of the general enhancement of Sca-1-
positive cells.  

Herein, we show that an enhanced population of Sca-1-positive cells and reduced HSC 
activity in the Lin-Sca-1+c-kit+ fraction were detected in IRF-2-/-mouse bone marrow cells. 
HSC abnormalities in IRF-2-/- mice have been demonstrated to be due to elevated type I 
IFN signaling (Sato et al. 2009). IFN signaling enhances the Sca-1 expression and cell cycle 
progression of HSCs. It was shown that chronic IFN signaling enhances cell cycle 
progression of HSCs in IRF-2-/-mice, resulting in the loss of quiescent HSCs. However, our 
results reveal unknown HSC markers in bone marrow from IRF-2-/- mice. Our present 
findings demonstrate that IRF-2 acts on long-term (LT)-HSCs, not only through protective 
type I IFN responses, but also by directly regulating HSC cell-surface molecules. 

2. Hematopoietic stem cells in bone marrow derived from interferon 
regulatory factor-2-deficient mice 
To analyze the expression of IRFs in mouse bone marrow cells, Gr1/Mac1-positive, B220-
positive, Ter119-positive/lineage (Lin)-negative and KSL (c-kit+Sca-1+Lin-) cells were 
isolated from mouse bone marrow cells by flow cytometry. Real-time polymerase chain 
reaction (PCR) analysis and in situ hybridization showed that IRF-2 was present in 
especially high levels in the CD34-KSL fraction compared with fractions from other lineages 
(Masumi et al., 2009). The CD34-KSL cells from mouse bone marrow were stained with anti-
IRF-2 antibody and DAPI (Fig. 1).  
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Fig. 1. CD34-KSL cells were stained with anti-IRF-2 as the primary antibody and then with 
anti-rabbit Alexa594 as the secondary antibody. Concurrently, cells were stained with DAPI.  

2.1 Isolation and characterization of KSL cells 

We showed that IRF-2 was highly localized in the mouse HSCs (CD34-Lin-c-kit+Sca-1+) in 
Fig. 1. To examine the role of IRF-2 in mouse hematopoietic stem cells, we isolated Lin-c-
kit+sca-1+ (KSL) cells from the bone marrow of IRF-2-/-mice (Fig. 2A). The IRF-2-/- mice 
had a larger population of KSL cells than did wild-type mice because of enhanced 
expression Sca-1, which is downstream of interferon--receptor (IFNAR)-STAT1 signaling. 
Enhanced type I IFN signaling in IRF-2-/- mice induces Sca-1. Sca-1 cell-surface 
glycoprotein is used routinely as a marker of adult HSCs, allowing a >100-fold enrichment 
of these rare cells from the bone marrow of adult mice. The Sca-1 protein is encoded by the 
Ly-6A/E gene. This protein is highly inducible by IFNs - and -, tumor necrosis factor 
(TNF) and interleukin-1 (IL-1) (Khan et al., 1990, 1993). The presence of a consensus 
sequence for IFN--responsive elements has been reported to be localized to the Ly-6A/E 
genes promoter (Ma et al., 2001). Ito et al investigated that competitive repopulation assay 
using HSC from Sca-1-deficient mice and colony formation assay for Sca-1-deficient bone 
marrow. They demonstrated that Sca-1 is required for regulating HSC self-renewal and 
development of committed progenitor cells, megakaryocytes, and platelets  (Ito et al. 2003). 
Bradfute et al investigated the effect of Sca-1 on HSC function and demonstrated that Sca-1 
affects c-kit expression, the lineage fate of peripheral blood cells after transplantation, and 
may be dispensable for HSC self-renewal (Bradfute et al., 2005).We also observed higher 
populations of KSL cells in the spleens of IRF-2-/- mice (data not shown).  

HSCs are contained within the CD150+CD48- population of KSL cells. There were far fewer 
CD150+CD48- cells in the KSL fraction in IRF-2-/- mice than in wild-type mice (0.97% 
versus 0.001%). In contrast, within the CD150+ CD48-Lin- subset, the fraction of KSL cells in 
wild-type mice and IRF-2-/- mice was 31.58% and 0.001%, respectively. Thus, the 
population of CD150+CD48-KSL cells was very low in IRF-2-/- mice (Fig. 2B). IRF-2 is 
known to be a transcription factor that attenuates type I IFN (IFN-/IFN-) signaling as 
indicated by the up-regulation of IFN-inducible genes in IRF-2-/-mice. IFN-/IFN- 
produced by plasmacytoid dendritic cells (DCs) in IRF-2-/- mice may have stimulated HSC 
proliferation, which resulted in loss of stem cells (Fig. 2C). 

The number of KSL side-population (SP) cells was much lower in bone marrow cells from 
IRF-2-/- mice compared to those from wild-type mice (Fig. 3). We observed an increased cell 
number in the KSL fraction and a great reduction in the number of HSCs in the KSL fraction 
among the bone marrow cells of IRF-2-/- mice.  
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versus 0.001%). In contrast, within the CD150+ CD48-Lin- subset, the fraction of KSL cells in 
wild-type mice and IRF-2-/- mice was 31.58% and 0.001%, respectively. Thus, the 
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indicated by the up-regulation of IFN-inducible genes in IRF-2-/-mice. IFN-/IFN- 
produced by plasmacytoid dendritic cells (DCs) in IRF-2-/- mice may have stimulated HSC 
proliferation, which resulted in loss of stem cells (Fig. 2C). 
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among the bone marrow cells of IRF-2-/- mice.  
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Fig. 2. (A) Lin-c-kit+sca-1+ cells were isolated from wild-type (WT) and IRF-2-/- bone 
marrow cells (KO), and then Lin-CD48-CD150+ cells were isolated from the KSL fraction. 
(B) Lin-c-kit+sca-1+ cells were isolated from Lin-CD48-CD150+ cells derived from the bone 
marrow cells of IRF-2-/- mice. (C) Chronic IFN stress model in KSL cells of IRF-2-/- mice. 
ISGs : Interferon-stimulated genes 
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Fig. 3. Reduction in side population of KSL cells in the bone marrow cells from wild-type 
(WT) and IRF-2-/- mice (IRF-2KO). VP (verapamil) treatment eliminated the side 
population. 

2.1.1 In vitro differentiation of KSL 

To analyze the population of the KSL fraction in bone marrow from IRF-2-/- mice, an in 
vitro colony-forming assay was performed. The assay showed enhanced 
granulocyte/macrophage progenitor activity and reduced numbers of megakaryocyte 
progenitors in KSL derived from bone marrow of IRF-2-/- mice (Fig. 4). We did not see any 
difference for erythrocyte progenitors in the bone marrow derived-KSL cells in either wild-
type or IRF-2-/-mice.  

To compare ex vivo expansion of HSC between wild type and IRF-2-/-mice, KSL cells were 
plated at a density of 1 cell/well in Terasaki plates in 20 μL serum-free medium. The 
Terasaki single colony assay showed the significant colony formation activity in KSL cells 
from IRF-2-/- mice although its activity is less than that of wild-type mice (Fig. 5). In vitro 
culture assay, KSL cells from IRF-2-/- mice make colonies in the presence of cytokines, 
despite of near complete reduction of HSC population (Fig.2). 
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Fig. 2. (A) Lin-c-kit+sca-1+ cells were isolated from wild-type (WT) and IRF-2-/- bone 
marrow cells (KO), and then Lin-CD48-CD150+ cells were isolated from the KSL fraction. 
(B) Lin-c-kit+sca-1+ cells were isolated from Lin-CD48-CD150+ cells derived from the bone 
marrow cells of IRF-2-/- mice. (C) Chronic IFN stress model in KSL cells of IRF-2-/- mice. 
ISGs : Interferon-stimulated genes 
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(WT) and IRF-2-/- mice (IRF-2KO). VP (verapamil) treatment eliminated the side 
population. 
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To analyze the population of the KSL fraction in bone marrow from IRF-2-/- mice, an in 
vitro colony-forming assay was performed. The assay showed enhanced 
granulocyte/macrophage progenitor activity and reduced numbers of megakaryocyte 
progenitors in KSL derived from bone marrow of IRF-2-/- mice (Fig. 4). We did not see any 
difference for erythrocyte progenitors in the bone marrow derived-KSL cells in either wild-
type or IRF-2-/-mice.  

To compare ex vivo expansion of HSC between wild type and IRF-2-/-mice, KSL cells were 
plated at a density of 1 cell/well in Terasaki plates in 20 μL serum-free medium. The 
Terasaki single colony assay showed the significant colony formation activity in KSL cells 
from IRF-2-/- mice although its activity is less than that of wild-type mice (Fig. 5). In vitro 
culture assay, KSL cells from IRF-2-/- mice make colonies in the presence of cytokines, 
despite of near complete reduction of HSC population (Fig.2). 
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Fig. 4. Clonogenic progenitor assay. Two hundred KSL cells were subjected to a colony-
forming unit-granulocyte/macrophage CFU-GM assay in methylcellulose medium M3231 
(Stem Cell Technologies, Vancouver, BC, Canada) consisting of 1% methylcellulose, 30% 
fetal calf serum (FCS), 1% bovine serum albumin (BSA), 10 ng/mL stem cell factor (SCF), 
25 ng/mL Flt ligand, 25 ng/mL thrombopoietin (TPO), 5 ng/mL IL-3 and 25 ng/mL 
granulocyte colony-stimulating factor (G-CSF). For the burst-forming units-erythroid 
(BFU-E) assay, 200 KSL cells were cultured in M3231 consisting of 1% methylcellulose, 
30% FCS, 1% BSA, 50 ng/mL SCF, 50 ng/mL TPO and 5U/mL erythropoietin (EPO) for 7 
days. To perform the mouse CFU-megakaryocytic (Mk) assays, 4x103  KSL cells were 
mixed with Megacult-C 04900 together with 1.1 mg/mL collagen, 50 ng/mL TPO and 10 
ng/mL IL-3 in 0.75 mL and added to the wells of chamber slides (177429, LAB-TEK Brand 
Products). Cells were cultured at 37C in an incubator with an atmosphere of 5% CO2 and 
>95% humidity for 7 days. The chamber slides were placed in acetone solution to fix the 
cells and dried, and the dried slides were then stained with acetylthiocholiniodide 
solution (Sigma, St Louis, MO). After they were stained with hematoxylin, megakaryocyte 
colonies were counted. *P<0.05 (Student t test). Data are representative of two 
independent experiments (mean ±SD). 

 
Fig. 5. Terasaki single colony assay. The KSL fraction from wild-type and IRF-2-/- bone 
marrow cells was fractionated to single cells in Terasaki plates by cell sorter (JSAN). Single 
cells were cultured with cytokines (hTPO, mSCF, mIL-3 and mFlt-3 ligand) containing 10% 
BSA and 2-mercaptethanol (0.01 M) in X-VIVO medium for 10 days. Colonies in each well 
were analyzed. <50 indicates wells that contain under 50 colonies in one well. >50 indicates 
wells that contain over 50 colonies. 0 indicates the wells containing no colony. 
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HSCs in wild-type mice were predominantly in a quiescent, intracellular Ki67-negative 
(icKi67 Hoechst low) G0 phase. Quiescent cells were observed more frequently in KSL cells 
derived from IRF-2-/- mice, although the population of HSCs was much smaller than that of 
wild-type mice (Fig. 6).  

2.1.2 Gene expression of KSL cells 

Next, we investigated the KSL-specific gene expression in KSL cells derived from bone 
marrow cells of IRF-2-/-mice. Expression levels of GATA-2 and Tie2 in IRF-2-/- mice were 
similar to those of wild-type, but p57 expression was much lower than that of wild-type 
(Fig. 7A). Reduced p57 gene expression is associated with decreased numbers of HSCs in the 
KSL population, and the increased number of cells in G0 phase may be associated with an 
increased frequency of quiescent KSL cells in bone marrow cells from IRF-2-/- mice (Fig. 6). 
When types I and II IFN were analyzed, expression of IFN-, but not of IFN- and - was 
decreased in the KSL fraction of IRF-2-/- mice under no stimulation (Fig. 7BC). Expression 
of Sca-1 was enhanced in the KSL fraction and in whole bone marrow in the IRF-2-/- mice. 
We examined PKR, TNF-a, adenosine deaminase 1 (ADAR1) expression which is known to 
be a suppressor of interferon signaling (Hartner et al. 2009 ) and Bmi1, which is down 
regulated in IRF-2 deficient HSC (Sato et al 2009). Expressions of ADAR1, PKR, Bmi1 and 
TNF- were comparable between wild-type and IRF-2-deficient mice (Fig. 7C). 

 
 
 
 

 
 
 
 
 

Fig. 6. Cell cycle analysis. Populations of KSL cells were isolated from bone marrow cells of 
IRF-2-/-mice and stained with Ki67 and Hoechst. Numbers indicate the percentage of cells 
in G0 phase. Data are representative of two independent experiments.  



 
Advances in Hematopoietic Stem Cell Research 

 

96

 
Fig. 4. Clonogenic progenitor assay. Two hundred KSL cells were subjected to a colony-
forming unit-granulocyte/macrophage CFU-GM assay in methylcellulose medium M3231 
(Stem Cell Technologies, Vancouver, BC, Canada) consisting of 1% methylcellulose, 30% 
fetal calf serum (FCS), 1% bovine serum albumin (BSA), 10 ng/mL stem cell factor (SCF), 
25 ng/mL Flt ligand, 25 ng/mL thrombopoietin (TPO), 5 ng/mL IL-3 and 25 ng/mL 
granulocyte colony-stimulating factor (G-CSF). For the burst-forming units-erythroid 
(BFU-E) assay, 200 KSL cells were cultured in M3231 consisting of 1% methylcellulose, 
30% FCS, 1% BSA, 50 ng/mL SCF, 50 ng/mL TPO and 5U/mL erythropoietin (EPO) for 7 
days. To perform the mouse CFU-megakaryocytic (Mk) assays, 4x103  KSL cells were 
mixed with Megacult-C 04900 together with 1.1 mg/mL collagen, 50 ng/mL TPO and 10 
ng/mL IL-3 in 0.75 mL and added to the wells of chamber slides (177429, LAB-TEK Brand 
Products). Cells were cultured at 37C in an incubator with an atmosphere of 5% CO2 and 
>95% humidity for 7 days. The chamber slides were placed in acetone solution to fix the 
cells and dried, and the dried slides were then stained with acetylthiocholiniodide 
solution (Sigma, St Louis, MO). After they were stained with hematoxylin, megakaryocyte 
colonies were counted. *P<0.05 (Student t test). Data are representative of two 
independent experiments (mean ±SD). 

 
Fig. 5. Terasaki single colony assay. The KSL fraction from wild-type and IRF-2-/- bone 
marrow cells was fractionated to single cells in Terasaki plates by cell sorter (JSAN). Single 
cells were cultured with cytokines (hTPO, mSCF, mIL-3 and mFlt-3 ligand) containing 10% 
BSA and 2-mercaptethanol (0.01 M) in X-VIVO medium for 10 days. Colonies in each well 
were analyzed. <50 indicates wells that contain under 50 colonies in one well. >50 indicates 
wells that contain over 50 colonies. 0 indicates the wells containing no colony. 

 
Interferon Regulatory Factor-2 Regulates Hematopoietic Stem Cells in Mouse Bone Marrow 

 

97 

HSCs in wild-type mice were predominantly in a quiescent, intracellular Ki67-negative 
(icKi67 Hoechst low) G0 phase. Quiescent cells were observed more frequently in KSL cells 
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Fig. 6. Cell cycle analysis. Populations of KSL cells were isolated from bone marrow cells of 
IRF-2-/-mice and stained with Ki67 and Hoechst. Numbers indicate the percentage of cells 
in G0 phase. Data are representative of two independent experiments.  
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Fig. 7.  Gene expression in KSL (A and B) and bone marrow cells (C) from wild-type and 
IRF-2-/- mice. Data represent the mean ± SD of triplicate reactions and are representative of 
two independent experiments.  
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2.1.3 Transplantation 

To examine the functional properties of IRF-2-/- KSL cells, transplantation analysis was 
performed. In competitive repopulation assays, a constant number (1x105) of wild-type 
competitor cells was mixed with 1,500 KSL cells from IRF-2-/- mice and injected into 
lethally irradiated Ly5.1 mice. Engraftment analysis by peripheral blood chimerism (CD45.2 
versus CD45.1 x CD45.2) at 4, 8 and 12 weeks after transplantation showed a profound 
deficit in wild-type recipient marrow, as peripheral blood elements derived from IRF-2-/- 
HSCs were progressively lost in favor of wild-type cells (Fig. 8A). Many more KSL cells 
could be engrafted into recipient mice if HSCs existed in the KSL fraction. However, a 24-
fold larger number of cells also failed to rescue the recipients (Fig. 8B). When cells from the 
lineage-CD48 fraction were injected into recipients, no engraftment was shown in the 
recipients injected with cells from IRF-2-/- mice (Fig. 8C). The proportions of cells in the 
lineage-CD48 fraction isolated from both wild-type and IRF-2-/- mice were very similar 
(3.4% versus 2.9%). However, the number of CD150-positive cells was much lower in the 
IRF-2-/- mice compared to the wild-type mice (Fig.1).  

To examine whether HSCs existed in fractions other than the KSL fraction of bone marrow 
cells in IRF-2-/- mice, whole bone marrow cells were injected into recipient mice and 
noncompetitive transplant assays were also performed. Transplantation of 1x105 wild-
type bone marrow cells is normally sufficient to rescue and fully repopulate the 
hematopoietic systems of all lethally irradiated recipients. This dose of cells from KO 
donors failed to rescue any recipients from lethal irradiation, indicating impaired self-
renewal of HSCs in whole bone marrow cells derived from IRF-2-/- cells. A dose of 2 x 106 
cells from IRF-2-/- mice could rescue recipients from lethal irradiation, although the 
engraftment efficiency was poorer than that of wild-type at 1 month after transplantation 
(Fig. 8D).  
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Fig. 7.  Gene expression in KSL (A and B) and bone marrow cells (C) from wild-type and 
IRF-2-/- mice. Data represent the mean ± SD of triplicate reactions and are representative of 
two independent experiments.  
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Fig. 8.  Transplantation analysis. Cells in the KSL population were isolated from IRF-2-/- 
mice (Ly5.2) and injected into X-irradiated mice. Peripheral blood cells were analyzed 4, 8 
and 12 weeks after transplantation. (A) Percentage of donor-derived KSL cells (1500-cell 
injection) in the blood. (B) Percentage of KSL derived from IRF-2-/- mice (injection of 
indicated cell numbers) in the blood. (C) Percentage of Lin-CD48- cells from bone marrow of 
wild-type and IRF-2-/- mice in the blood. (D) Percentage of donor-derived whole bone 
marrow cells in the blood. Cells were grown in one of three mice injected with 2x106 whole 
bone marrow cells derived from IRF-2-/- mice. Representative data are shown from three 
independent experiments. 
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An IRF-2-expressing retrovirus (Masumi et al. 2009) was transduced into the KSL fraction of 
IRF-2-deficient mouse bone marrow cells. When these IRF-2-expressing KSL cells were 
injected into lethally irradiated recipients, no sufficient rescue of engraftment was observed 
(data not shown). KSL cells from IRF-2-deficient mice may be distinct from those of wild-
type mice. IRF-2 expression does not contribute to rescue the HSC function in KSL cells from 
IRF-2-/- mice in vivo.  

IRF-2-/- mice were previously reported to be more sensitive to 5-fluorouracil (5-FU) than 
IRF-2+/- mice because of a progressive decrease in functional HSCs in IRF-2-/- mice (Sato et 
al., 2009). We treated both IRF-2-/- and wild-type mice weekly with 5-FU. Four of the IRF-2-
/- mice died after the initial injection, but one mouse lived after three injections. We 
conclude that quiescent HSCs are present in whole bone marrow from IRF-2-/- mice, 
although the IRF-2-/- mice are more sensitive than wild-type (Fig. 9). As seen in Fig. 8D and 
Fig. 9, HSC-like cells, which may be isolated using cell surface markers distinct from KSL 
cells, are thought to be present in IRF-2-/-mice bone marrow cells (Fig. 10). 

 
 
 
 
 

 
 
 
 
 
 

Fig. 9. Rate of survival (%) of wild-type and IRF-2-/- mice that were injected weekly with 
150 mg/kg body weight of 5-FU (Sigma Chemical Co.); n= 5 for each group.  
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Fig. 10.  HSC-like cells will be appeared in IRF-2-/- mice bone marrow cells (Refer to 
Fig.2C). IRF-2 may inhibit the down-regulation of CD150 gene expression by type I IFN. 

2.2 Progenitors in bone marrow cells from IRF-2-/- mice 

Next we analyzed the progenitor population in bone marrow cells from IRF-2-/- mice. 
Akashi et al proposed the model of major hematopoietic maturation pathways from HSCs 
(Akashi et al. 2000). According to his proposal, granulocyte/macrophage lineage progenitor 
(GMP), megakaryocyte/erythrocyte lineage progenitor (MEP), and common myeloid 
progenitor (CMP) and common lymphoid progenitor (CLP) were isolated from wild-type 
and IRF-2-deficient mice bone marrow. The frequencies of MEPs (Lin-ckitlosca-1-
FcRgloCD34-) and CMPs (Lin-ckitlosca-1-FcRgloCD34+) were slightly decreased in IRF-2-
deficient mice compared to wild-type mice. By contrast, GMPs (Lin-ckitlosca-1-
FcRghighCD34+)  were slightly increased in IRF-2-deficient mice (Fig. 11A). The frequency of 
the CLP compartment in IRF-2-/- mouse bone marrow cells was lower than that from wild-
type bone marrow (Fig. 11B).  
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Fig. 11. (A) Lineage relationships among the myeloid progenitor subsets. MEPs (Lin-
ckitlosca-1-FcRgloCD34-), CMPs (Lin-ckitlosca-1-FcRgloCD34+), and GMPs (Lin-ckitlosca-1-
FcRghighCD34+) are indicated. (B) Common lymphoid progenitors in bone marrow from 
IRF-2-/- mice.  

2.2.1 Mouse colony-forming cell (CFC) assays with bone marrow derived from IRF-2-/- 
mice 

The size of the GMP population from IRF-2-/- mice was higher than that from wild-type. 
We analyzed bone marrow and spleen cells from IRF-2-/- mice with CFU-GM assay. Colony 
numbers were higher in the bone marrow and spleen cells from IRF-2-/- mice, likely to the 
KSL population (Fig. 12 and Fig. 4). 
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Fig. 12. Clonogenic progenitor assay with bone marrow and spleen cells from wild-type and 
IRF-2-/- mice. Assays performed as described in methods for Fig. 4. BM: bone marrow; SP: 
spleen  

2.3 IRF-2 is required for bone marrow lymphopoiesis 

To confirm the direct effect of IRF-2 deficiency in KSL cells, complementary DNA 
microarray analysis was performed on sorted Lin-c-Kit+Sca-1+ cells from bone marrow of 
wild-type and IRF-2-/- mice. This analysis showed that the up-regulated genes included 
IFN-inducible genes, such as Ly6s and Ifits, and the pre-B lymphocyte gene family (data not 
shown). As shown in Fig.13, when bone marrow B cell progenitors are analyzed, severe 
reduction in the frequency of mature IgM+ B cells was detected in the IRF-2-/- mice; and an 
enhanced frequency of pre-pro-B cells was detected in young IRF-2-deficient mice. These 
defects were correlated with the KSL array data (not shown). These data indicate a 
requirement for IRF-2 in maintaining bone marrow B homeostasis and B cell differentiation. 
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A: pre pro-B, B: pro-B, C: pre-B, D: Mature B 

Fig. 13. Loss of IRF-2 in hematopoietic cells results in impaired B cell homeostasis. Top 
panel: FACS analysis of frequencies of B-cell subsets in bone marrow of IRF-2-/- and age-
matched littermate control mice, for expression of B220, IgM, CD43 and CD24. Bottom 
panel: Four to five (each) young (7W) and old (14W) mice were analyzed. The frequency of 
mature B220+IgM+B cells (D) was significantly reduced in both young and old IRF-2-/- 
mice. Young, but not old, IRF-2-/- mice exhibited significant reductions in pre-B fractions 
(C) and increases in pre pro-B fractions (A). 

Fluorescence-activated cell sorting (FACS) analysis of peripheral blood indicated that any 
significant differences in lineage between wild-type and IRF-2-/- mice were not observed 
(data not shown). However, an increase in Gr1+Mac1+ neutrophils and a decrease in B220+ 
cells were detected in the bone marrow and spleens IRF-2-/- mice (Fig.14). These lineage 
populations almost reflect to that of progenitors in IRF-2-/-mice (Fig.11).  
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Fig. 14. Lineage populations in IRF-2-/- mouse bone marrow and spleens. Mononuclear 
cells from mouse bone marrow (BM) or spleen cells were stained with each antibody 
conjugated to PE and analyzed by FACS. Percentage indicates relative counts per whole 
mononuclear cells in each surface marker analysis. 

2.4 Effect of type I IFN in IRF-2-/- mice 

To assess the role of IRF-2 in the regulation of type I IFN signaling, we analyzed gene 
expression in IRF-2-/- mice compared to IRF-2-/- IFNAR-/- dKO mice, which do not 
respond to type I IFN. Sca-1 gene expression was enhanced in the bone marrow of IRF-2-/- 
mice, but not in IRF-2-/-/IFNAR-/- dKO mice. However, reduced expression of IFN- in 
IRF-2-/- mice was not rescued in IRF-2-/-IFNAR-/- dKO mice. Sca-1 expression is regulated 
by IRF-2 and the type I IFN response. However, IFN- may be regulated by IRF-2, 
independent of the type I IFN response. Arakura et al. reported the up-regulation of IFN- 
resulting from aberrant IFN-/IFN- responses in abdominal skin from IRF-2-/- mice 
(Arakura et al., 2007). In the bone marrow and KSL cells of our IRF-2-/- mice, IFN- 
expression was extremely low and the defect in IFN-/IFN- signaling did not rescue the 
expression. IFN-/IFN- expression was not enhanced in bone marrow and KSL cells in 
IRF-2-/- mice in the absence of stimulation (Fig. 8).  

IFN- expression decreased in the bone marrow of both IRF-2-/- mice and IRF-2-/- IFNAR-
/-dKO mice (Fig. 8B and Fig. 15). IFN- reduction is independent of type I IFN signaling in 
bone marrow cells from IRF-2-/- mice. IRF-2 may regulate IFN- gene expression through 
its promoter or other factors. 

  

Fig. 15. Real-time PCR analysis for Sca-1, IFN- and GATA-3 gene expression in bone 
marrow cells from wild-type (WT), IRF-2-/- (KO)and IRF-2-/- IFNAR-/- dKO (DKO)mice. 
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A FACS analysis revealed the reduction of the CD150 surface marker in IRF-2-/- mice. 
Using real-time RT-PCR for expression of the CD150 gene in IRF-2-deficent mouse bone 
marrow, we demonstrated a profound decrease of CD150 gene expression (Fig. 16). 
However, the CD150 expression level in IRF-2-/- IFNAR-/- dKO bone marrow was 
comparable to wild-type mice. These results indicate that CD150 expression is regulated by 
the type I IFN response and is transcriptionally regulated in IRF-2-/-mice (Fig. 16). Sato et 
al. reported that the HSC population, including CD150-positive cells, was reduced through 
the induction of HSC proliferation by type I IFN signaling. However, we revealed another 
mechanism in which IRF-2 or type I IFN signaling directly mediated CD150 gene 
expression. In contrast, more depressed expression of Sca-1 was detected in IRF-2-/- 
IFNAR-dKO mice compared to that in wild type, supporting that Sca-1 expression was 
regulated by the type I IFN system (Fig. 16). 

 
Fig. 16. Real-time PCR analysis for CD150 in bone marrow cells from wild-type (WT), IRF-2-
/- (KO) and IRF-2-/- IFNAR-/- dKO (DKO) mice. 

2.5 IRF-2 interaction with transcription factors in KSL 

We investigated IRF-2-interacting transcription factors that are associated with 
hematopoiesis. TF(Transcriptional factor)-TF analysis indicates that IRF-2 associates 
GATA-1/2. However, we did not observe any difference of GATA-1 (data not shown) 
and GATA-2 (Fig.7A) expressions between wild-type and IRF-2-/- mice mice by KSL 
array data and real-time PCR analysis. We performed in vitro protein interaction 
analysis using 293T culture cells. IRF-2 interacted with GATA-2, but not GATA-1, when 
Flag-tagged IRF-2 and HA-tagged GATAs were transfected into 293T cells. To examine 
which region of IRF-2 interacts with GATA-2, IRF-2 DNA binding domain (DBD) and 
IRF-2 without DBD were incubated with several deletion constructs of GATA-2. The IRF-
2 DNA-binding domain associated with GATA-2, specifically the N-terminal 
transcription activation domain in 293T cells (Fig. 17). 
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Fig. 17. IRF-2 interacts with GATA-2, but not GATA-1. (A) Flag-tagged IRF-2, Flag-tagged- 
IRF-2 DNA binding domain (IRF-2DBD) or Flag-tagged IRF-2 without DBD (IRF-2DBD) 
and HA-tagged GATA-1 or HA-tagged GATA-2 were transfected to 293T cells. Cell lysate 
were incubated with M2-agarose,  and agarose  were washed and eluted with Flag peptide 
solution.  Eluted fraction were electrophoresed and Western blot analysis was performed. 
(B) Protein structure of mouse GATA-2 and its mutants (GATA-24, GATA-25, GATA-22 
and GATA-26) were shown (left) and numbers indicate exons of GATA-2.  Each exon 
deletion mutants tagged with HA was incubated with Flag-tagged IRF-2.  Exon2 
(transcriptional activation domain) in GATA-2 has high affinity for binding with IRF-2 
(right). – indicates non-specific bands. 
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We found that GATA-3 gene expression was decreased in IRF-2-deficient bone marrow and 
KSL cells by KSL array data and real-time PCR analysis (Fig. 15). GATA-3 gene expression 
was comparable to that in IRF-2-/- IFNAR-/- dKO mice, suggesting that the type I IFN 
response affects GATA-3 expression in IRF-2-/- mice. To examine GATA-3 interacts with 
IRF-2, Flag-tagged IRF-2 and myc-GATA-3 expression vectors were transfected to 293T cells. 
We show that GATA-3 interacted with IRF-2 in 293T cells (Fig. 18). 

 
Fig. 18. IRF-2 interacts with GATA-3. Flag-tagged IRF-2 and Myc-tagged GATA-3 were 
transfected to 293T cells. Western blot analysis was performed as described in Fig.17.  

In our investigation, GATA-2 and GATA-3 associated with IRF-2 in the in vitro cell culture 
system. GATA-2 is expressed abundantly in the mouse HSC population and is necessary for 
hematopoietic differentiation (Kitajima et al. 2006). GATA-1 is expressed in 
megakaryocyte/erythrocyte precursors (MEP) and their progenitors, and GATA-3 is 
expressed in common lymphoid precursors (CLPs) and T cells. There are very few reports 
regarding GATA-3 expression in HSCs, although we found that the GATA-3 expression 
level changed in IRF-2-deficient bone marrow and KSL in microarray and real time PCR 
analysis. Previous reports have shown that forced GATA-3 expression into mouse HSCs 
induces differentiation toward erythrocytes and megakaryocytes (Chen and Zhang 2001). 
As indicated by our investigation, GATA-3 may be important for the maintenance of HSC 
cooperation with IRF-2 or IFN signaling. These findings indicate that the interactions 
between IRF-2 and the GATAs are required to maintain HSC function in mouse bone 
marrow cells. Interactions between GATA-2 and GATA-3 with IRF-2 in HSCs should be 
clarified in future experiments.  

3. Conclusion 
IRF-2 exists high in the mouse bone marrow HSC population and helps maintain the 
protective immune response, which responds to viral or bacterial infection and 
inflammation, resulting in IFN producing system. HSCs are essential for the production of 
immune cells, such as myeloid or lymphoid cells. Recently, interferon treatment has been 
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IRF-2 exists high in the mouse bone marrow HSC population and helps maintain the 
protective immune response, which responds to viral or bacterial infection and 
inflammation, resulting in IFN producing system. HSCs are essential for the production of 
immune cells, such as myeloid or lymphoid cells. Recently, interferon treatment has been 
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reported to be a target for cancer stem cells. Under chronic interferon stimulation, such as in 
an IRF-2-deficient condition, not only HSCs, but also cancer stem cells can be activated. 
Blocking the IRF-2 function may induce to eliminate of cancer stem cell  through IFN 
signaling.  However, the possibility of the presence of HSC-like cells in IRF-2 deficient mice 
cell population necessitates further investigation because IRF-2 in part regulates HSC 
populations independent of the type I IFN system in an another possible mechanism. 
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1. Introduction 
Phosphorylation of tyrosine residues is an essential biochemical reaction in many higher 
eukaryotes. One of the most important and well-studied functions of tyrosine 
phosphorylation is to convey extracellular signals to the cytoplasm and ultimately to the 
nucleus in order to control various cell functions such as proliferation, differentiation, 
migration and survival. 

The first tyrosine kinase (TK) was discovered as the tumor-inducing activity from Rous 
sarcoma virus, which is now known as v-Src (Rous, 1911). Later studies revealed that the 
oncogenic properties of v-Src was due to the loss of the regulatory mechanisms to control its 
kinase activity (Martin, 2001). These findings clearly highlight the critical importance of 
precise regulation of TK activities in order to avoid detrimental consequences to the 
homeostasis of the organisms. 

Various mechanisms are employed to control TK activities. In the Src family non-receptor 
tyrosine kinase (non-RTK), phosphorylation status of the tyrosine residue in the C-terminal 
regulatory region alters intramolecular interactions and therefore serves as a way to 
modulate kinase activity. The kinases and the phosphatases involved in this regulatory 
mechanism are, in turn, themselves under additional layers of regulation, thus, creating an 
intricate network of signal mediators to fine-tune cellular responses (Sen & Johnson, 2011). 
Incidentally, activity of a typical receptor tyrosine kinase (RTK) is regulated by ligand 
binding; RTKs alter conformation upon ligand binding and dimerize, which leads to 
transphosphorylation of critical tyrosine residues in the activation loop of the neighboring 
kinase in the cytoplasmic domain (He & Hristova). This initiates a cascade of biochemical 
reactions that activates downstream signaling pathways. 

Subcellular localization of TKs is another important determinant of their activity (Murphy 
et al., 2009). There are now abundant evidence indicating that TKs can generate different 
signals dependent on their intracellular locations. Therefore, molecules that regulate 
protein trafficking and localization constitute a critical component of signal regulatory 
mechanism. 

Covalent attachment of small proteins such as ubiquitin and small ubiquitin-like modifier 
(SUMO) to target proteins serves as a signal for various biological processing, including 
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alteration of its localization and promotion of degradation (Schulman & Harper, 2009; van 
Wijk & Timmers, 2010). This reaction is mediated by a series of biochemical reactions 
involving the E1 or activating enzyme, the E2 or conjugating enzyme and the E3 ligase. 
Human genome encodes for two E1s, thirty E2 and over one thousand E3s for the ubiquitin 
system. This pathway architecture immediately implies that the substrate specificity of the 
ubiquitin system must be achieved largely at the level of E3s. 

The Casitas B-lineage lymphoma (Cbl) family proteins are RING finger (RF)-containing 
multi-domain adaptors that function as E3 ubiquitin ligase primarily towards activated 
TKs (Thien & Langdon, 2001; Duan et al., 2004; Schmidt & Dikic, 2005). Using genetically-
engineered mouse models, we and others showed that loss of Cbl, either singly or in 
combination with another family member Cbl-b, led to the enlargement of the 
hematopoietic stem cell (HSC) compartment (Naramura et al., 2011a). Additionally, 
mutations in the CBL gene have been identified in a small but significant number of 
hematological malignancies in human, and experimental evidence proved the 
oncogenicity of mutant CBL products (Naramura et al., 2011b). All together, these 
observations strongly support that the Cbl family proteins are critical regulators of 
hematopoietic homeostasis. 

Here, we review functions of the Cbl family proteins and some of the candidate Cbl targets 
in the HSC compartment and discuss potential mechanisms of their regulation. 

2. The Cbl family proteins 
The Cbl family proteins are evolutionarily conserved signal regulators present through C. 
elegans to human (Figure 1). In mammals, this family includes Cbl (also known as c-Cbl, 
encoded by the CBL gene in human), Cbl-b (CBLB gene in human) and Cbl-c (also know as 
Cbl-3 or Cbl-SL, CBLC gene in human). Cbl was originally identified as a cellular homolog 
of a viral oncogene v-Cbl which caused leukemia and lymphoma in mice (Langdon et al., 
1989). Cbl’s involvement in signal transduction was suggested because it became 
prominently tyrosine-phosphorylated upon stimulation through various cell surface 
receptors (Donovan et al., 1994; Galisteo et al., 1995). But it was not until genetic studies in 
C. elegans identified the sli-1 gene product as a Cbl homolog that Cbl was established as a 
negative regulator of RTK signaling. 

2.1 Structure and biochemical functions of the Cbl family proteins 

All Cbl family proteins share a high degree of homology in their N-terminal regions. These 
include the tyrosine kinase binding (TKB) domain, the RF domain and the short intervening 
linker region. X-ray crystallography studies revealed that the TKB domain comprised a four-
helix bundle (4H), a calcium-binding EF hand and a variant Src homology region 2 (SH2) 
domain (Meng et al., 1999). The TKB domain mediates specific binding to cognate 
phosphotyrosine-containing motifs in activated TKs and select non-TK signal mediators 
(Lupher et al., 1996). The RF domain and the linker region together bind to E2 ubiquitin-
conjugating enzymes and both of these motifs are essential for the E3 ubiquitin ligase 
activity of the Cbl family proteins (Joazeiro et al., 1999; Levkowitz et al., 1999; Yokouchi et 
al., 1999; Zheng et al., 2000). 
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Fig. 1. Structure of the Cbl family proteins. The original oncogenic form of Cbl (v-Cbl), the 
three mammalian Cbl family proteins (Cbl, Cbl-b and Cbl-c), the short and long forms of 
Drosophila Cbl (D-CblS and D-CblL) and the C. elegans homolog (SLI-1) are shown. TKB, 
tyrosine kinase binding; 4H, four-helix bundle; EF, EF hand; SH2, Src homology region 2; L, 
linker; RF, RING finger; Y, tyrosine; UBA, ubiquitin-associated. 

Band and colleagues originally described that the Cbl TKB domain specifically 
recognized the phosphotyrosine-containing motif D(N/D)XpY, which was later refined 
as (N/D)XpY(S/T)XXP, found in several TKs such as ZAP70, epidermal growth factor 
receptor (EGFR), and Src (Lupher et al., 1997). Additional binding motifs, 
RA(V/I)XNQpY(S/T) and DpYR, were proposed in the adaptor protein APS (Hu & 
Hubbard, 2005) and the RTK c-Met (also known as hepatocyte growth factor receptor; 
Peschard et al., 2004), respectively. A recent comprehensive structural study showed that 
phosphopeptides with diverse sequences bound TKB at the same site, albeit in two 
different orientations (Ng et al., 2008). These studies collectively revealed the unique 
binding strategy for the specialized and biologically vital function of the Cbl family 
proteins and provided means to identify potential Cbl targets based on the amino acid 
sequences. 

The C-terminal half of the Cbl family proteins are more divergent. A proline-rich region 
follows the RF domain in all mammalian Cbl family proteins, but this domain is more 
prominent in Cbl and Cbl-b than in Cbl-c. Biochemical studies have demonstrated that Cbl 
interacted with SH3-domain containing proteins such as Grb2 and Nck through the proline-
rich region (Rivero-Lezcano et al., 1994; Fukazawa et al., 1995). 
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alteration of its localization and promotion of degradation (Schulman & Harper, 2009; van 
Wijk & Timmers, 2010). This reaction is mediated by a series of biochemical reactions 
involving the E1 or activating enzyme, the E2 or conjugating enzyme and the E3 ligase. 
Human genome encodes for two E1s, thirty E2 and over one thousand E3s for the ubiquitin 
system. This pathway architecture immediately implies that the substrate specificity of the 
ubiquitin system must be achieved largely at the level of E3s. 

The Casitas B-lineage lymphoma (Cbl) family proteins are RING finger (RF)-containing 
multi-domain adaptors that function as E3 ubiquitin ligase primarily towards activated 
TKs (Thien & Langdon, 2001; Duan et al., 2004; Schmidt & Dikic, 2005). Using genetically-
engineered mouse models, we and others showed that loss of Cbl, either singly or in 
combination with another family member Cbl-b, led to the enlargement of the 
hematopoietic stem cell (HSC) compartment (Naramura et al., 2011a). Additionally, 
mutations in the CBL gene have been identified in a small but significant number of 
hematological malignancies in human, and experimental evidence proved the 
oncogenicity of mutant CBL products (Naramura et al., 2011b). All together, these 
observations strongly support that the Cbl family proteins are critical regulators of 
hematopoietic homeostasis. 

Here, we review functions of the Cbl family proteins and some of the candidate Cbl targets 
in the HSC compartment and discuss potential mechanisms of their regulation. 

2. The Cbl family proteins 
The Cbl family proteins are evolutionarily conserved signal regulators present through C. 
elegans to human (Figure 1). In mammals, this family includes Cbl (also known as c-Cbl, 
encoded by the CBL gene in human), Cbl-b (CBLB gene in human) and Cbl-c (also know as 
Cbl-3 or Cbl-SL, CBLC gene in human). Cbl was originally identified as a cellular homolog 
of a viral oncogene v-Cbl which caused leukemia and lymphoma in mice (Langdon et al., 
1989). Cbl’s involvement in signal transduction was suggested because it became 
prominently tyrosine-phosphorylated upon stimulation through various cell surface 
receptors (Donovan et al., 1994; Galisteo et al., 1995). But it was not until genetic studies in 
C. elegans identified the sli-1 gene product as a Cbl homolog that Cbl was established as a 
negative regulator of RTK signaling. 

2.1 Structure and biochemical functions of the Cbl family proteins 

All Cbl family proteins share a high degree of homology in their N-terminal regions. These 
include the tyrosine kinase binding (TKB) domain, the RF domain and the short intervening 
linker region. X-ray crystallography studies revealed that the TKB domain comprised a four-
helix bundle (4H), a calcium-binding EF hand and a variant Src homology region 2 (SH2) 
domain (Meng et al., 1999). The TKB domain mediates specific binding to cognate 
phosphotyrosine-containing motifs in activated TKs and select non-TK signal mediators 
(Lupher et al., 1996). The RF domain and the linker region together bind to E2 ubiquitin-
conjugating enzymes and both of these motifs are essential for the E3 ubiquitin ligase 
activity of the Cbl family proteins (Joazeiro et al., 1999; Levkowitz et al., 1999; Yokouchi et 
al., 1999; Zheng et al., 2000). 
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Fig. 1. Structure of the Cbl family proteins. The original oncogenic form of Cbl (v-Cbl), the 
three mammalian Cbl family proteins (Cbl, Cbl-b and Cbl-c), the short and long forms of 
Drosophila Cbl (D-CblS and D-CblL) and the C. elegans homolog (SLI-1) are shown. TKB, 
tyrosine kinase binding; 4H, four-helix bundle; EF, EF hand; SH2, Src homology region 2; L, 
linker; RF, RING finger; Y, tyrosine; UBA, ubiquitin-associated. 

Band and colleagues originally described that the Cbl TKB domain specifically 
recognized the phosphotyrosine-containing motif D(N/D)XpY, which was later refined 
as (N/D)XpY(S/T)XXP, found in several TKs such as ZAP70, epidermal growth factor 
receptor (EGFR), and Src (Lupher et al., 1997). Additional binding motifs, 
RA(V/I)XNQpY(S/T) and DpYR, were proposed in the adaptor protein APS (Hu & 
Hubbard, 2005) and the RTK c-Met (also known as hepatocyte growth factor receptor; 
Peschard et al., 2004), respectively. A recent comprehensive structural study showed that 
phosphopeptides with diverse sequences bound TKB at the same site, albeit in two 
different orientations (Ng et al., 2008). These studies collectively revealed the unique 
binding strategy for the specialized and biologically vital function of the Cbl family 
proteins and provided means to identify potential Cbl targets based on the amino acid 
sequences. 

The C-terminal half of the Cbl family proteins are more divergent. A proline-rich region 
follows the RF domain in all mammalian Cbl family proteins, but this domain is more 
prominent in Cbl and Cbl-b than in Cbl-c. Biochemical studies have demonstrated that Cbl 
interacted with SH3-domain containing proteins such as Grb2 and Nck through the proline-
rich region (Rivero-Lezcano et al., 1994; Fukazawa et al., 1995). 
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In addition to being a TK regulator, Cbl itself is subject to tyrosine phosphorylation. 
Phosphorylation at tyrosine residues 700, 731 and 774 have been extensively characterized; 
residues 700 and 774 provide docking sites for the SH2 domain-containing adaptor protein 
CrkL (Andoniou et al., 1996). Tyrosine 700 also mediates an interaction with the guanine 
nucleotide exchange factor Vav (Marengère et al., 1997). Tyrosine 731 provides a docking 
site of the p85 regulatory subunit of phosphatidylinositol 3-kinase (PI3K) (Hunter et al., 
1999). Based on sequence homology and experimental data, tyrosine residues in the C-
terminal domain of Cbl-b are thought to share many of the same functions as those in Cbl. 
Cbl-c does not possess comparable tyrosines. 

The C-termini of Cbl and Cbl-b, but not Cbl-c, contain a conserved domain known as a 
ubiquitin-associated (UBA) domain, which is present in a variety of proteins involved in 
ubiquitin-mediated processes. Structural studies indicate that this domain is capable of 
binding ubiquitin and involved in dimerization (Kozlov et al., 2007; Peschard et al., 2007). 

2.2 Insights from genetic models 

The first critical clue into Cbl’s functions came from genetic studies in C. elegans (Yoon et al., 
1995). The vulval development in C. elegans is regulated by signals through the EGFR 
pathway. A reduction-of-function mutation in let-23 (encodes the EGFR homolog) leads to 
death of most worms, and the vulval development is incomplete in surviving worms. 
However, when loss-of-function mutations in sli-1 were introduced to this genetic 
background, worms survived and vulval development was restored. The sequence analysis 
of the sli-1 gene revealed that it encoded a protein with a high similarity to Cbl, thus 
establishing Cbl as a negative regulator of the EGFR pathway. 

Genetic studies in gene targeted mouse models provided further insights into the 
physiological roles of the Cbl family proteins in mammals. Cbl-deficient mice are viable, but 
they show recognizable changes in the hematopoietic, lymphoid, metabolic and 
reproductive systems. In contrast, effects of Cbl-b loss is mostly limited to the peripheral 
immune functions. Cbl-c expression appears to be restricted to the epithelial tissues, but no 
significant phenotypes were reported in mice deficient in Cbl-c (Table 1). 

While mice deficient in either one of the Cbl family members are viable, simultaneous loss of 
Cbl and Cbl-b is not compatible with the survival of the organism and double-deficient mice 
do not survive beyond embryonic day 10 (Naramura et al., 2002). This indicates that Cbl and 
Cbl-b play redundant and overlapping functions in critical organ systems during fetal 
development. Using the Cre-loxP-mediated conditional gene deletion approach, effects of 
Cbl, Cbl-b loss have been analyzed in the T, B and HSC compartments (Naramura et al., 
2002; Huang et al., 2006; Kitaura et al., 2007; Naramura et al., 2010). These studies 
demonstrated that, in the adaptive immune system, the Cbl family proteins are required to 
establish appropriate threshold for selection of T and B cells, and disruption of this process 
leads to autoimmune-like phenotypes in mice. 

In the hematopoietic compartment, Cbl-deficiency leads to moderate splenomegaly and 
enhanced extramedullary hematopoiesis (Murphy et al., 1998). In the bone marrow, the 
lineage-negative, Sca-1-positive, c-Kit-positive (LSK) compartment, which is highly enriched 
for HSCs, is enlarged and Cbl-deficient HSCs showed enhanced capacity to reconstitute 
myeloabrated recipient’s hematopoietic system (Rathinam et al., 2008). However, mice were 
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outwardly normal and had a normal lifespan. When both Cbl and Cbl-b are deleted in the 
HSC, however, mice succumbed to aggressive myeloproliferative disease-like leukemia 
within two to three months after birth (Naramura et al., 2010). 
 

Gene Phenotype Reference 

Cbl 

Altered T cell antigen receptor expression 
Increased tyrosine phosphorylation 
Enhanced thymic selection 
Splenomegaly and extramedullary hematopoiesis 
Decreased fertility 
Altered metabolism 

(Murphy et al., 1998; 
Naramura et al., 1998; 
Thien et al., 1999; Molero et 
al., 2004; El Chami et al., 
2005; Rathinam et al., 2008) 

Cblb 

Co-stiumlation-independent activation of 
peripheral T cells 
Predisposition to autoimmune diseases and 
inflammatory injury 
Resistance to spontaneous and transplanted tumors 

(Bachmaier et al., 2000; 
Chiang et al., 2000; 
Krawczyk et al., 2000; 
Chiang et al., 2007; Loeser 
et al., 2007; Bachmaier et 
al., 2007) 

Cblc No apparent phenotypes (Griffiths et al., 2003) 

Table 1. Phenotypes of mice deficient in the Cbl family members 

2.3 Cbl and hematological malignancies 

Because of the involvement of various RTKs in cancer, it has long been speculated that the 
Cbl family proteins may play critical roles in the initiation and/or progression of cancer. 
Oncogenic mutations in RTKs that abrogate interaction with Cbl have been reported 
(Peschard & Park, 2003), but the direct evidence supporting Cbl’s roles in cancer was not 
established until 2007. 

The vast majority of CBL mutations reported so far are associated with myeloid disorders. 
Although the first human CBL mutations were described in acute myeloid leukemia (AML) 
samples (Sargin et al., 2007; Caligiuri et al., 2007; Abbas et al., 2008), later studies 
documented a significant number of cases in myelodysplastic syndromes-myeloproliferative 
neoplasms (MDS/MPN), a heterogeneous group of myeloid disorders including the chronic 
myelomonocytic leukemia (CMML), atypical chronic myeloid leukemia (aCML) and 
juvenile myelomonocytic leukemia (JMML) (Dunbar et al., 2008; Reindl et al., 2009; Grand et 
al., 2009; Loh et al., 2009; Sanada et al., 2009; Makishima et al., 2009; Muramatsu et al., 2010; 
Fernandes et al., 2010; Niemeyer et al., 2010). The association of CBL mutations with JMML 
is particularly thought-provoking because the pathogenesis of this rare pediatric 
hematological malignancy is closely associated with the activation of the Ras-MAPK 
signaling pathway (Loh, 2011). Among JMML patients, the activating mutations of PTPN11, 
NRAS and KRAS, and the loss of NF1, a gene encoding for a Ras GTPase-activator account 
for approximately 75 % of the total cases. Roughly half of the remainder of the cases are now 
attributed to CBL mutations. While in vitro experimental data indicate that the loss of the Cbl 
family proteins lead to prolonged Erk activation, it was never formally demonstrated 
whether Cbl can regulate Ras activity directly. 
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In addition to being a TK regulator, Cbl itself is subject to tyrosine phosphorylation. 
Phosphorylation at tyrosine residues 700, 731 and 774 have been extensively characterized; 
residues 700 and 774 provide docking sites for the SH2 domain-containing adaptor protein 
CrkL (Andoniou et al., 1996). Tyrosine 700 also mediates an interaction with the guanine 
nucleotide exchange factor Vav (Marengère et al., 1997). Tyrosine 731 provides a docking 
site of the p85 regulatory subunit of phosphatidylinositol 3-kinase (PI3K) (Hunter et al., 
1999). Based on sequence homology and experimental data, tyrosine residues in the C-
terminal domain of Cbl-b are thought to share many of the same functions as those in Cbl. 
Cbl-c does not possess comparable tyrosines. 

The C-termini of Cbl and Cbl-b, but not Cbl-c, contain a conserved domain known as a 
ubiquitin-associated (UBA) domain, which is present in a variety of proteins involved in 
ubiquitin-mediated processes. Structural studies indicate that this domain is capable of 
binding ubiquitin and involved in dimerization (Kozlov et al., 2007; Peschard et al., 2007). 
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The first critical clue into Cbl’s functions came from genetic studies in C. elegans (Yoon et al., 
1995). The vulval development in C. elegans is regulated by signals through the EGFR 
pathway. A reduction-of-function mutation in let-23 (encodes the EGFR homolog) leads to 
death of most worms, and the vulval development is incomplete in surviving worms. 
However, when loss-of-function mutations in sli-1 were introduced to this genetic 
background, worms survived and vulval development was restored. The sequence analysis 
of the sli-1 gene revealed that it encoded a protein with a high similarity to Cbl, thus 
establishing Cbl as a negative regulator of the EGFR pathway. 

Genetic studies in gene targeted mouse models provided further insights into the 
physiological roles of the Cbl family proteins in mammals. Cbl-deficient mice are viable, but 
they show recognizable changes in the hematopoietic, lymphoid, metabolic and 
reproductive systems. In contrast, effects of Cbl-b loss is mostly limited to the peripheral 
immune functions. Cbl-c expression appears to be restricted to the epithelial tissues, but no 
significant phenotypes were reported in mice deficient in Cbl-c (Table 1). 

While mice deficient in either one of the Cbl family members are viable, simultaneous loss of 
Cbl and Cbl-b is not compatible with the survival of the organism and double-deficient mice 
do not survive beyond embryonic day 10 (Naramura et al., 2002). This indicates that Cbl and 
Cbl-b play redundant and overlapping functions in critical organ systems during fetal 
development. Using the Cre-loxP-mediated conditional gene deletion approach, effects of 
Cbl, Cbl-b loss have been analyzed in the T, B and HSC compartments (Naramura et al., 
2002; Huang et al., 2006; Kitaura et al., 2007; Naramura et al., 2010). These studies 
demonstrated that, in the adaptive immune system, the Cbl family proteins are required to 
establish appropriate threshold for selection of T and B cells, and disruption of this process 
leads to autoimmune-like phenotypes in mice. 

In the hematopoietic compartment, Cbl-deficiency leads to moderate splenomegaly and 
enhanced extramedullary hematopoiesis (Murphy et al., 1998). In the bone marrow, the 
lineage-negative, Sca-1-positive, c-Kit-positive (LSK) compartment, which is highly enriched 
for HSCs, is enlarged and Cbl-deficient HSCs showed enhanced capacity to reconstitute 
myeloabrated recipient’s hematopoietic system (Rathinam et al., 2008). However, mice were 
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outwardly normal and had a normal lifespan. When both Cbl and Cbl-b are deleted in the 
HSC, however, mice succumbed to aggressive myeloproliferative disease-like leukemia 
within two to three months after birth (Naramura et al., 2010). 
 

Gene Phenotype Reference 

Cbl 

Altered T cell antigen receptor expression 
Increased tyrosine phosphorylation 
Enhanced thymic selection 
Splenomegaly and extramedullary hematopoiesis 
Decreased fertility 
Altered metabolism 

(Murphy et al., 1998; 
Naramura et al., 1998; 
Thien et al., 1999; Molero et 
al., 2004; El Chami et al., 
2005; Rathinam et al., 2008) 

Cblb 

Co-stiumlation-independent activation of 
peripheral T cells 
Predisposition to autoimmune diseases and 
inflammatory injury 
Resistance to spontaneous and transplanted tumors 

(Bachmaier et al., 2000; 
Chiang et al., 2000; 
Krawczyk et al., 2000; 
Chiang et al., 2007; Loeser 
et al., 2007; Bachmaier et 
al., 2007) 

Cblc No apparent phenotypes (Griffiths et al., 2003) 

Table 1. Phenotypes of mice deficient in the Cbl family members 

2.3 Cbl and hematological malignancies 

Because of the involvement of various RTKs in cancer, it has long been speculated that the 
Cbl family proteins may play critical roles in the initiation and/or progression of cancer. 
Oncogenic mutations in RTKs that abrogate interaction with Cbl have been reported 
(Peschard & Park, 2003), but the direct evidence supporting Cbl’s roles in cancer was not 
established until 2007. 

The vast majority of CBL mutations reported so far are associated with myeloid disorders. 
Although the first human CBL mutations were described in acute myeloid leukemia (AML) 
samples (Sargin et al., 2007; Caligiuri et al., 2007; Abbas et al., 2008), later studies 
documented a significant number of cases in myelodysplastic syndromes-myeloproliferative 
neoplasms (MDS/MPN), a heterogeneous group of myeloid disorders including the chronic 
myelomonocytic leukemia (CMML), atypical chronic myeloid leukemia (aCML) and 
juvenile myelomonocytic leukemia (JMML) (Dunbar et al., 2008; Reindl et al., 2009; Grand et 
al., 2009; Loh et al., 2009; Sanada et al., 2009; Makishima et al., 2009; Muramatsu et al., 2010; 
Fernandes et al., 2010; Niemeyer et al., 2010). The association of CBL mutations with JMML 
is particularly thought-provoking because the pathogenesis of this rare pediatric 
hematological malignancy is closely associated with the activation of the Ras-MAPK 
signaling pathway (Loh, 2011). Among JMML patients, the activating mutations of PTPN11, 
NRAS and KRAS, and the loss of NF1, a gene encoding for a Ras GTPase-activator account 
for approximately 75 % of the total cases. Roughly half of the remainder of the cases are now 
attributed to CBL mutations. While in vitro experimental data indicate that the loss of the Cbl 
family proteins lead to prolonged Erk activation, it was never formally demonstrated 
whether Cbl can regulate Ras activity directly. 
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It is of note that most CBL mutations are either point mutation or internal deletion 
involving the linker and/or the RF regions rather than complete deletion at the CBL locus. 
As expected from domain-function analysis results, these mutant Cbl proteins lack E3 
ubiquitin ligase activity. Interestingly, in patient samples with CBL mutations, the wild-
type allele is often lost and replaced with the mutant allele by acquired uniparental 
isodisomy (aUPD). The CBLB, CBLC alleles are usually unaffected in these patients 
although mutations in these genes have been reported (Makishima et al., 2009; Makishima 
et al., 2011). All together, these clinical observations suggest that the presence of one wild-
type copy of CBL is generally sufficient to maintain the functions of Cbl in the presence of 
normal Cbl-b and Cbl-c. These findings are consistent with the data in mice expressing a 
RF-mutant Cbl from the endogenous promoter on a Cblb, Cblc wild-type background 
(Thien et al., 2005; Rathinam et al., 2010); homozygous mutant mice are perinatally lethal, 
but hemizygous mutants over the wild-type Cbl allele develop normally. However, when 
the hemizygous mutant is expressed over the Cbl-null background, mice develop 
myeloproliferative disease-like leukemia within a year. This is a striking contrast when 
compared to the rapid progression and fatality of the HSC-specific Cbl, Cbl-b double-
deficient mice (Naramura et al., 2010). These differences may reflect that the RF mutant 
and patient-derived oncogenic mutant Cbl proteins function as gain-of-function mutants 
rather than as dominant-negative inhibitors of Cbl-b (Cbl-c expression is minimal in the 
hematopoietic system). While these mutants lack E3 ubiquitin ligase activity and thus 
defective in promoting target degradation, they possess intact TKB and C-terminal 
protein-protein interaction motifs, which may enable them to form aberrant but stable 
multi-protein super-signaling complexes and activate unconventional signaling pathways. 

2.4 Potential Cbl targets in the hematopoietic system 

What, then, are the target of Cbl-dependent regulation in the HSC compartment? Because 
Cbl becomes phosphorylated upon stimulation with various cell surface receptors, it is 
conceivable that Cbl is involved in the regulation of signal transduction downstream of 
such pathways (Table 2). Among this diverse group of cell surface receptors, Kit and Flt3 
are of particular interest because both of them are RTKs expressed in HSC and known to 
perform critical functions in the HSC compartment (Masson & Rönnstrand, 2009). Colony 
stimulating factor 1 receptor (CSF1R) is known to interact with Cbl (Lee et al., 1999), but it 
is expressed primarily in more differentiated myeloid/phagocytic cells than in HSCs. 
Endothelial-specific receptor tyrosine kinase (Tek, also known as Tie2) is another RTK 
expressed in the HSC compartment (Arai et al., 2004) and therefore may interact with Cbl. 
Thrombopoietin (TPO) is indispensable for the maintenance of HSC quiescence 
(Yoshihara et al., 2007; Qian et al., 2007). Although its receptor (TPO-R, also known as 
Mpl or c-Mpl) is not an RTK, stimulation with TPO induce phosphorylation of Cbl (Sasaki 
et al., 1995), Mpl have been shown to be ubiquitinylated (Saur et al., 2010) and Cbl loss 
alters the signal transduction downstream of TPO (Rathinam et al., 2008; Naramura et al., 
2010). Therefore, Mpl may interact with Cbl indirectly. Other potential (direct as well as 
indirect) Cbl targets in the HSC compartment include the chemokine and integrin 
pathways. 

In following sections, I will discuss how these pathways may be regulated by the Cbl family 
proteins in the HSCs. 
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Antigen and other immunological receptors 
 T cell antigen receptor complex (Donovan et al., 1994; Meisner et al., 1995; 

Fukazawa et al., 1995) 
 B cell antigen receptor complex (Cory et al., 1995; Tezuka et al., 1996; 

Panchamoorthy et al., 1996) 
 Fc receptor (Marcilla et al., 1995) 
 Fc receptor (Matsuo et al., 1996; Suzuki et al., 1997) 

 
RTKs 

 Epidermal growth factor receptor (Galisteo et al., 1995) 
 Insulin receptor (Ribon & Saltiel, 1997) 
 Platelet-derived growth factor receptor (Bonita et al., 1997) 
 Kit (Wisniewski et al., 1996; Brizzi et al., 1996) 
 Flt3 (Lavagna-Sévenier et al., 1998) 
 Fibroblast growth factor receptor (Wong et al., 2002) 
 Colony stimulating factor 1 receptor (Wang et al., 1996) 
 Met (Fixman et al., 1997; Garcia-Guzman et al., 2000) 
 TrkB (McCarty & Feinstein, 1999) 
 Tie2 (Wehrle et al., 2009) 

 
Cytokine receptors 

 Interleukin 2 receptor (Gesbert et al., 1998) 
 Interleukin 3 receptor (Barber et al., 1997) 
 Interleukin 4 receptor (Ueno et al., 1998) 
 Erythropoietin receptor (Odai et al., 1995; Barber et al., 1997) 
 Mpl (Sasaki et al., 1995; Brizzi et al., 1996) 
 GM-CSF receptor (Odai et al., 1995) 
 Prolactin receptor (Hunter et al., 1997) 

 
Chemokine receptors (Chernock et al., 2001) 
 
Integrins (Ojaniemi et al., 1997; Manié et al., 1997; Meng & Lowell, 1998) 

Table 2. Partial list of potential upstream receptors for Cbl 

3. Kit 
The mouse dominant spotting mutation at the W locus was first described in the early 1900s 
(Durham, 1908). Mutations at this locus were studied extensively not only because they 
produced visible coat color changes, but also because mutant mice showed defects in 
hematopoiesis, mast cell development and gametogenesis (Russell, 1979). However, it was 
not until 1988 that the gene product at the W locus was found to encode for the cellular 
homolog of the kit oncogene which had been molecularly identified a few years earlier 
(Besmer et al., 1986; Chabot et al., 1988; Geissler et al., 1988). 

Kit is a type III RTK that shares structural similarities with platelet-derived growth factor 
receptors (PDGFRs)  and , Flt3 (also known as Flk-2, discussed below) and CSF1R. They 
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It is of note that most CBL mutations are either point mutation or internal deletion 
involving the linker and/or the RF regions rather than complete deletion at the CBL locus. 
As expected from domain-function analysis results, these mutant Cbl proteins lack E3 
ubiquitin ligase activity. Interestingly, in patient samples with CBL mutations, the wild-
type allele is often lost and replaced with the mutant allele by acquired uniparental 
isodisomy (aUPD). The CBLB, CBLC alleles are usually unaffected in these patients 
although mutations in these genes have been reported (Makishima et al., 2009; Makishima 
et al., 2011). All together, these clinical observations suggest that the presence of one wild-
type copy of CBL is generally sufficient to maintain the functions of Cbl in the presence of 
normal Cbl-b and Cbl-c. These findings are consistent with the data in mice expressing a 
RF-mutant Cbl from the endogenous promoter on a Cblb, Cblc wild-type background 
(Thien et al., 2005; Rathinam et al., 2010); homozygous mutant mice are perinatally lethal, 
but hemizygous mutants over the wild-type Cbl allele develop normally. However, when 
the hemizygous mutant is expressed over the Cbl-null background, mice develop 
myeloproliferative disease-like leukemia within a year. This is a striking contrast when 
compared to the rapid progression and fatality of the HSC-specific Cbl, Cbl-b double-
deficient mice (Naramura et al., 2010). These differences may reflect that the RF mutant 
and patient-derived oncogenic mutant Cbl proteins function as gain-of-function mutants 
rather than as dominant-negative inhibitors of Cbl-b (Cbl-c expression is minimal in the 
hematopoietic system). While these mutants lack E3 ubiquitin ligase activity and thus 
defective in promoting target degradation, they possess intact TKB and C-terminal 
protein-protein interaction motifs, which may enable them to form aberrant but stable 
multi-protein super-signaling complexes and activate unconventional signaling pathways. 

2.4 Potential Cbl targets in the hematopoietic system 

What, then, are the target of Cbl-dependent regulation in the HSC compartment? Because 
Cbl becomes phosphorylated upon stimulation with various cell surface receptors, it is 
conceivable that Cbl is involved in the regulation of signal transduction downstream of 
such pathways (Table 2). Among this diverse group of cell surface receptors, Kit and Flt3 
are of particular interest because both of them are RTKs expressed in HSC and known to 
perform critical functions in the HSC compartment (Masson & Rönnstrand, 2009). Colony 
stimulating factor 1 receptor (CSF1R) is known to interact with Cbl (Lee et al., 1999), but it 
is expressed primarily in more differentiated myeloid/phagocytic cells than in HSCs. 
Endothelial-specific receptor tyrosine kinase (Tek, also known as Tie2) is another RTK 
expressed in the HSC compartment (Arai et al., 2004) and therefore may interact with Cbl. 
Thrombopoietin (TPO) is indispensable for the maintenance of HSC quiescence 
(Yoshihara et al., 2007; Qian et al., 2007). Although its receptor (TPO-R, also known as 
Mpl or c-Mpl) is not an RTK, stimulation with TPO induce phosphorylation of Cbl (Sasaki 
et al., 1995), Mpl have been shown to be ubiquitinylated (Saur et al., 2010) and Cbl loss 
alters the signal transduction downstream of TPO (Rathinam et al., 2008; Naramura et al., 
2010). Therefore, Mpl may interact with Cbl indirectly. Other potential (direct as well as 
indirect) Cbl targets in the HSC compartment include the chemokine and integrin 
pathways. 

In following sections, I will discuss how these pathways may be regulated by the Cbl family 
proteins in the HSCs. 
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Antigen and other immunological receptors 
 T cell antigen receptor complex (Donovan et al., 1994; Meisner et al., 1995; 

Fukazawa et al., 1995) 
 B cell antigen receptor complex (Cory et al., 1995; Tezuka et al., 1996; 

Panchamoorthy et al., 1996) 
 Fc receptor (Marcilla et al., 1995) 
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RTKs 

 Epidermal growth factor receptor (Galisteo et al., 1995) 
 Insulin receptor (Ribon & Saltiel, 1997) 
 Platelet-derived growth factor receptor (Bonita et al., 1997) 
 Kit (Wisniewski et al., 1996; Brizzi et al., 1996) 
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 Fibroblast growth factor receptor (Wong et al., 2002) 
 Colony stimulating factor 1 receptor (Wang et al., 1996) 
 Met (Fixman et al., 1997; Garcia-Guzman et al., 2000) 
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 Tie2 (Wehrle et al., 2009) 
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 Interleukin 2 receptor (Gesbert et al., 1998) 
 Interleukin 3 receptor (Barber et al., 1997) 
 Interleukin 4 receptor (Ueno et al., 1998) 
 Erythropoietin receptor (Odai et al., 1995; Barber et al., 1997) 
 Mpl (Sasaki et al., 1995; Brizzi et al., 1996) 
 GM-CSF receptor (Odai et al., 1995) 
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Table 2. Partial list of potential upstream receptors for Cbl 
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not until 1988 that the gene product at the W locus was found to encode for the cellular 
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are characterized by an extracellular domain with five immunoglobulin-like domains, a 
single transmembrane domain and an intracellular tyrosine kinase domain that is split into 
two by an intervening sequence. 

HSCs are functionally defined as rare cells with the capacity to self-renew and give rise to 
all cell types of the hematopoietic lineage, including erythrocytes, granulocytes, 
monocytes, megakaryocytes and lymphocytes. No single marker specific for HSCs is 
known today. However, it is widely accepted that, in mice, most HSCs reside in a 
population of cells that express Kit and another cell surface protein Sca-1 and lack the 
expression of committed lineage markers (Ikuta & Weissman, 1992). Thus, Kit expression 
is intimately tied to HSCs. 

The ligand for Kit is called stem cell factor (SCF) and encoded by the Steel (Sl) locus. The 
phenotypes of the Sl mutant mice are in most cases similar to those of W mutant mice, 
affecting hematopoiesis, mast cell development, fertility and coat colors (Galli et al., 1993). 
Collectively, these observations firmly established the essential roles of the SCF-Kit axis in 
these biological processes. 

In the mouse embryo, hematopoietic cells are found in the blood islands in the yolk sac 
starting around embryonic day 7. Subsequently, at day 10-11 of gestation, HSCs migrate to 
the fetal liver and then to the spleen and the bone marrow, the primary hematopoietic 
organs in adult. The hematopoietic defect in W mice is detected throughout the course of 
development. Syngeneic transplantation experiments demonstrated that the defect exerted 
by W mutations was intrinsic to hematopoietic cells. The hematopoietic microenvironment 
in these animals are not affected and able to support hematopoiesis of normal donor-
derived cells (Russell, 1979). 

Kit activity is regulated at various levels. Ligand-receptor engagement of Kit initiates 
receptor dimerization and subsequent activation of its TK activity. Extensive biochemical 
studies have mapped intracellular phosphorylated tyrosine residues and their interacting 
proteins. These include Src family TKs, phosphatases such as SHP1 and SHP2, 
phospholipase C, p85 subunit of phosphoinositide-3 kinase, (p85(PI3K)) and adaptor 
proteins such as Grb2 and APS (Lennartsson et al., 2005). 

Cbl becomes phosphorylated when Kit-expressing cells are stimulated with SCF 
(Wisniewski et al., 1996). Earlier studies suggested that Cbl interacted with Kit indirectly 
through Grb2 (Brizzi et al., 1996), CrkL and p85(PI3K) (Sattler et al., 1997), and APS 
(Wollberg et al., 2003). More recent data suggest that Cbl binds to Kit directly at tyrosine 
568, which is located in the juxtamembrane domain, and tyrosine 936, which is located in the 
carboxyterminal tail, ubiquitinylate Kit and target them for degradation (Masson et al., 
2006). Both Cbl and Cbl-b function similarly towards Kit (Zeng et al., 2005). Hematopoietic 
cells deficient in Cbl functions are hypersensitive to stimulations through Kit (Naramura et 
al., 2010; Rathinam et al., 2010). These data all together strongly support that Kit may be one 
of the physiological targets of Cbl proteins in the HSC compartment. 

Structurally, sequences surrounding tyrosine 568 partially conform to the canonical 
Cbl(TKB) recognition sequence while those around tyrosine 936 do not. Further analyses 
into the mechanisms of binding between Cbl and Kit may reveal novel molecular 
interactions that remained unknown so far. 
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4. Flt3 
Flt3, another member of the type III RTKs, was originally identified by two separate groups 
through homology screening for TKs (Matthews et al., 1991; Rosnet et al., 1991). Its 
expression is detected in placenta, gonads, brain and hematopoietic cells, but its role outside 
of the hematopoietic system is not clear at present. Ligand for Flt3 (Flt3 ligand; FL) was 
identified a few years later and its transcript is expressed in wide range of both fetal and 
adult tissues (Lyman et al., 1993; Hannum et al., 1994). 

Roles of Flt3 in HSCs appear to vary among species and also dependent upon 
developmental stages. The most primitive self-renewing HSCs with long-term 
reconstituting potential (LT-HSCs) are not found within Flt3+ LSK cells in adult mouse bone 
marrow while the same biological activity was detected in both Flt3+ and Flt3- populations 
in fetal liver (Adolfsson et al., 2001; Christensen & Weissman, 2001). Notably, human HSCs 
with multi-lineage reconstituting activity are Flt3+ (Sitnicka et al., 2003). Flt3 deficient mice 
are viable and fertile, but show defects in B lymphocyte progenitors and dendritic cell 
generation (Mackarehtschian et al., 1995). The role of the FL-Flt3 axis in HSC maintenance 
and expansion remains controversial. Mackarehtschian et al. originally reported that Flt3-
deficient bone marrow cells showed defects in lymphoid and myeloid reconstitution upon 
transplanting into myeloablated hosts (Mackarehtschian et al., 1995), while a more recent 
report by Buza-Vidas et al. concluded that Flt3 and FL were dispensable for maintenance 
and posttransplantation expansion of mouse HSCs (Buza-Vidas et al., 2009). Partly based on 
the phenotypes of Flt3 and FL deficient mice, models were proposed that Flt3 might 
function in the lineage restriction process from HSCs to lymphoid progenitors (Luc et al., 
2007). However, in human, activating mutations in the FLT3 gene, either in the form of 
internal tandem duplication (ITD) mutation in the juxtamembrane domain or point 
mutations in the kinase domain, are more frequently associated with myeloid malignancies 
rather than with lymphoid malignancies (Stirewalt & Radich, 2003). Clearly, the roles of Flt3 
in the normal and pathological hematopoiesis need to be further delineated. 

Cbl becomes tyrosine phosphorylated upon Flt3 engagement (Lavagna-Sévenier et al., 1998). 
It has been shown to physically interact with Flt3, and overexpression of an E3 ligase-
defective mutant Cbl inhibited FL-induced Flt3 ubiquitylation and internalization, 
indicating involvement of Cbl in Flt3 signaling regulation (Sargin et al., 2007). Mice 
expressing a RF mutant Cbl from its endogenous locus are hypersensitive to FL stimulation 
(Rathinam et al., 2010), and we confirmed a similar phenotype in mouse bone marrow cells 
deficient in both Cbl and Cbl-b (Naramura, manuscript in preparation). Furthermore, 
deletion of FL blocks leukemia development in Cbl RING finger mutant mice (Rathinam et 
al., 2010). 

Nevertheless, the mode of interaction between Cbl and Flt3 has not been clarified. Direct 
binding between Cbl and Flt3 has not been demonstrated. The sequences surrounding 
tyrosine 589 partially conform to the canonical Cbl(TKB) recognition sequence, and this 
region shares a very high homology to the sequences surrounding tyrosine 568 (a candidate 
Cbl binding site) in Kit. Notably, this is also the region frequently affected by ITD 
mutations. Alternatively, or in addition to the direct binding, because Flt3 is known to 
interact with Grb2 (Dosil et al., 1993; Zhang et al., 1999), a Cbl-binding adaptor protein, Cbl-
Flt3 interaction may be mediated through this adaptor protein. 
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5. Other potential targets 
As is clear from the list of potential Cbl upstream receptors, Kit and Flt3 may not be the only 
targets of Cbl-dependent regulation in HSCs. Although pathways other than Kit or Flt3 have 
not been as carefully examined in relation to Cbl, existing evidences suggest that following 
pathways may be regulated by the Cbl family proteins either directly or indirectly. 

5.1 Tek 

Tie2, encoded by the TEK gene, is an RTK expressed predominantly on endothelial cells, but 
they also provide crucial functions in the maintenance of quiescence and self-renewal 
capacity of the HSCs (Arai et al., 2004). The interaction between Tie2 and angiopoietin-1 
(Ang-1), its ligand, has been shown to promote ubiquinylation of Tie2 by Cbl and receptor 
internalization (Wehrle et al., 2009). Structurally, the cytoplasmic domain of Tie2 does not 
contain any tyrosine residues that match the canonical Cbl(TKB) recognition sequence. 
However, activated Tie2 is known to bind Grb2 (Huang et al., 1995), thus may interact with 
Cbl indirectly through this adaptor. 

5.2 Cytokine receptors 

Cytokines such as hematopoietic growth factors and interleukins play essential roles in 
hematopoiesis. Cbl becomes tyrosine phosphorylated upon stimulation through various 
cytokine receptors (Table 2), and hematopoietic cells deficient in Cbl activity show enhanced 
sensitivity to cytokines (Rathinam et al., 2008; Sanada et al., 2009; Naramura et al., 2010). 
Receptors for these factors do not possess cytoplasmic tyrosine kinases but they activate the 
Janus kinase/Signal Transducers and Activators of Transcription (JAK/STAT) pathway 
(Yoshimura, 2009). Ligand binding induces receptor oligomerization, which activate 
associated JAK kinases and they, in turn, phosphorylate the receptor cytoplasmic domains 
and create binding sites for SH2-containing proteins. 

There is no solid experimental evidence supporting the direct interaction between the 
JAK/STAT pathway and Cbl. Activation of the JAK/STAT pathway induces the expression 
of Suppressor of Cytokine Signaling (SOCS) family proteins, which function as E3 ubiquitin 
ligases for this pathway. 

In addition to the JAK/STAT pathway, ligand binding to cytokine receptors activate the 
Ras-MAPK pathway through adaptor proteins such as APS and Grb2. Activation of this 
pathway is required for cell proliferation. As discussed above, these adaptor proteins are 
know to interact with Cbl, providing a potential link between the cytokine pathway and the 
Cbl family proteins. 

6. Conclusion 
In spite of its original identification as a cellular homolog of a viral oncogene, 
pathophysiological roles of the Cbl family proteins remained unclear for some time. Genetic 
studies in model organisms as well as identification of CBL mutations in patient-derived 
specimen played crucial roles in deciphering their essential functions as regulators of HSC 
homeostasis. Combined with molecular/biochemical information gathered over the last two 
decades, we now appreciate the complexity of the regulatory pathways surrounding the Cbl 
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family proteins. While the primary focus of studies in the last ten years has been on Cbl’s E3 
ubiquitin ligase functions towards phosphotyrosine motif-containing targets, observations 
in cells expressing mutant Cbl proteins began to challenge this relatively-simplistic 
viewpoint. Further studies into this multifaceted protein family may uncover opportunities 
for novel diagnostics and therapeutics. 
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1. Introduction  
Stem cells localize to specific sites called ‘niches’ in various tissues, where they are 
preferentially maintained by growth factors from the environment. Mammalian bone marrow 
(BM) has been shown to be relatively hypoxic compared to other tissues, and primitive 
hematopoietic cells, including hematopoietic stem cells (HSCs), are thought to localize to the 
most hypoxic microenvironments in the BM. The hypoxic ex vivo culture of BM cells or 
primitive hematopoietic progenitors results in the maintenance of the primitive phenotype 
and cell cycle quiescence (Mohyeldin et al., 2010; Suda et al., 2011). Ex vivo culture of human 
HSCs under hypoxia also stabilizes hypoxia-inducible factor-1 (HIF-1), a master 
transcriptional regulator of the cellular and systemic hypoxic response, and induces various 
downstream effectors of HIF-1 (Danet et al., 2003). However, the regulatory mechanisms and 
functional effects of BM hypoxia on HSCs in vivo have not been fully elucidated.  

In the stem cell niche, HSCs are quiescent and show slow cell cycling. Various extracellular 
ligands, including CXCL12 (Sugiyama et al., 2006), angiopoietin-1 (Arai et al., 2004), and/or 
thrombopoietin (TPO) (Qian et al., 2007; Yoshihara et al., 2007), contribute to the quiescence of 
HSCs. Quiescent HSCs are maintained at a lower oxidative stress state to avoid their 
differentiation and exhaustion (Jang & Sharkis 2007). HIF-1 is a bHLH-PAS–type 
transcription factor (Semenza, 2007, 2009, 2010). Under normoxic conditions, prolyl residues in 
the HIF-1 oxygen-dependent degradation domain (ODD) are hydroxylated by HIF prolyl 
hydroxylases (PHDs). The hydroxylated ODD domain of HIF-1 protein is recognized by an 
E3 ubiquitin ligase, the von Hippel-Lindau protein (VHL). In the autosomal dominant 
hereditary disorder von Hippel Lindau disease, VHL is mutated, resulting in overstabilized 
HIF-1 protein by the impaired ubiquitin-proteasome pathway. Under hypoxic conditions, 
PHDs are inactivated and HIF-1 protein escapes degradation. Several niche factors, such as 
thrombopoietin (TPO) (Kirito et al., 2005) and stem cell factor (SCF) (Pedersen et al., 2008), also 
stabilize HIF-1 protein in hematopoietic cells even under normoxic conditions. 

Stabilized HIF-1 protein forms a heterodimeric transcriptional complex with the oxygen-
independent subunit HIF-1, translocates to the nucleus, and directly binds hypoxia-
responsive elements found in the promoter regions of numerous downstream regulators, 
thereby activating their transcription. HIF-1 is reportedly required for hematopoietic cell 
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the HIF-1 oxygen-dependent degradation domain (ODD) are hydroxylated by HIF prolyl 
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hereditary disorder von Hippel Lindau disease, VHL is mutated, resulting in overstabilized 
HIF-1 protein by the impaired ubiquitin-proteasome pathway. Under hypoxic conditions, 
PHDs are inactivated and HIF-1 protein escapes degradation. Several niche factors, such as 
thrombopoietin (TPO) (Kirito et al., 2005) and stem cell factor (SCF) (Pedersen et al., 2008), also 
stabilize HIF-1 protein in hematopoietic cells even under normoxic conditions. 

Stabilized HIF-1 protein forms a heterodimeric transcriptional complex with the oxygen-
independent subunit HIF-1, translocates to the nucleus, and directly binds hypoxia-
responsive elements found in the promoter regions of numerous downstream regulators, 
thereby activating their transcription. HIF-1 is reportedly required for hematopoietic cell 



 
Advances in Hematopoietic Stem Cell Research 

 

134 

generation during ontogeny. However, a detailed analysis of the contribution of HIF-1to 
the maintenance of adult HSCs has not yet been reported. 

We analyzed HSCs in HIF-1– and VHL-deficient mice and found that the cellular pool and 
cell cycle status of HSCs were regulated by the HIF-1 level (Takubo et al., 2010). Our 
analysis revealed that the regulation of the HIF-1 dose is critical for HSC maintenance in 
the hypoxic niche microenvironment of the BM. The critical role for HIF-1 in HSC cell cycle 
regulation broadens the involvement of oxygen status in the stem cell niche. It also implies a 
novel strategy for maintaining and expanding HSC resources based on cellular oxygen 
metabolism reprogramming, including the modulation of HSC quiescence through the 
oxygenation status of HIF-1. 

2. Quiescence of hematopoietic stem cells 
Somatic stem cells contribute to tissue homeostasis throughout life (Suda et al., 2011). 
Because proliferation will induce senescence, the proper maintenance of stem cells without 
senescence is mandatory. There are two states for tissue stem cells in terms of the cell cycle. 
One is the quiescent state. Stem cells in the quiescent state are out of the active cell cycle 
(S/G2/M phase) and in the G0 phase. The other is the cycling state. Cycling stem cells 
actively reproduce themselves (self-renewal) to generate progeny. Cycling cells are in the 
non-G0 phase of the cell cycle. Quiescence is thought to be an effective strategy for stem 
cells to avoid various forms of cytotoxic damage. If stem cells lost quiescence, they would 
become susceptible to intrinsic and extrinsic stresses.  

Mammalian HSCs are included in the heterogeneous population of lineage marker-, Sca-1+, 
and c-Kit+ (LSK) cells. LSK cells are a mixture of progenitors and HSCs. Within the LSK 
population, CD34-CD150hiCD48-CD41-Flt3- cells, as well as side population (SP) cells (Osawa 
et al, 1996; Kiel et al, 2005; Goodell et al, 1996), are quiescent. 

Measurement of the cell cycle in HSCs by the staining of DNA with Hoechst 33342, DAPI, 
and/or anti-Ki67 indicates that more than 70% of highly purified HSC (CD34–CD48–CD150hi 

LSK) are in the G0 phase, whereas less than 10% of CD34+ LSK cells  (differentiated 
progenitors) are in the quiescent phase (Wilson et al, 2008).  

Slow-cycling HSCs have long-term (LT) reconstitution activity when they are transplanted 
into lethally irradiated recipient mice. In contrast, actively cycling HSCs and progenitors 
exhibit only short-term (ST) reconstitution activity and only maintain hematopoiesis for 3–4 
months. Thus, the former are termed “LT-HSC(s)” and the latter are “ST-HSC(s)”. LT-HSCs 
produce ST-HSCs, multipotent progenitors (MPPs), lineage-restricted progenitors, and 
terminally differentiated hematopoietic cells including erythrocytes, platelets, lymphocytes, 
granulocytes, and macrophages (Figure 1).  

Because slow-cycling stem cells are not in the S or M phase of the cell cycle, they are more 
resistant to cytotoxic agents such as ultraviolet (UV) light, ionizing radiation and chemicals, 
compared with actively cycling cells. Recent reports indicate that quiescent stem cell 
fractions are present in several tissues. For example, in the hair follicle, cell cycle progression 
of stem cells in bulge regions is suppressed by Wnt inhibitors (Fuchs and Horsley, 2011). In 
contrast, stem cells in the murine intestinal and gastric epithelia divide every 24 hours 

 
The Hypoxia Regulatory System in Hematopoietic Stem Cells 

 

135 

(Snippert and Clevers, 2011). Therefore, quiescence itself is not the only strategy for the 
long-term maintenance of stem cells. 

  
Life-long hematopoiesis is maintained by long-term (LT)-HSCs and their progeny. LT-HSCs have a two 
cell cycle states: a quiescent state (G0 phase) and a cycling state (non-G0; i.e., G1/S/G2/M phase). LT-
HSCs in the former state are resistant to various cytotoxic stresses. Reactive oxygen species (ROS) 
change the cell cycle state of LT-HSCs from quiescent to cycling. Cycling LT-HSCs are also promoted to 
differentiate into short-term (ST)-HSCs and multipotent progenitors (MPPs). These differentiated 
progenitors actively produce various terminally differentiated hematopoietic cells. 

Fig. 1. Quiescent and cycling hematopoietic stem cells (HSCs) 
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(Snippert and Clevers, 2011). Therefore, quiescence itself is not the only strategy for the 
long-term maintenance of stem cells. 

  
Life-long hematopoiesis is maintained by long-term (LT)-HSCs and their progeny. LT-HSCs have a two 
cell cycle states: a quiescent state (G0 phase) and a cycling state (non-G0; i.e., G1/S/G2/M phase). LT-
HSCs in the former state are resistant to various cytotoxic stresses. Reactive oxygen species (ROS) 
change the cell cycle state of LT-HSCs from quiescent to cycling. Cycling LT-HSCs are also promoted to 
differentiate into short-term (ST)-HSCs and multipotent progenitors (MPPs). These differentiated 
progenitors actively produce various terminally differentiated hematopoietic cells. 

Fig. 1. Quiescent and cycling hematopoietic stem cells (HSCs) 
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One important regulator for the quiescence of HSCs is reactive oxygen species (ROS). 
ROS are an intrinsic and extrinsic stress for HSCs (Figure 2). Intrinsically, ROS are 
mainly produced by mitochondria, the energy factory of the cell, as a by-product of the 
electron transport chain. Because anaerobic energy metabolism in mitochondria utilizes 
oxygen to generate ATP, oxygen-rich conditions produce intracellular ROS in HSCs. In 
addition, various immune cells utilize oxygen to generate ROS as an anti-microbial 
agent. ROS have favourable and unfavourable effects on HSCs. ROS are a signal 
transducer for essential cytokine signalling in HSCs (Sattler et al., 1999). However, 
excessive or prolonged ROS exposure is detrimental to HSCs (Naka et al., 2008). 
Aberrant exposure to ROS induces senescence, apoptosis, or the accumulation of DNA 
damage in HSCs. These damaged cells are dysfunctional and a potential source for 
leukemic transformation. Therefore, it is reasonable to hypothesize that HSCs reside in a 
hypoxic microenvironment. 

 
HSCs are exposed to ROS from various sources, including endogenous mitochondria and adjacent 
immune cells. High O2 pressure in the microenvironment also promotes ROS generation. This ROS 
burden results in the oxidation of DNA, protein, and lipid in HSCs. Also, the appropriate dose of ROS 
mediates cytokine signalling in HSCs. These balances determine the fate of HSCs: survival, premature 
senescence, apoptosis, differentiation, or malignant transformation. 

Fig. 2. Intrinsic and extrinsic oxidative stresses and HSCs 
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3. Hypoxic nature of bone marrow 
Although molecular oxygen is critically important for living organisms, HSCs are 
susceptible to reactive oxygen species or oxidative stresses that are derived from molecular 
oxygen. To maintain life-long hematopoiesis, it is reasonable for HSCs to avoid high-oxygen 
conditions. Although classical observations and theoretical studies supported these views, 
experimental evidence has only been recently provided. 

Classically, bone marrow has been thought to be hypoxic. Recently, its exact nature and 
dynamic regulation were studied. This section will summarize the classical and recent 
studies related to the functional anatomy of bone marrow oxygenation. 

Genetic studies have postulated that LT-HSCs reside primarily in the endosteal zone of the 
bone marrow (BM) (Calvi et al, 2003; Zhang J, 2003; Arai et al, 2004). Vascular organization 
around the endosteal zone is unique (Draenert and Draenert, 1980). Nutrient arteries 
penetrate the cortical bone, enter the medullary canal, and then proceed in a spiral pattern 
into the metaphyseal region of the bone marrow. The blood in arterial capillaries drains into 
sinusoids, which are fenestrated and loosely organized.  

As a result, hematopoietic cells can easily move across the sinusoidal endothelium. 
Accordingly, the perfusion of the BM is limited and the partial oxygen pressure (PO2) in the 
endosteal region is very low.  

In addition to hypoperfusion, the BM is tightly packed with blood cells. Oxygen 
consumption by hematopoietic cells is relatively high, and a simulation of O2 diffusion 
in the bone marrow suggested that the PO2 is decreased 10-fold at a distance of several 
cells from the nearest capillary (Chow et al, 2001). The average PO2 in the BM is 
approximately 55 mmHg and the mean O2 saturation is 87.5% (Harrison et al, 2002). 
Thus, based on this simulation study, HSCs may well reside in a severely hypoxic 
environment.  

In support of this idea, it has also been reported that murine HSCs live in a hypoxic BM 
niche. By administering a perfusion tracer into mice, one group found that HSCs 
accumulated in a hypoperfusion cellular fraction in the BM (Parmar et al, 2007). These 
hypoperfused cells retained pimonidazole, a probe that selectively binds and forms adducts 
with protein thiol groups in a hypoxic environment. Administration of a toxin selective for 
hypoxic cells (tirapazamine) resulted in the depletion of HSCs in vivo. It was also shown that 
LT-HSCs are positive for pimonidazole in mice (Takubo et al, 2010). Moreover, human cord 
blood stem cells transplanted into super-immunodeficient NOD/scid/IL-2R (NOG) mice 
homed to the BM niche and became both hypoxic and quiescent after BM transplantation 
(Shima et al, 2010).  

Collectively, these findings suggest the hypoxic nature of HSCs. The hypoxic character of 
LT-HSCs is potentially determined by their position within the BM. However, in contrast 
to the simple O2 gradient model for the BM hypoxic niche, immunohistochemical 
observation of a two-dimensional segment of the murine BM suggests that 60% of LT-
HSCs localize closely to BM endothelial cells (Kiel et al, 2005; Sugiyama et al, 2006).  
These findings do not fit the simple O2 gradient model for the hypoxic status of HSCs in 
the niche. However, as noted above, the vasculature in the niche near the endosteal zone 
of the BM may perfuse the bone marrow very poorly. Four-dimensional tracking (time-
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lapse and three-dimensional observation with a multi-photon microscope) of single LT-
HSCs in the BM has shed light on this paradox. Real-time tracking of murine BM 
revealed that HSCs gradually move away from bone marrow blood vessels and then 
detach from them and translocate to the osteoblastic zone of the BM after transplantation 
(Lo Celso et al, 2009; Xie et al, 2009). Based on these observations, it is possible that 
subpopulations of HSCs residing in different specific locations have different 
oxygenation statuses.  

In parallel with the hypoxic microenvironment for HSCs in vivo, hypoxic culture 
phenotypically and functionally sustained HSCs more effectively than normoxic culture 
(20% oxygen). Also, hypoxic culture enhances the colony-forming ability (progenitor ability) 
and transplantation capacity (HSC capacity) of cultured BM cells or isolated HSCs 
(Cipolleschi et al, 1993; Danet et al, 2003; Ivanovic et al, 2004). Hypoxic treatment also 
induces cell cycle quiescence in cultured HSC (Hermitte et al, 2006; Shima et al, 2010). 
Quiescent HSCs are defined by a high amount of efflux of the DNA-binding dye Hoechst 
33342 from the cytosol (Goodell et al, 1996). These cells are called “side population (SP)” 
cells due to their specific staining pattern by flow cytometric analysis. Hypoxic treatment 
also sustains the SP phenotype in HSC in vitro (Krishnamurthy et al, 2004). Exclusion of 
Hoechst dye from the HSC cytosol is supported by Bcrp1/ABCG2, an ATP-dependent 
transporter, at the plasma membrane. When HSCs were cultured under hypoxic conditions, 
mRNA expression of Bcrp1/ABCG2 was significantly increased and the number of SP cells 
was also increased as compared to HSCs cultured at normoxia. Interestingly, because Bcrp1-
/- mice show no significant defect in hematopoiesis (Zhou et al, 2001), the functional role of 
Bcrp1 in HSCs is still uncharacterized. 

4. Hypoxia response system in HSCs 
Cells sense, respond, and adapt to hypoxia using hypoxia-responsive regulatory pathways. 
HSCs utilize the same hypoxia response pathways as a number of other cell types. A central 
component of these pathways is hypoxia-inducible factor-1 (HIF-1), a transcription factor 
that is essential for cellular and systemic responses to a low oxygen microenvironment 
(Semenza, 2010) (Figure 3). HIF-1 is a heterodimeric transcription factor consisting of the 
oxygen-dependent HIF-1 subunit and an oxygen-independent HIF-1 subunit (Wang and 
Semenza, 1995). HIF-1 is hydroxylated at proline (Pro) 402 and/or 564 in the oxygen-
dependent degradation (ODD) domain under normoxic conditions (Kaelin and Ratcliffe, 
2008). HIF-1 is hydroxylated by three prolyl hydroxylases (PHD1–3) which require 
molecular oxygen, Fe2+, 2-oxoglutarate, and ascorbic acid for their full enzymatic activity 
(Epstein et al, 2001). Prolyl-hydroxylated HIF-1 protein is recognized by the von Hippel-
Lindau (VHL) tumor suppressor protein, which recruits the Elongin C/Elongin 
B/Cullin2/E3 ubiquitin ligase complex. As a result, prolyl-hydroxylated HIF-1 protein is 
ubiquitinated and degraded by the proteasome. Under a hypoxic environment, prolyl 
hydroxylases lose their enzymatic activity. Thus, prolyl hydroxylation of HIF-1 is 
suppressed, and HIF-1 protein is stabilized without degradation (Kaelin and Ratcliffe, 
2008). HIF-1 heterodimers (HIF-1:HIF-1) are recruited and bind to hypoxia response 
elements (HREs) in various target genes and activate transcription programs (Semenza, 
2010).  
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The diagrams represent the regulation of HIF-1 protein and interacting factors under different oxygen 
conditions. HIF-1 is a substrate for both prolyl and asparaginyl hydroxylases. Under normoxia, 
proline and asparagine residues are hydroxylated. These modifications regulate the stability and 
transcriptional activity of HIF-1. bHLH, basic-helix-loop-helix domain; PAS, Per-ARNT-Sim domain; 
TAD-N, transactivation domain N-terminal; ID, inhibitory domain; TAD-C, C-terminal transactivation 
domain; PHD, prolyl hydroxylase domain-containing protein; and FIH-1, factor-inhibiting HIF-1. 
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Scheme of biological outcomes of different HIF-1 protein levels in HSCs. This is achieved by HIF-1 or 
VHL deletion in HSCs using knockout mouse models. Normal HSCs (the second from the top) stabilize 
HIF-1, which maintains cell cycle quiescence at the hypoxic bone marrow niche in the endosteum. 
Preferential stabilization of HIF-1 was observed in HSCs under hypoxia. HIF-1 HSCs (top) lose cell 
cycle quiescence and stress resistance against transplantation, chemotherapeutic agents, and aging. In 
addition, HIF-1 HSCs leave the bone marrow niche and drive extramedullary hematopoiesis in the 
spleen. Production of ROS is accelerated in HIF-1 HSCs. Heterozygous deletion of VHL results in a 
slight increase in HIF-1 protein. Under these conditions, cell cycle quiescence in HSCs is enhanced. The 
VHL+/ HSC (the second from the bottom) is resistant to transplantation and aging. ROS production is also 
suppressed in VHL+/ HSCs. The homozygous VHL mutant (VHL) HSC has a maximal dose of HIF-1 
protein. In contrast to heterozygous VHL mutant HSCs, VHL HSCs completely lost stem cell capacity 
potentially due to aberrant suppression of the cell cycle and/or homing capacity to the niche. This defect is 
HIF-1–dependent because the co-deletion of HIF-1 in homozygous VHL-deficient hematopoietic cell 
rescued the defect. Thus, the precise regulation of HIF-1 levels coordinates stem cell proliferation and 
differentiation. Recently, it has been reported that vascular endothelial growth factor, heat shock proteins, 
and GRP78 and its ligand Cripto regulate HSC quiescence and maintain HSCs in hypoxia as downstream 
factors of HIF-1 (Rehn et al, 2011; Miharada et al, 2011).  

Fig. 4. Features of HIF-1 or VHL knockout HSCs 
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HIF-1 mRNA and protein are highly expressed in LT-HSCs (Takubo et al, 2010; Simsek et 
al, 2010) (Figure 4). HSCs derived from conditional HIF-1 knockout (HIF-1) mice have a 
defective capacity for marrow reconstitution during serial BM transplantation (Takubo et 
al., 2010). HIF-1 LT-HSCs lost cell cycle quiescence, entered the cell cycle from G0 phase, 
proliferated, and showed reduced tolerance to stresses such as 5-fluorouracil administration 
or aging. These studies suggest that HIF-1 plays an essential role in the regulation of HSC 
quiescence and stress resistance in vivo. In addition to these HIF-1 loss-of-function studies, 
conditional deletion of the VHL gene in hematopoietic cells was performed as a HIF-1 
gain-of-function experiment. Analysis of VHL mutant hematopoietic cells revealed that the  
functional properties of LT-HSCs and progenitors are differentially influenced by HIF-1. 
HIF-1 protein levels are elevated in either biallelic (VHL) or monoallelic (VHL+) 
conditional knockout hematopoietic cells. For example, only a minor population of normal 
hematopoietic progenitors (CD34+ LSK cells) are in a quiescent state. In clear contrast, the 
proportion of VHL+/ hematopoietic progenitors in the quiescent phase is significantly 
higher. At steady state, HIF-1 protein levels are not high in hematopoietic progenitors, and 
forced stabilization of HIF-1 protein through monoallelic VHL deletion induces VHL+/ 
CD34+ LSK progenitors to exit the cell cycle and maintains them in the G0 phase. Severe 
suppression of cell cycling and transplantation capacity is restored in HIF-1:VHL 
doubly mutated HSCs. The decreased frequency of LT-HSCs seen in VHL mice is rescued 
by the co-deletion of the HIF-1 gene in vivo. Also, long-term in vitro exposure of LT-HSCs 
to a PHD inhibitor (dimethyloxalylglycine; DMOG), which stabilizes HIF-1α even under 
normoxic conditions, attenuates stem cell ability especially during BM transplantation 
(Eliasson P et al, 2010).  

Collectively, these results provide evidence that there is an optimal HIF-1 protein level 
for HSC maintenance. HIF-1 is required for stress resistance and long-term maintenance 
of HSCs, and within an appropriate range, moderate increases of HIF-1 (to the level 
caused by VHL heterozygous deletion) are trophic for HSCs through the induction of 
quiescence.  However, aberrantly high HIF-1 levels are also harmful to HSCs and lead to 
a loss of stem cell capacity and the exhaustion of the HSC pool. Homozygous deletion of 
VHL results in a severe suppression of the cell cycle and a homing defect during 
transplantation.  

HIF-1 not only acts in the HSC system but also plays an important role in neural stem cells 
(NSCs) under hypoxic conditions. In this type of cell, HIF-1 induces the activation of the 
Wnt/-catenin signalling pathway through the upregulation of -catenin and the expression 
of the downstream transcription factors lymphoid enhancer-binding factor 1 and T-cell 
factor 1 (Mazumdar J et al, 2010). Wnt/-catenin activity was closely correlated with 
hypoxic status in the subgranular zone of the hippocampus, which is one of the niches for 
NSCs. Loss of HIF-1 in NSCs resulted in a defective Wnt-dependent hippocampal 
neurogenic niche capacity. As a result, NSC proliferation and differentiation, and the 
production of new neurons, were attenuated. Interestingly, the biological effects of HIF-1 
on NSCs (cell cycle promotion) are clearly different from those seen in HSCs (cell cycle 
quiescence). It will be important to dissect how these different lineage stem cell systems 
utilize the same protein (HIF-1) to sustain themselves using different downstream 
molecular machinery and biological events. It is also of interest to investigate embryonic 
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by the co-deletion of the HIF-1 gene in vivo. Also, long-term in vitro exposure of LT-HSCs 
to a PHD inhibitor (dimethyloxalylglycine; DMOG), which stabilizes HIF-1α even under 
normoxic conditions, attenuates stem cell ability especially during BM transplantation 
(Eliasson P et al, 2010).  

Collectively, these results provide evidence that there is an optimal HIF-1 protein level 
for HSC maintenance. HIF-1 is required for stress resistance and long-term maintenance 
of HSCs, and within an appropriate range, moderate increases of HIF-1 (to the level 
caused by VHL heterozygous deletion) are trophic for HSCs through the induction of 
quiescence.  However, aberrantly high HIF-1 levels are also harmful to HSCs and lead to 
a loss of stem cell capacity and the exhaustion of the HSC pool. Homozygous deletion of 
VHL results in a severe suppression of the cell cycle and a homing defect during 
transplantation.  

HIF-1 not only acts in the HSC system but also plays an important role in neural stem cells 
(NSCs) under hypoxic conditions. In this type of cell, HIF-1 induces the activation of the 
Wnt/-catenin signalling pathway through the upregulation of -catenin and the expression 
of the downstream transcription factors lymphoid enhancer-binding factor 1 and T-cell 
factor 1 (Mazumdar J et al, 2010). Wnt/-catenin activity was closely correlated with 
hypoxic status in the subgranular zone of the hippocampus, which is one of the niches for 
NSCs. Loss of HIF-1 in NSCs resulted in a defective Wnt-dependent hippocampal 
neurogenic niche capacity. As a result, NSC proliferation and differentiation, and the 
production of new neurons, were attenuated. Interestingly, the biological effects of HIF-1 
on NSCs (cell cycle promotion) are clearly different from those seen in HSCs (cell cycle 
quiescence). It will be important to dissect how these different lineage stem cell systems 
utilize the same protein (HIF-1) to sustain themselves using different downstream 
molecular machinery and biological events. It is also of interest to investigate embryonic 
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HSCs, which actively proliferate in hypoxic conditions, because HIF-1 may support HSC 
proliferation in that stage. In addition, HIF-1 protein has been reported to inhibit Wnt/-
catenin activity in cancer cells (Kaidi A et al, 2007), suggesting that the interaction of the 
HIF-1 and Wnt/-catenin pathway in stem/progenitor cells may differ from that of more 
differentiated or transformed cell types. 

5. Conclusion 
In this chapter, I have summarized our current knowledge regarding the hypoxia response 
and oxygen metabolism in HSCs at the BM niche. These studies open novel fields in stem 
cell biology. The invisible niche factor, oxygen, is usually essential because mitochondria 
utilize it for the energy production. However, molecular oxygen is a source of ROS during 
mitochondrial metabolism. Because an excessive dose of ROS can be damaging to HSC, 
escape from oxygen (in the hypoxic niche) is a reasonable strategy for the long-term 
maintenance of HSCs in vivo. Adult HSCs are quiescent and contain few mitochondria, 
whereas hematopoietic progenitor cells actively proliferate and contain many mitochondria. 
Thus, stem cells and progenitors have distinct metabolic states, and the transition from stem 
to progenitor cell may correspond to a critical metabolic change, namely from glycolysis to 
oxidative phosphorylation. Slow cell cycling or long-term quiescence is common in adult 
tissue stem cells. Dormancy in the cell cycle may be a crucial mechanism for the stress 
resistance of normal and leukemic stem cells. 

Further investigation of oxygen metabolism in tissue stem cells will result in more 
effective maintenance, expansion, and manipulation of various somatic stem cells ex vivo 
and in vivo, maximizing the potential of therapeutic strategies using stem cells in 
regenerative medicine.  Also, an understanding of oxygen homeostasis in HSCs is 
essential for understanding senescence at the stem cell level as well as therapeutic 
targeting against leukemic stem cells.  
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catenin activity in cancer cells (Kaidi A et al, 2007), suggesting that the interaction of the 
HIF-1 and Wnt/-catenin pathway in stem/progenitor cells may differ from that of more 
differentiated or transformed cell types. 

5. Conclusion 
In this chapter, I have summarized our current knowledge regarding the hypoxia response 
and oxygen metabolism in HSCs at the BM niche. These studies open novel fields in stem 
cell biology. The invisible niche factor, oxygen, is usually essential because mitochondria 
utilize it for the energy production. However, molecular oxygen is a source of ROS during 
mitochondrial metabolism. Because an excessive dose of ROS can be damaging to HSC, 
escape from oxygen (in the hypoxic niche) is a reasonable strategy for the long-term 
maintenance of HSCs in vivo. Adult HSCs are quiescent and contain few mitochondria, 
whereas hematopoietic progenitor cells actively proliferate and contain many mitochondria. 
Thus, stem cells and progenitors have distinct metabolic states, and the transition from stem 
to progenitor cell may correspond to a critical metabolic change, namely from glycolysis to 
oxidative phosphorylation. Slow cell cycling or long-term quiescence is common in adult 
tissue stem cells. Dormancy in the cell cycle may be a crucial mechanism for the stress 
resistance of normal and leukemic stem cells. 

Further investigation of oxygen metabolism in tissue stem cells will result in more 
effective maintenance, expansion, and manipulation of various somatic stem cells ex vivo 
and in vivo, maximizing the potential of therapeutic strategies using stem cells in 
regenerative medicine.  Also, an understanding of oxygen homeostasis in HSCs is 
essential for understanding senescence at the stem cell level as well as therapeutic 
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1. Introduction 
The reciprocal regulation of the skeletal and the immune systems has been clinically 
appreciated for years. In particular, factors produced by immune cells during homeostasis 
and activation markedly affect the skeleton, which in turn affects the marrow niche 
environments (as reviewed in (Compston 2002). This relationship also extends to an 
interdependence between bone and hematopoiesis during immune cell development, 
however the critical cell types and extracellular matrix components involved in establishing 
and maintaining hematopoietic niches within the bone marrow are only recently beginning 
to be defined. Indeed, some immuno-osseous disorders with hematopoietic defects such as 
bone marrow failure and immune dysfunction, as well as certain cancers, may result from a 
defective hematopoietic niche (Spranger et al. 1991; Kuijpers et al. 2004; Hermanns et al. 
2005; Walkley et al. 2007; Walkley et al. 2007; Raaijmakers et al. 2010). Likewise during 
aging, a progressive decline in cell replacement and repair manifests in both the skeletal and 
hematopoietic systems with reduced bone mass and diminished blood cell formation 
respectively (as reviewed in (Rossi et al. 2008) and (Gruver et al. 2007). Further, this altered 
hematopoiesis due to aging leads to deficient immune function and increased incidence of 
malignancies (Rossi et al. 2005; Janzen et al. 2006; Mayack et al. 2010). Thus, the dynamic 
relationship between skeletal and hematopoietic maintenance throughout life suggests that 
these clinical outcomes may ensue from cell signaling deficiencies or from defects in the 
structural environment supporting hematopoiesis. This chapter provides an overview of our 
current understanding of how hematopoietic niches may be established, how they promote 
hematopoiesis, and how the skeletal status may modulate niche function. 

2. Coordinate skeletal and hematopoietic development  
The vertebrate skeleton develops by one of two essential processes, endochondral (EO) and 
intramembranous (IO) ossification mechanisms (as reviewed in (Chan, D. and Jacenko 1998). 
The direct differentiation of ectomesenchymal cells to osteoblasts in IO represents the 
rudimentary mechanism through which many skull bones and all periosteal bones form. The 
IO-derived bone is referred to as “dense”, “compact” or “cortical”, and as the names imply, is 
a solid bone with primary functions relating to weight bearing and protection (Fig. 1C). In 
contrast, EO relies on the generation of a cartilaginous skeletal blueprint that is gradually 
replaced by a “trabecular”, “spongy”, “cancellous” bone and a marrow capable of sustaining 
hematopoiesis (Chan, D. and Jacenko 1998; Mackie et al. 2008) (Fig. 1C). This replacement 
mechanism of EO is responsible for the formation of the vertebrate axial and appendicular 
skeleton, as well as certain cranial bones (Jacenko et al. 1991; Chan, D. and Jacenko 1998). 
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As EO initiates during embryogenesis, its distinctive feature is the emergence of 
hypertrophic cartilage, which is present in all skeletal elements that will develop a marrow 
cavity, e.g. long bones, hips, vertebrae, ribs, certain skull bones. The eventual replacement of 
cartilage by bone and marrow via EO relies on the sequential maturation of chondrocytes 
from resting, to proliferating, to hypertrophic (Fig. 1A). Chondrocyte hypertrophy manifests 
with a dramatic increase in cell size, cessation of proliferation, and synthesis of a new 
repertoire of differentiation-specific gene products (Godman and Porter 1960; Chan, D. and 
Jacenko 1998; Alvarez et al. 2001; James et al. 2010). Among these is the matrix protein 
collagen X, which represents the predominant biosynthetic product of hypertrophic 
cartilage (Gibson and Flint 1985; Schmid and Linsenmayer 1985). Concomitant with 
hypertrophy is a transformation from a non-calcified avascular cartilage matrix, to a 
calcifiable one that is permissive to vascular invasion. Morphometric analysis suggests that 
before vascular invasion, the terminal hypertrophic chondrocytes undergo either autophagy 
(Srinivas and Shapiro 2006; Bohensky et al. 2007) or apoptosis (Farnum and Wilsman 1989), 
the rate of which controls longitudinal growth of the skeletal element, as well as the 
transition from cartilage to trabecular bone and marrow (Farnum and Wilsman 1989). 

Subsequent vascular entry into hypertrophic cartilage is critical to skeleto-hematopoietic 
development, since it leads to an influx of mesenchymal cells, hematopoietic precursors, and 
chondro/osteoclasts. This influx of cells, together with growth factors, cytokines and 
hormones, establishes the primary center of ossification and the marrow environment where  
hematopoiesis ensues (Fig. 1). Specifically, while chondro/osteoclasts degrade hypertrophic 
cartilage, multipotent stromal cells, including mesenchymal and perivascular reticular cells, 
form the marrow stroma, a meshwork of non-hematopoietic cells supporting hematopoiesis 
by providing structural scaffolding and producing hematopoietic factors (Taichman et al. 
1996; Bianco et al. 1999). As hypertrophic cartilage continues to be degraded, matrix 
remnants serve as scaffolds upon which differentiating osteoblasts deposit bone matrix, thus 
forming trabecular bony spicules with hypertrophic cartilage cores (Fig. 1B) (Chan, D. and 
Jacenko 1998). Of note, the origin of the trabecular bone osteoblasts at the junction between 
marrow and the hypertrophic cartilage, termed the chondro-osseous junction, is still 
debated (Roach 1992; Roach et al. 1995; Roach and Erenpreisa 1996; Nakamura et al. 2006; 
Hilton et al. 2007; Maes et al. 2010). Following the formation of the primary ossification 
zones in the central or diaphyseal regions of skeletal elements, the establishment of 
secondary ossification centers at outer epiphyseal ends of bones defines the growth plate 
regions at the metaphysis (Fig. 1A). The growth plates occupy the narrow space that 
separates the marrow of the primary and secondary ossification centers, and are composed 
of a gradient of differentiating chondrocytes culminating in a zone of hypertrophic 
chondrocytes (Fig. 1A & B) (as reviewed in (Lefebvre and Smits 2005). The continual 
replacement of the hypertrophic chondrocytes by trabecular bone and marrow allows for 
longitudinal skeletal growth, robust hematopoiesis, and the progression of EO without 
consumption of the skeletal model until maturity, when in most non-rodent vertebrates EO 
ceases and growth plates close (Fig. 1C) (Kilborn et al. 2002). Thus, the end result of EO is a 
porous network of primary trabecular bone, consisting of a hybrid hyptertrophic cartilage-
bone matrix, and engulfed by a hematopoietic marrow (Fig. 1B & C). Subsequent bone 
remodeling gradually leads to a complete replacement of the hybrid primary bone by 
mature secondary bone, and is coincident with a gradual decline in lymphopoiesis and the 
onset of immunosenescence (Fig. 1C) (as reviewed in (Compston 2002; Gruver et al. 2007). 
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Fig. 1. Architecture of the endochondral bone. A) A schematic of a developing long bone 
illustrating its architecture. The epiphysis, or the bulbous end, lined by articular cartilage 
and containing the secondary ossification center with marrow, is supported by the flared 
metaphysis, which in turn rests upon the slender cylindrical shaft of the diaphysis. The 
growth plate separates the primary and secondary ossification centers, and consists of a 
gradient of differentiating chondrocyte zones; the proliferative cartilage (PC) and 
hypertrophic cartilage (HC) zones are marked, as well as the hybrid trabecular bone (TB) 
protruding into the marrow. The locations of the two-layered periosteal membrane 
surrounding the diaphysis and the inner endosteal network are marked. B) A longitudinal 
tibial section from a week-3 wild type mouse stained with safranin-orange, hematoxylin & 
eosin (H&E) and counterstained with fast green. Using these stains, the negatively charged 
cartilaginous matrix appears orange while the bone stains light blue-green; mature 
erythrocytes stain green, while other marrow elements stain pink-purple with H&E. The 
boxed inset is a high magnification of the chondro-osseous junction containing hypertrophic 
chondrocytes, bone and marrow with vascular. The hybrid nature of the trabecular bone can 
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be appreciated by the orange staining of the cartilaginous core, with green-blue bone matrix 
deposited on the surface (magnification, 10x). C) The inorganic mineralized matrix of a 
mature zebra bone illustrates the structural differences between the EO-derived trabecular 
/spongy/cancellous bone and the IO-derived compact/dense/cortical bone. Boxed is a high 
magnification of the EO- and IO-derived bone tissues. Note the mesh-like structure of 
trabecular bone for hematopoietic cell support. 

Taken together, the proper differentiation of chondrocytes, vascular invasion and the 
gradual replacement of the cartilaginous anlagen by trabecular bone and marrow 
through EO, underscore the intricate orchestration of skeleto-hematopoiteic 
development. Moreover, the coincident establishment and localization of trabecular bone 
within the site of active hematopoiesis likely reflects a critical hematopoietic niche in the 
chondro-osseous region (Fig. 1B boxed) (Jacenko et al. 1993; Nilsson et al. 1997; Gress 
and Jacenko 2000; Nilsson et al. 2001; Jacenko et al. 2002; Yoshimoto et al. 2003; Arai, F. 
et al. 2004; Balduino et al. 2005; Sweeney et al. 2008; Kohler et al. 2009; Lo Celso et al. 
2009; Xie et al. 2009; Sweeney et al. 2010). This skeleto-hematopoietic link is strongly 
supported by several animal models where alterations in process of EO leads to 
hematopoietic defects (Table 1), including mouse models with altered: collagen X 
(Jacenko et al. 1993; Gress and Jacenko 2000; Jacenko et al. 2002; Sweeney et al. 2008; 
Sweeney et al. 2010), parathyroid hormone related protein (PTHrP) receptor in 
osteoblasts (Calvi et al. 2001; Calvi et al. 2003; Kuznetsov et al. 2004; Wu et al. 2008), 
osteoblast numbers (Visnjic et al. 2001; Visnjic et al. 2004; Zhu et al. 2007), bone 
morphogenic protein (BMP) receptor type 1A in marrow cells (Zhang, J. et al. 2003), 
osteoclast function (Blin-Wakkach et al. 2004; Mansour et al. 2011), retinoic acid receptor 
gamma (Purton et al. 2006; Walkley et al. 2007), Gs in ostoblasts (Wu et al. 2008), Dicer 
in ostoblasts (Raaijmakers et al. 2010), glypican-3 (Viviano et al. 2005), and perlecan 
(Rodgers et al. 2008). Table 1 presents a list of mouse models with defects in 
hematopoiesis due to alterations in a component within the niche environment. Only 
those mouse models are summarized that were proven, by and large, via bone marrow 
transplantation experiments to have an aberrant niche environment, since wild type 
marrow cells could not rescue the disease phenotype of the host. 

3. Overview of the hematopoietic niche 
Hematopoiesis is the process by which hematopoietic stem cells (HSCs) generate and 
replenish progenitors that develop into fully mature blood and immune cells, and 
populate the periphery. During vertebrate ontogeny, hematopoiesis is established 
sequentially in several different anatomic sites (see Development of Hematopoietic Stem 
Cells chapter in this book for review). Coincident with the onset of EO (approximately the 
last third of embryonic development), hematopoiesis shifts from the fetal liver and spleen 
to the EO-derived marrow, which represents the predominant site of blood cell 
production after birth (Aguila and Rowe 2005; Cumano and Godin 2007). Therefore, the 
marrow has become a tissue of study for hematopoietic cell biology post parturition. 
Additionally, due to the ease of marrow cell isolation in combination with the extensive 
list of cell markers identifying HSCs at different stages of differentiation (as summarized 
in (Morrison and Spradling 2008), stem cell niche biology has also utilized the marrow 
environment for study. 
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Table 1. continued 

The idea of a unique tissue environment, or stem cell niche, as a tissue setting that can 
direct progenitor cell behavior, e.g. quiescence, proliferation, differentiation, etc. was 
proposed over four decades ago (Wolf and Trentin 1968; Trentin 1971; Schofield 1978; 
Wolf 1979). Hematopoietic niches, or hematopoietic microenvironments (HME), are 
defined by the association of particular cell types, their secreted matrix products and their 
soluble hematopoietic factors (Yin and Li 2006; Rodgers et al. 2008). The identity of the 
cellular, matrix and soluble components that influence HSCs, including the long-term 
populating (LT-HSC), short-term populating (ST-HSC), or the more differentiated 
hematopoietic progenitor cells (HPC), as well as the lymphoid and myeloid lineages, 
remains an active topic of investigation. However, at least two hematopoietic niches have 
been described, an osteoblastic (or endosteal) niche, ascribed to osteoblasts residing on 
bone surfaces, and a vascular niche, ascribed to endothelial cells and subendothelial MSCs 
or pericytes lining marrow sinusoids. Many have argued that more quiescent LT-HSCs 
and ST-HSCs are located in the osteoblast niche, while differentiating HPCs are located in 
the vascular niche for mobilization to the periphery (Lord et al. 1975; Shackney et al. 1975; 
Gong 1978; Nilsson et al. 2001; Heissig et al. 2002; Arai, F. et al. 2004; Balduino et al. 2005; 
Jang and Sharkis 2007; Bourke et al. 2009). However, these regions in the marrow are so 
close in proximity (Arai, F. et al. 2004; Kiel et al. 2005; Lo Celso et al. 2009; Xie et al. 2009), 
that the osteoblast and vascular niches may be the same, or perhaps interchangeable to 
some degree.  Additionally, recent work has identified other cells involved in 
hematopoiesis that do not fully comply with these proposed niche regions, such as CXC 
chemokine ligand (CXCL)-12 expressing reticular cells that are scattered throughout the 
marrow (Tokoyoda et al. 2004; Sugiyama et al. 2006; Omatsu et al. 2010). Below we will 
discuss the different cellular, matrix and soluble components within the marrow that have 
been shown to influence hematopoiesis. 
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3.1 Cells of the niche 

Experiments designed to identify the cells of the HME date back over fifty years (Pfeiffer 
1948; Tavassoli and Crosby 1968; Tavassoli and Weiss 1971; Meck et al. 1973; Friedenstein et 
al. 1974; Tavassoli and Khademi 1980; Friedenstein et al. 1982; Patt et al. 1982; Tavassoli 
1984; Friedenstein et al. 1987; Gurevitch and Fabian 1993; Kawai et al. 1994; Kuznetsov et al. 
1997; Hara et al. 2003; Akintoye et al. 2006; Mankani et al. 2007; Sacchetti et al. 2007; Chan, 
C.K. et al. 2008; Mankani et al. 2008; Song et al. 2010). In these studies, ectopic bone with a 
functional HME was generated in host mice using various bone marrow derived 
osteoprogenitor seed cells. More recently, different osteoprogenitor pools have been isolated 
that can either generate EO-like bone with active hematopoiesis or compact IO-like bone 
without an HME (Akintoye et al. 2006; Chan, C.K. et al. 2008). Collectively, these studies 
have shown that functional HMEs form through the progression of EO with contributions 
from cartilage, bone, vasculature, and marrow stromal cells. Further, similar conclusions 
about the necessity of EO-derived components, e.g. cells and matrix molecules, were 
obtained through analyses of several mouse models with skeleto-hematopoietic defects 
(Table 1), including mice with disrupted collagen X function in the HME (Jacenko et al. 
1993; Gress and Jacenko 2000; Jacenko et al. 2002; Sweeney et al. 2008; Sweeney et al. 2010). 
Discussed below are the data describing which cell type(s), associated matrix and soluble 
factors are necessary for blood cell development in the marrow, including: multipotent 
stromal cells (fibroblasts, pericytes, reticular cells, and adipocytes), osteoblasts, 
chondrocytes, endothelial cells, and cells of hematopoietic origin (hematopoietic 
stem/progenitor cells (HSPC), osteoclasts and macrophages).  

3.1.1 Fibroblasts and perivascular cells 

As early as the 1970’s, in vitro studies with marrow stromal adherent colonies showed that 
this pool of cells is able to support hematopoiesis (Friedenstein et al. 1970; Dexter et al. 1973; 
Friedenstein et al. 1974; Friedenstein et al. 1976; Dexter et al. 1977). These plastic adherent 
colonies have been thought to contain mesenchymal progenitor cells, and likely mesodermal 
progenitor cells as well (Petrini et al. 2009). This would account for recent data indicating 
that marrow derived progenitor cells generate adipocytes, chondrocytes and osteoblasts, 
traditional mesenchymal cell types, as well as fibroblasts, smooth muscle cells, endothelial 
cells, and pericytes/subendothelial cells (Bentley and Foidart 1980; Muguruma et al. 2006; 
Sacchetti et al. 2007; Crisan et al. 2008; Kalajzic et al. 2008; Augello et al. 2010; Mendez-Ferrer 
et al. 2010). Thus, isolated marrow stromal cells will be referred to as multipotent stromal 
cells (MSC) throughout (Horwitz et al. 2005). The MSCs isolated for ectopic bone assays 
have been described as osteoprogenitor cells that generate bone with a HME able to support 
host-derived hematopoiesis (Kuznetsov et al. 1997; Akintoye et al. 2006; Sacchetti et al. 2007; 
Chan, C.K. et al. 2008; Morikawa et al. 2009). Of note, many of these osteoprogenitor cells 
have been shown to have stem-like qualities, such as self-replication and the ability to 
differentiate into several different cell types. For example, Sacchetti et al. isolated human-
derived MCAM/CD146-expressing subendothelial cells, which can self-replicate as well as 
give rise to osteoblasts, chondrocytes and reticular cells in ectopic HMEs (Sacchetti et al. 
2007). More recently, these data were replicated in the mouse by Morikawa et al. who also 
identified a perivascular cell type that has the ability to self-replicate and give rise to 
adipocytes, osteoblasts, chondrocytes and endothelial cells (Morikawa et al. 2009). An 
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additional perivascular cell has also been identified as a HME cell type, the nestin-
expressing MSCs (Mendez-Ferrer et al. 2010). These, nestin+ MSCs have been shown to be 
spatially associate with HSPCs in the marrow and to express several HSPC maintenance 
genes, e.g. CXCL-12, stem cell factor (SCF)/kit ligand, angiopoietin (Ang)-1, interlukin (IL)-
7, vascular cell adhesion molecule (VCAM)-1, and osteopontin (Mendez-Ferrer et al. 2010). 
Further, numbers of HSPC were rapidly reduced in the marrow of mice that were selectively 
depleted of nestin+ MSCs (Table 1) (Mendez-Ferrer et al. 2010). These mouse models also 
revealed a necessity for marrow nestin+ MSCs for homing of transferred HSPCs (Mendez-
Ferrer et al. 2010). Together, these data suggest that MSCs and associated daughter cells not 
only make up the physical structure of the HME, but also provide maintenance and 
differentiation signals to HSPCs. 

3.1.2 CXCL-12 abundant reticular cells 

Reticular cells are of mesodermal origin and are a type of fibroblast cell localized to the 
intertrabecular region of the marrow near both the osteoblast and vascular niches (Weiss 
1976; Rouleau et al. 1990). Recently, a sub-set of marrow reticular cells has been shown to 
express high levels of CXCL-12 (or stromal derived factor (SDF)-1) and have been termed 
CXCL-12 abundant reticular (CAR) cells (Tokoyoda et al. 2004; Sugiyama et al. 2006). CXCL-
12 is reportedly involved in several aspects of hematopoiesis, including HSPC homing and 
maintenance, as well as B cell development (Nagasawa et al. 1994; Nagasawa et al. 1996; Ara 
et al. 2003; Broxmeyer et al. 2005; Jung et al. 2006; Sugiyama et al. 2006). Using CXCL-
12/GFP knock-in mice, HSPCs, early lineage B cells and plasma B cells have been shown to 
spatially associate with CAR cells (Tokoyoda et al. 2004), suggesting CAR cells are a HME 
cell type. To address the importance of CXCL-12 expressing cells in the HME, Omatsu et al. 
designed a mouse model with selective ablation of CAR cells (Table 1) (Omatsu et al. 2010).  
These assays showed no change in the osteoblast or vascular niches, but impaired 
production of SCF and CXCL-12, combined with marked reduction in cycling lymphoid and 
erythroid progenitors. Further, the HSPC population in these mice was more quiescent, 
diminished in numbers and expressed myeloid selector genes. Finally, CAR cells can give 
rise to adipocytes and osteoblasts (Bianco et al. 1988; Balduino et al. 2005; Sipkins et al. 2005; 
Omatsu et al. 2010). Thus, these data combined with the ectopic bone assays and the nestin+ 
reticular cell studies discussed above, raise the possibility that the CAR, osteoprogenitor and 
nestin+ cells are from a similar cell pool, sharing differentiation capabilities and roles in 
hematopoiteitc support. 

3.1.3 Adipocytes 

Within the young marrow there are few adipocytes, however this phenomenon is reversed 
with aging and after marrow insult, such as post irradiation (Burkhardt et al. 1987; Verma et 
al. 2002). Although adipocytes have been described as having a positive influence on 
hematopoiesis via growth factors secretion (Lanotte et al. 1982), other studies have reported 
that these growth factors are in too low a concentration to influence HSPCs and that 
adipocytes secrete anti-hematopoietic factors as well (Hotamisligil et al. 1993; Zhang, Y. et 
al. 1995; Yokota et al. 2000; Corre et al. 2006; Belaid-Choucair et al. 2008; Miharada et al. 
2008). Further, an increase in marrow adiposity has been negatively correlated with 
hematopoiesis in vivo (Touw and Lowenberg 1983; Naveiras et al. 2009). Interestingly, 
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additional perivascular cell has also been identified as a HME cell type, the nestin-
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erythroid progenitors. Further, the HSPC population in these mice was more quiescent, 
diminished in numbers and expressed myeloid selector genes. Finally, CAR cells can give 
rise to adipocytes and osteoblasts (Bianco et al. 1988; Balduino et al. 2005; Sipkins et al. 2005; 
Omatsu et al. 2010). Thus, these data combined with the ectopic bone assays and the nestin+ 
reticular cell studies discussed above, raise the possibility that the CAR, osteoprogenitor and 
nestin+ cells are from a similar cell pool, sharing differentiation capabilities and roles in 
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al. 2002). Although adipocytes have been described as having a positive influence on 
hematopoiesis via growth factors secretion (Lanotte et al. 1982), other studies have reported 
that these growth factors are in too low a concentration to influence HSPCs and that 
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Naveiras et al. have shown that in the adult mouse spine there is a proximal to distal 
gradient of marrow adipocity, with thoracic vertebrae being virtually free of adipocytes. 
This provides an in vivo model to study the affects of adipocytes on hematopoietic cells 
under homeostatic conditions. These studies showed that the number, frequency and 
cycling capacity of HSPCs was reduced as the number of adipocytes was increased 
(Naveiras et al. 2009).  In support, after irradiation and marrow transplantation of mice 
genetically incapable of forming adipocytes, or in wild type mice treated with an inhibitor of 
adipogenesis, there was enhanced HSPC expansion compared to non-treated wild type 
cohorts (Naveiras et al. 2009).  Of note, in these models of reduced/abrogated adipogenesis, 
as well as in a model where the fatty marrow is surgically removed, the increase in 
hematopoiesis is concomitant with an increase in bone formation (Tavassoli et al. 1974; 
Naveiras et al. 2009). These data suggest that after marrow insult and in the absence of 
adipocytes, there are signals enhancing osteoblast activity and bone formation, which may 
contribute to the enhanced hematopoiesis measured, as discussed below. This is supported 
by the clinical observations that aged patients have an increase in adiposity in the marrow, 
which is correlated with a decrease in bone formation and decreased hematopoiesis (Verma 
et al. 2002; Rossi et al. 2005; Mayack et al. 2010). 

3.1.4 Osteoblasts 

With the identification of osteoblast-like cells in stromal cultures (Friedenstein et al. 1987; 
Benayahu et al. 1991; Benayahu et al. 1992) and osteoprogenitors within marrow 
preparations for ectopic bone assays (Kuznetsov et al. 1997; Akintoye et al. 2006; Sacchetti et 
al. 2007; Chan, C.K. et al. 2008; Morikawa et al. 2009), Emerson and Taichman designed in 
vitro assays to assess the ability of isolated osteoblasts to support hematopoiesis (Taichman 
and Emerson 1994; Taichman et al. 1996; Taichman et al. 1997; Jung et al. 2005; Jung et al. 
2006; Zhu et al. 2007). These assays showed that osteoblasts can support hematopoiesis 
through the secretion of pro-hematopoietic cytokines, e.g. granulocyte colony-stimulating 
factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), CXCL-12, IL-
6, and IL-7, and that cell-cell contact is necessary for support via integrin binding (very late 
antigen (VLA)-4/5 and VCAM/ICAM). Further, these assays confirmed a connection 
between osteoblasts and B cell development. To assess the contribution of osteoblasts to 
hematopoiesis in vivo, several different mouse models have been generated that either 
increase osteoblasts (Calvi et al. 2001; Calvi et al. 2003; Zhang, J. et al. 2003), decrease 
osteoblasts (Visnjic et al. 2001; Visnjic et al. 2004), disrupt EO-based trabecular bone 
formation (Jacenko et al. 1993; Gress and Jacenko 2000; Jacenko et al. 2001; Jacenko et al. 
2002; Sweeney et al. 2008; Sweeney et al. 2010), alter osteoblast signaling (Wu et al. 2008), or 
modify osteoblast RNA processing (Table 1) (Raaijmakers et al. 2010). These in vivo models 
have confirmed that osteoblasts can support hematopoiesis, are involved in B 
lymphopoiesis, make pro-hematopoietic cytokines, make cell-cell contact with HSPCs, and 
moreover, have implicated osterix expressing osteoprogenitors as mediators of 
hematopoiesis.  

The above studies, as well as many imaging studies of HSPC in bone, support the osteoblast 
hematopoietic niche theory and suggest that the osteoblast niche may additionally 
encompass the B lymphopoietic niche (Nilsson et al. 1997; Nilsson et al. 2001; Yoshimoto et 
al. 2003; Arai, F. et al. 2004; Balduino et al. 2005; Kohler et al. 2009; Lo Celso et al. 2009; Xie et 
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al. 2009). For instance, Xie et al. showed that GFP+ HSPCs home to the trabecular bone 
surface in the marrow, and others have reported early developing B lymphocytes at the 
endosteal region of the marrow (Hermans et al. 1989; Jacobsen and Osmond 1990; Osmond 
1990; Xie et al. 2009). This zone is the chondro-osseous region where hypertrophic 
chondrocytes, trabecular osteoblasts and marrow cells are juxtaposed (Fig. 1). Hypertrophic 
chondrocytes and their matrix components are also essential for trabecular bone formation, 
and are proposed to be part of the osteoblast/lymphopoietic niche (Jacenko et al. 2002; 
Rodgers et al. 2008; Sweeney et al. 2008; Sweeney et al. 2010). Interestingly, hypertrophic 
chondrocytes have been described to trans-differentiate into osteoblasts (Roach 1992; 
Galotto et al. 1994; Roach et al. 1995; Roach and Erenpreisa 1996), and express osteoblast-like 
markers, e.g. osterix, osteocalcin, osteonectin, osteopontin and collagen I (Roach 1992; Yagi 
et al. 2003), suggesting similarities in the cells of the chondro-osseous niche. Indeed, it has 
been suggested that chondro-osteoprogenitor cells that expresses the chondrocyte-like 
marker collagen II contribute to both the perichondrial and trabecular osteoblast 
populations (Nakamura et al. 2006; Hilton et al. 2007). In contrast, however Maes et al. do 
not report any contribution from the collagen II labeled hypertrophic chondrocytes to 
trabecular bone (Maes et al. 2010). Taken together, these finding are reminiscent of the 
reports indicating that progenitor cells in the marrow can give rise to different cell types 
with many similarities, e.g. osteoprogenitors, CAR and nestin+ cells not only share gene 
expression profiles, but are all located in the chondro-osseous environment (Weiss 1976; 
Rouleau et al. 1990; Sugiyama et al. 2006). The possible overlap between the cells of the 
chondro-osseous region can also be appreciated when comparing osteoblasts and reticular 
cells that can support B lymphopoiesis and both express VCAM-1 and IL-7 (Ryan et al. 1991; 
Funk et al. 1995; Zhu et al. 2007). Moreover, using an osteoblast lineage tracer mouse 
generated with an osterix-LacZ construct, cells of the perichondrium, trabecular bone, 
cartilage and marrow stroma, some intimately associated with blood vessels in a pericyte-
like fashion, were all positive for osterix expression (Maes et al. 2010), again confirming an 
overlap of cell phenotypes in the chondro-osseous HME.  

3.1.5 Chondrocytes 

As previously discussed, chondrocytes provide the blueprint for future bone with a marrow 
cavity during EO, and are adjacent to the postulated osteoblast and vascular niches (Fig. 1B 
boxed) (Arai, F. et al. 2004; Kiel et al. 2005; Kohler et al. 2009; Xie et al. 2009). Indeed, growth 
plate chondrocytes, as well as osteoblasts and vascular cells, express leukemia inhibitory 
factor (LIF), which can synergize with growth factors to promote the proliferation of HSPCs 
(Keller et al. 1996; Grimaud et al. 2002). Additionally, Wei et al. recently showed that 
hypertrophic chondrocytes express CXCR-4, the receptor for CXCL-12 made by stromal cells 
and osteoblasts (Peled et al. 1999; Kortesidis et al. 2005; Dar et al. 2006; Jung et al. 2006; 
Sacchetti et al. 2007; Wei et al. 2010). These data begin to reveal the cross talk between the 
hypertrophic chondrocytes and the cells of the chondro-osseous environment that are 
players within the hematopoietic niche, e.g. osteoblasts, stromal and hematopoietic cells.  

To date, no imaging studies have attempted to localize HSPCs to hypertrophic 
chondrocytes. However, the contribution of various matrix components, in particular the 
heparan sulfate proteoglycans (HSPG), in establishing reservoirs of soluble factors for cell 
signaling and/or retention of HSPCs has been well established (as reviewed in (Rodgers et 
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al. 2009). For instance, Xie et al. showed that GFP+ HSPCs home to the trabecular bone 
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1990; Xie et al. 2009). This zone is the chondro-osseous region where hypertrophic 
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and are proposed to be part of the osteoblast/lymphopoietic niche (Jacenko et al. 2002; 
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not report any contribution from the collagen II labeled hypertrophic chondrocytes to 
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Funk et al. 1995; Zhu et al. 2007). Moreover, using an osteoblast lineage tracer mouse 
generated with an osterix-LacZ construct, cells of the perichondrium, trabecular bone, 
cartilage and marrow stroma, some intimately associated with blood vessels in a pericyte-
like fashion, were all positive for osterix expression (Maes et al. 2010), again confirming an 
overlap of cell phenotypes in the chondro-osseous HME.  

3.1.5 Chondrocytes 

As previously discussed, chondrocytes provide the blueprint for future bone with a marrow 
cavity during EO, and are adjacent to the postulated osteoblast and vascular niches (Fig. 1B 
boxed) (Arai, F. et al. 2004; Kiel et al. 2005; Kohler et al. 2009; Xie et al. 2009). Indeed, growth 
plate chondrocytes, as well as osteoblasts and vascular cells, express leukemia inhibitory 
factor (LIF), which can synergize with growth factors to promote the proliferation of HSPCs 
(Keller et al. 1996; Grimaud et al. 2002). Additionally, Wei et al. recently showed that 
hypertrophic chondrocytes express CXCR-4, the receptor for CXCL-12 made by stromal cells 
and osteoblasts (Peled et al. 1999; Kortesidis et al. 2005; Dar et al. 2006; Jung et al. 2006; 
Sacchetti et al. 2007; Wei et al. 2010). These data begin to reveal the cross talk between the 
hypertrophic chondrocytes and the cells of the chondro-osseous environment that are 
players within the hematopoietic niche, e.g. osteoblasts, stromal and hematopoietic cells.  

To date, no imaging studies have attempted to localize HSPCs to hypertrophic 
chondrocytes. However, the contribution of various matrix components, in particular the 
heparan sulfate proteoglycans (HSPG), in establishing reservoirs of soluble factors for cell 
signaling and/or retention of HSPCs has been well established (as reviewed in (Rodgers et 
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al. 2008) also see (Gordon et al. 1988; Roberts et al. 1988; Siczkowski et al. 1992; Verfaillie 
1993; Allouche and Bikfalvi 1995; Bruno et al. 1995; Klein et al. 1995; Gupta et al. 1996; Gupta 
et al. 1998; Borghesi et al. 1999; Siebertz et al. 1999; Zweegman et al. 2004; Rodgers et al. 
2008; Spiegel et al. 2008). In support, our laboratory has shown altered localization of both 
hyaluronan and HSPGs within the hypertrophic cartilage zone of the growth plates in the 
collagen X mouse models that display altered hematopoiesis (Jacenko et al. 2001), which 
directly links EO and the hypertrophic cartilage matrix to hematopoiesis (Jacenko et al. 1993; 
Gress and Jacenko 2000; Jacenko et al. 2001; Jacenko et al. 2002; Sweeney et al. 2008; Sweeney 
et al. 2010). Briefly, collagen X is a short chain, network forming collagen that is the major 
secreted matrix protein of hypertrophic chondrocytes and is localized to the hypertrophic 
cartilage/chondro-osseous region (Campbell et al. 2004), where it is proposed to form a 
hexagonal lattice-like network in the matrix  (Jacenko et al. 1991; Chan, D. and Jacenko 
1998). Affinity co-electrophoresis studies demonstrated that collagen X and heparin, a 
structural analog of heparan sulfate, can endogenously bind (Sweeney, unpublished). We 
thus proposed that the hypertrophic chondrocyte derived matrix, made up of the collagen X 
network that is likely stabilized by associating with the HSPGs, is enriched with 
hematopoietic factors and is a vital component of the HME (Jacenko et al. 2001; Rodgers et 
al. 2008). In accord, mouse models where the function of collagen X was altered via 
transgenesis or targeted gene knock-out have both an altered HME structure, as well as 
aberrant hematopoiesis. Specifically, alterations within the EO-derived chondro-osseous 
junction include aberrant growth plate histomorphometry, collapsed hypertrophic 
chondrocyte matrix network, diminished and altered localization for HSPG within 
hypertrophic cartilage and trabecular bone, and decreased trabecular bone. The 
hematopoietic changes include diminished B lymphopoiesis throughout life, perinatal 
lethality within a sub-set of mice due to opportunistic infections by the third week of life, 
decreased responses to concanavalin A by splenocytes from mice at all ages, and the 
succumbing of all collagen X mice to non-virulent pathogen challenge (Table 1) (Jacenko et 
al. 1993; Rosati et al. 1994; Jacenko et al. 1996; Kwan et al. 1997; Gress and Jacenko 2000; 
Jacenko et al. 2001; Jacenko et al. 2002; Sweeney et al. 2008; Sweeney et al. 2010). 
Additionally, altered levels of hematopoietic cytokines have been measured from the 
collagen X mouse derived hypertrophic chondrocytes and trabecular osteoblasts when 
compared to wild type cohorts (Sweeney, 2011 Ann N Y Acad. Sci. in press). The altered 
cytokine availability may negatively affect hematopoiesis, which may be even further 
amplified by the altered chondro-osseous matrix in the collagen X mice, e.g. loss of 
functional collagen X and diminished HSPGs at the chondro-ossous HME (Jacenko et al. 
2001). In support of the notion that matrix/cytokine signaling can affect cell differentiation 
in the HME, fate switching was sited as the cause of decreased osteoblast progenitors and 
bone formation in a knock-out mouse for the critical transforming growth factor (TGF)- 
binding proteoglycans, biglycan and decorin (Bi et al. 2005). Overall, the collagen X mouse 
models have highlighted the contribution of EO-derived cells and matrix components to 
HMEs and to hematopoietic cell development. 

3.1.6 Endothelial cells 

Marrow arterioles and capillaries supply the sinusoids, which in turn supply the marrow 
with cells and nutrients (reviewed in (Kopp et al. 2005). These are the sites of the vascular 
niche, and examples of active vascular niches can be appreciated during development when 
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hematopoiesis takes place in the yolk sac, aorta-gonad-mesonephros region and placenta 
perivascularly (Cumano et al. 1996; Medvinsky and Dzierzak 1996; Sanchez et al. 1996; de 
Bruijn et al. 2002; North et al. 2002; Gekas et al. 2005; Ottersbach and Dzierzak 2005). 
Additionally, throughout life in some species, such as the zebra fish, hematopoiesis is not 
coincident with bone (Murayama et al. 2006). Further, the characteristics of the marrow 
sinusoids, e.g. chemokine and adhesion molecule expression, not only allow them to be 
conduits for hematopoietic cells to and from the circulation, but also to serve as an area for 
HSPC differentiation (Rafii et al. 1994; Rafii et al. 1995; Schweitzer et al. 1996; Naiyer et al. 
1999; Abkowitz et al. 2003; Avecilla et al. 2004). In agreement, endothelial cells from several 
sources are able to support HSPC maintenance and differentiation toward lymphoid and 
myeloid lineages in culture (Rafii et al. 1995; Ohneda et al. 1998; Li et al. 2004; Wittig et al. 
2009; Butler et al. 2010). Visualizing the vascular niche in vivo with a pure sub-set of HSCs 
also provided support for the vascular niche theory. These studies revealed approximately 
60% of HSC residing in the chondro-osseous HME, and of that population, approximately 
60% were proximal to the vasculature, where as 15% were near bone (Kiel et al. 2005). 
Moreover, one aspect of the osteoblast niche theory maintains that HSCs are bound to 
osteoblasts by a N-cadherin-mediated homophilic adhesion, however in a mouse model 
where HSC specific N-cadherin was depleted, hematopoiesis was fully functional (Zhang, J. 
et al. 2003; Kiel et al. 2009). More in vivo support is provided by the biglycan deficient mice, 
which present with decreased trabecular osteoblasts and bone formation, however show no 
defects in hematopoiesis, HSC frequency or function, and show HSC localization to the 
vasculature (Kiel et al. 2007).  These data suggest an overlap in niche location with perhaps 
some ability for compensation between the osteoblast and vascular niches, albeit limited. In 
support, via histochemistry of the long bone, one can appreciate the spatial proximity of 
osteoblasts to the vasculature (Fig. 1B boxed). 

3.1.7 Hematopoietic derived cells influence the niche 

Discussed above are the data linking non-hematopoietic cells with hematopoiesis, however 
there are also data supporting reciprocal affects of hematopoietic derived cells influencing 
non-hematopoietic lineages. For example, HSPCs regulate MSC differentiation toward the 
osteoblast lineage via expression of BMP-2 and -6, suggesting that the HSPCs can actively 
maintain the osteoblast niche (Jung et al. 2008). Additionally, macrophages intercalated 
throughout bone have been described as osteoblast helper cells since they promote 
osteoblast mineralization in vitro and form a canopy over osteoblasts generating bone in 
vivo (Chang et al. 2008). An additional player in osteoblastogenesis is the megakaryocyte. In 
mouse models with increased numbers of megakaryocytes due to maturation arrest, 
increased osteoblast proliferation and bone mass were measured (Kacena et al. 2004). 
Additionally, megakaryocytes have been described as niche restoring cells post-irradiation 
since they migrate to the damaged bone surfaces and increase local concentrations of CXCL-
12, platelet-derived growth factor (PDGF)- and basic fibroblast growth factor (bFGF), 
which are associated with osteoblast proliferation (Kacena et al. 2006; Dominici et al. 2009).  

A reciprocal balance between bone deposition by osteoblasts, bone resorption by osteoclasts 
and signaling by osteocytes is extensively noted in the literature, and is appreciated 
clinically. These coupled interactions will not be discussed here other than to acknowledge 
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directly links EO and the hypertrophic cartilage matrix to hematopoiesis (Jacenko et al. 1993; 
Gress and Jacenko 2000; Jacenko et al. 2001; Jacenko et al. 2002; Sweeney et al. 2008; Sweeney 
et al. 2010). Briefly, collagen X is a short chain, network forming collagen that is the major 
secreted matrix protein of hypertrophic chondrocytes and is localized to the hypertrophic 
cartilage/chondro-osseous region (Campbell et al. 2004), where it is proposed to form a 
hexagonal lattice-like network in the matrix  (Jacenko et al. 1991; Chan, D. and Jacenko 
1998). Affinity co-electrophoresis studies demonstrated that collagen X and heparin, a 
structural analog of heparan sulfate, can endogenously bind (Sweeney, unpublished). We 
thus proposed that the hypertrophic chondrocyte derived matrix, made up of the collagen X 
network that is likely stabilized by associating with the HSPGs, is enriched with 
hematopoietic factors and is a vital component of the HME (Jacenko et al. 2001; Rodgers et 
al. 2008). In accord, mouse models where the function of collagen X was altered via 
transgenesis or targeted gene knock-out have both an altered HME structure, as well as 
aberrant hematopoiesis. Specifically, alterations within the EO-derived chondro-osseous 
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compared to wild type cohorts (Sweeney, 2011 Ann N Y Acad. Sci. in press). The altered 
cytokine availability may negatively affect hematopoiesis, which may be even further 
amplified by the altered chondro-osseous matrix in the collagen X mice, e.g. loss of 
functional collagen X and diminished HSPGs at the chondro-ossous HME (Jacenko et al. 
2001). In support of the notion that matrix/cytokine signaling can affect cell differentiation 
in the HME, fate switching was sited as the cause of decreased osteoblast progenitors and 
bone formation in a knock-out mouse for the critical transforming growth factor (TGF)- 
binding proteoglycans, biglycan and decorin (Bi et al. 2005). Overall, the collagen X mouse 
models have highlighted the contribution of EO-derived cells and matrix components to 
HMEs and to hematopoietic cell development. 
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Marrow arterioles and capillaries supply the sinusoids, which in turn supply the marrow 
with cells and nutrients (reviewed in (Kopp et al. 2005). These are the sites of the vascular 
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hematopoiesis takes place in the yolk sac, aorta-gonad-mesonephros region and placenta 
perivascularly (Cumano et al. 1996; Medvinsky and Dzierzak 1996; Sanchez et al. 1996; de 
Bruijn et al. 2002; North et al. 2002; Gekas et al. 2005; Ottersbach and Dzierzak 2005). 
Additionally, throughout life in some species, such as the zebra fish, hematopoiesis is not 
coincident with bone (Murayama et al. 2006). Further, the characteristics of the marrow 
sinusoids, e.g. chemokine and adhesion molecule expression, not only allow them to be 
conduits for hematopoietic cells to and from the circulation, but also to serve as an area for 
HSPC differentiation (Rafii et al. 1994; Rafii et al. 1995; Schweitzer et al. 1996; Naiyer et al. 
1999; Abkowitz et al. 2003; Avecilla et al. 2004). In agreement, endothelial cells from several 
sources are able to support HSPC maintenance and differentiation toward lymphoid and 
myeloid lineages in culture (Rafii et al. 1995; Ohneda et al. 1998; Li et al. 2004; Wittig et al. 
2009; Butler et al. 2010). Visualizing the vascular niche in vivo with a pure sub-set of HSCs 
also provided support for the vascular niche theory. These studies revealed approximately 
60% of HSC residing in the chondro-osseous HME, and of that population, approximately 
60% were proximal to the vasculature, where as 15% were near bone (Kiel et al. 2005). 
Moreover, one aspect of the osteoblast niche theory maintains that HSCs are bound to 
osteoblasts by a N-cadherin-mediated homophilic adhesion, however in a mouse model 
where HSC specific N-cadherin was depleted, hematopoiesis was fully functional (Zhang, J. 
et al. 2003; Kiel et al. 2009). More in vivo support is provided by the biglycan deficient mice, 
which present with decreased trabecular osteoblasts and bone formation, however show no 
defects in hematopoiesis, HSC frequency or function, and show HSC localization to the 
vasculature (Kiel et al. 2007).  These data suggest an overlap in niche location with perhaps 
some ability for compensation between the osteoblast and vascular niches, albeit limited. In 
support, via histochemistry of the long bone, one can appreciate the spatial proximity of 
osteoblasts to the vasculature (Fig. 1B boxed). 

3.1.7 Hematopoietic derived cells influence the niche 

Discussed above are the data linking non-hematopoietic cells with hematopoiesis, however 
there are also data supporting reciprocal affects of hematopoietic derived cells influencing 
non-hematopoietic lineages. For example, HSPCs regulate MSC differentiation toward the 
osteoblast lineage via expression of BMP-2 and -6, suggesting that the HSPCs can actively 
maintain the osteoblast niche (Jung et al. 2008). Additionally, macrophages intercalated 
throughout bone have been described as osteoblast helper cells since they promote 
osteoblast mineralization in vitro and form a canopy over osteoblasts generating bone in 
vivo (Chang et al. 2008). An additional player in osteoblastogenesis is the megakaryocyte. In 
mouse models with increased numbers of megakaryocytes due to maturation arrest, 
increased osteoblast proliferation and bone mass were measured (Kacena et al. 2004). 
Additionally, megakaryocytes have been described as niche restoring cells post-irradiation 
since they migrate to the damaged bone surfaces and increase local concentrations of CXCL-
12, platelet-derived growth factor (PDGF)- and basic fibroblast growth factor (bFGF), 
which are associated with osteoblast proliferation (Kacena et al. 2006; Dominici et al. 2009).  

A reciprocal balance between bone deposition by osteoblasts, bone resorption by osteoclasts 
and signaling by osteocytes is extensively noted in the literature, and is appreciated 
clinically. These coupled interactions will not be discussed here other than to acknowledge 
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that the function of one cell type highly depends upon and is affected by the actions of the 
other (Khosla 2003). Thereby, the continual signaling between cells of the mesenchymal and 
hematopoietic lineages underlies the tightly coupled process of bone remodeling, and its 
uncoupling can lead to skeletal disorders such as osteoporosis, osteopetrosis, as well as 
calcium homeostasis imbalances. Such examples are also seen in mouse models; for 
example, in one model where osteoclasts are depleted, instead of having increased bone 
mass due to lack of resorption, there is decreased bone mass compared to wild type cohorts 
(Kong et al. 1999). Collectively, the intricate cross talk between cells within the HME can 
both positively and negatively affect the niche environment as well as hematopoiesis, and is 
a vast area if research that remains to be adequately explored.  

3.2 Soluble factors and the extracellular matrix in the niche 

3.2.1 Cytokines, chemokines, growth factors, and neurotransmitters 

As referred to above, the hematopoietic and non-hematopoietic cells within the HME are 
surrounded in all dimensions by matrix components and soluble factors. The building 
blocks of the extracellular matrices found within the chondro-osseous environment can 
include collagens, proteoglycans (PGs; including the HSPGs) and their glycosaminoglycan 
(GAG) constituents and glycoproteins. Collagens generally provide structural support for 
cells in the niche by forming supramolecular aggregates around cells (Jacenko et al. 1991), 
while the PGs, such as the HSPGs, can trap and store soluble factors for presentation to local 
cells (as reviewed in (Rodgers et al. 2008). The amount and ratio of these molecules in the 
matrix also dictates the mechanical properties of the HME, which has recently become a 
topic of investigation in the stem cell field. For instance, matrix elasticity in the HME can 
influence fate choices of HSPCs (Holst et al. 2010), a phenomenon also reported with MSCs 
(as reviewed in (Discher et al. 2009). Thus, the matrix provides structural integrity to the 
HME, acts as a substrate for cell migration and anchorage, and actively regulates cell 
morphology, development and metabolic function (Peerani and Zandstra 2010). The cells in 
the HME receive information for maintenance, development, differentiation, etc. via cell-cell 
interactions, cell-matrix interactions, and exposure to variable concentrations and 
combinations of soluble factors, e.g. cytokines, chemokines, hormones, and growth factors. 
Many soluble factors have been implicated in hematopoiesis, such as CXCL-12, SCF, Fms-
related tyrosine kinase 3 ligand (Flt-3L), thrombopoietin (TPO), FGF, G-CSF, GM-CSF, LIF, 
Wnt, BMP-4, IL-3, 6, 7, 8, 11, 12, 14, 15 (Guba et al. 1992; Heinrich et al. 1993; Verfaillie 1993; 
Funk et al. 1995; Rafii et al. 1997; Taichman et al. 1997; Peled et al. 1999; Majumdar et al. 2000; 
Ponomaryov et al. 2000; Petit et al. 2002; Avecilla et al. 2004; Kortesidis et al. 2005; Dar et al. 
2006; Jung et al. 2006; Spiegel et al. 2007; Wittig et al. 2009), or in maintenance and 
quiescence of HSCs, e.g. Ang-1 and TGF (Eaves et al. 1991; Fortunel et al. 2000; Arai, F. et al. 
2004) (cytokine functions reviewed in (Zhang, C.C. and Lodish 2008). The HME cell types 
discussed above are the primary sources of these soluble factors, however lymphocytes have 
also been shown to stimulate and suppress hematopoiesis through the release of different 
factors during both homeostasis and immune activation (Nathan et al. 1978; Bacigalupo et al. 
1980; Mangan et al. 1982; Harada et al. 1985; Trinchieri et al. 1987; Crawford et al. 2010).  
Interestingly, many of these soluble factors are sequestered and presented by the matrix, 
specifically HSPGs, which have been described as key orchestrators of hematopoiesis (Bruno 
et al. 1995; Gupta et al. 1996; Gupta et al. 1998; Borghesi et al. 1999). This is particularly 
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 relevant to the collagen X mouse models that present with a disrupted collagen X network 
coupled with a decreased HSPG staining intensity at the chondro-osseous HME and 
diminished cytokine levels, leading to diminished B lymphopoiesis (Gress and Jacenko 2000; 
Jacenko et al. 2001; Jacenko et al. 2002; Sweeney et al. 2008; Sweeney et al. 2010). These 
findings imply that the structural defects in the matrix may lead to changes in the cytokine 
reservoirs, which in turn would negatively affect hematopoietic cell development. By 
extension, human diseases associated with altered matrix components at the HME may have 
altered hematopoiesis due to changes in cytokine availability, such as with Simpson-Golabi 
Behmel syndrome where alterations in the HSPG glypican-3 results in skeletal and 
hematopoietic abnormalities (Pilia et al. 1996; Viviano et al. 2005). 

There is increasing evidence that the nervous system can also affect the immune system 
through neurotransmitter signaling. The bone and marrow are supplied with autonomic 
efferent and afferent sensory innervations, specifically at the epiphysis and metaphysis of 
long bone, which includes the chondro-osseous HME  (Fig. 1A) (reviewed in (Mignini et al. 
2003). Catecholamines, acetylcholine and peptide transmitters of neural and non-neural 
origin are released in the HME, which contribute to neuro-immune modulations. For 
example, signaling from the nervous system can regulate HSPC egress and repopulation of 
the marrow (Katayama et al. 2006; Spiegel et al. 2007), which has been shown to be coupled 
to the circadian rhythm (Mendez-Ferrer et al. 2008). Indeed, HSPCs have receptors for 
several neurotransmitters, which can stimulate cell proliferation (Spiegel et al. 2008; 
Kalinkovich et al. 2009). Of note, beta-adrenergic agonists have been shown to stimulate 
osteoclast activity (Arai, M. et al. 2003), which could have an effect on the osteoblast niche 
via two methods, a) physically by decreasing bone lining cells and releasing HSPCs, and b) 
chemically via the release of soluble factor (Kollet et al. 2006; Mansour et al. 2011). Calcium 
is an example of one such soluble factor, which serves as an attractant to HSPCs 
encouraging homing to the osteoblast niche (Adams et al. 2006). Hematopoietic cell egress 
from the marrow has also been linked to many systemic causes, including exercise, 
inflammation, bleeding, cytotoxic drugs, and psychological anxiety (reviewed in (Lapid et 
al. 2008). These data serve as reminders that hematopoiesis and the HME can be influenced 
by factors outside of the local environment. 

3.2.2 Cell and matrix influence 

In the HME, cell-cell interactions influence cell fate decisions and mobility/homing; 
examples of such interactions include: Notch-1/Jagged-1, N-cadherin/N-cadherin and 
VLA-4/VCAM-1 (reviewed in (Coskun and Hirschi 2010). On the other hand, cell-matrix 
interactions influence not only cell behavior, but also cell anchorage to the niche. To date, 
the matrix proteins within the HME include: collagens (Types I, II, III, IV and X), 
glycoproteins (fibronectin, lamanin, nidogen, tenasin C, thrombospondin, vitronectin), PGs 
(perlecan, decorin, agrin) and the GAG hyaluronan (Bentley and Foidart 1980; Bentley 1982; 
Spooncer et al. 1983; Zuckerman and Wicha 1983; Zuckerman et al. 1985; Klein 1995; Ohta et 
al. 1998; Campbell et al. 2004; Mazzon et al. 2011). These matrix constituents can signal to 
hematopoietic cells through cell receptors such as: integrins, immunoglobulin-like 
molecules, cadherins, selectins, and mucins (Teixido et al. 1992; Coulombel et al. 1997; 
Levesque and Simmons 1999; Zhang, J. et al. 2003; Merzaban et al. 2011). Notably, the HME 
matrix network is not static, but is continually remodeled by different enzymes including 
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that the function of one cell type highly depends upon and is affected by the actions of the 
other (Khosla 2003). Thereby, the continual signaling between cells of the mesenchymal and 
hematopoietic lineages underlies the tightly coupled process of bone remodeling, and its 
uncoupling can lead to skeletal disorders such as osteoporosis, osteopetrosis, as well as 
calcium homeostasis imbalances. Such examples are also seen in mouse models; for 
example, in one model where osteoclasts are depleted, instead of having increased bone 
mass due to lack of resorption, there is decreased bone mass compared to wild type cohorts 
(Kong et al. 1999). Collectively, the intricate cross talk between cells within the HME can 
both positively and negatively affect the niche environment as well as hematopoiesis, and is 
a vast area if research that remains to be adequately explored.  

3.2 Soluble factors and the extracellular matrix in the niche 

3.2.1 Cytokines, chemokines, growth factors, and neurotransmitters 

As referred to above, the hematopoietic and non-hematopoietic cells within the HME are 
surrounded in all dimensions by matrix components and soluble factors. The building 
blocks of the extracellular matrices found within the chondro-osseous environment can 
include collagens, proteoglycans (PGs; including the HSPGs) and their glycosaminoglycan 
(GAG) constituents and glycoproteins. Collagens generally provide structural support for 
cells in the niche by forming supramolecular aggregates around cells (Jacenko et al. 1991), 
while the PGs, such as the HSPGs, can trap and store soluble factors for presentation to local 
cells (as reviewed in (Rodgers et al. 2008). The amount and ratio of these molecules in the 
matrix also dictates the mechanical properties of the HME, which has recently become a 
topic of investigation in the stem cell field. For instance, matrix elasticity in the HME can 
influence fate choices of HSPCs (Holst et al. 2010), a phenomenon also reported with MSCs 
(as reviewed in (Discher et al. 2009). Thus, the matrix provides structural integrity to the 
HME, acts as a substrate for cell migration and anchorage, and actively regulates cell 
morphology, development and metabolic function (Peerani and Zandstra 2010). The cells in 
the HME receive information for maintenance, development, differentiation, etc. via cell-cell 
interactions, cell-matrix interactions, and exposure to variable concentrations and 
combinations of soluble factors, e.g. cytokines, chemokines, hormones, and growth factors. 
Many soluble factors have been implicated in hematopoiesis, such as CXCL-12, SCF, Fms-
related tyrosine kinase 3 ligand (Flt-3L), thrombopoietin (TPO), FGF, G-CSF, GM-CSF, LIF, 
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Ponomaryov et al. 2000; Petit et al. 2002; Avecilla et al. 2004; Kortesidis et al. 2005; Dar et al. 
2006; Jung et al. 2006; Spiegel et al. 2007; Wittig et al. 2009), or in maintenance and 
quiescence of HSCs, e.g. Ang-1 and TGF (Eaves et al. 1991; Fortunel et al. 2000; Arai, F. et al. 
2004) (cytokine functions reviewed in (Zhang, C.C. and Lodish 2008). The HME cell types 
discussed above are the primary sources of these soluble factors, however lymphocytes have 
also been shown to stimulate and suppress hematopoiesis through the release of different 
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 relevant to the collagen X mouse models that present with a disrupted collagen X network 
coupled with a decreased HSPG staining intensity at the chondro-osseous HME and 
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encouraging homing to the osteoblast niche (Adams et al. 2006). Hematopoietic cell egress 
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(perlecan, decorin, agrin) and the GAG hyaluronan (Bentley and Foidart 1980; Bentley 1982; 
Spooncer et al. 1983; Zuckerman and Wicha 1983; Zuckerman et al. 1985; Klein 1995; Ohta et 
al. 1998; Campbell et al. 2004; Mazzon et al. 2011). These matrix constituents can signal to 
hematopoietic cells through cell receptors such as: integrins, immunoglobulin-like 
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metalloproteinases, neutrophil elastase and hepranase. Matrix turnover can thus assist in the 
release of hematopoietic cells from the niche (Levesque et al. 2001; Heissig et al. 2002; Petit et 
al. 2002; Spiegel et al. 2008), as well as liberate bound soluble hematopoietic factors (Heissig 
et al. 2002; Spiegel et al. 2008). An example of one such cell-matrix interaction in the HME is 
the VLA-4/fibronectin binding between HSPCs and the matrix, which provides the 
hematopoietic cell with anchorage as well as proliferation stimuli (Weinstein et al. 1989; 
Klein et al. 1998; Sagar et al. 2006). Hyaluronan also impacts HSPC maintenance, 
propagation, homing and homeostasis via CD44 binding (Avigdor et al. 2004; Matrosova et 
al. 2004; Haylock and Nilsson 2006). Most recently, Mazzon et al. have found the binding 
between agrin, expressed by trabecular osteoblasts and MSCs in the niche, and HSPCs leads 
to survival and proliferation signals (Mazzon et al. 2011). Finally, mature plasma B cells 
homing back to the marrow via CXCL-12 signals are anchored to their marrow niche via 
matrix-bound ligands produced by local myeloid cells (O'Connor et al. 2004; Crowley et al. 
2005; Ingold et al. 2005; Moreaux et al. 2005; Nagasawa 2006; Schwaller et al. 2007; Huard et 
al. 2008; Moreaux et al. 2009). In fact, it has been shown that this interaction maintains long-
lived antibody producing plasma B cells in the marrow by stimulating expression of anti-
apoptotic genes in the lymphocytes (O'Connor et al. 2004; Huard et al. 2008). Thus, the cell-
matrix interactions in the marrow serve to support hematopoietic maintenance and 
development, as well as support the persistence of mature hematopoietic cells that have 
returned to the marrow.  

4. Summary and perspectives 
All the specialized cells of the blood are generated through hematopoiesis via the directed 
differentiation of HSCs. The bone marrow, which is the predominant hematopoietic tissue 
after birth (Aguila and Rowe 2005; Cumano and Godin 2007), is formed through EO, where 
the cartilage anlage serves as a transient template for trabecular bone, and defines the 
environment of the marrow stroma. Thereby, either directly or indirectly, the process of EO 
establishes the hematopoietic niche by providing the niche with both the structure matrix 
constituents and the cellular components (Jacenko et al. 1993; Taichman and Emerson 1994; 
Taichman et al. 1996; Taichman et al. 1997; Gress and Jacenko 2000; Calvi et al. 2001; Visnjic et 
al. 2001; Jacenko et al. 2002; Calvi et al. 2003; Zhang, J. et al. 2003; Visnjic et al. 2004; Jung et al. 
2005; Jung et al. 2006; Zhu et al. 2007; Chan, C.K. et al. 2008; Sweeney et al. 2008; Wu et al. 2008; 
Raaijmakers et al. 2010; Sweeney et al. 2010). Many cell types, matrix components and soluble 
factors contribute to the HME (Fig. 2). Through several different methods, HSPCs have been 
visualized in the chondro-osseous HME (Nilsson et al. 1997; Nilsson et al. 2001; Yoshimoto et 
al. 2003; Arai, F. et al. 2004; Balduino et al. 2005; Kiel et al. 2005; Kohler et al. 2009; Xie et al. 
2009), which is comprised of vasculature sinusoids, sympathetic nerves, complex and diverse 
matrix regions, as well as osteoblasts, hypertrophic chondrocytes, endothelial cells, pericytes, 
CXCL-12 expressing cells, adipocytes, nestin+ cells, MSCs, macrophages intercalated in the 
endosteum, and cells of the immune system, both developing and recirculating. The cells of 
the HME express the cytokines, growth factors and chemokines utilized throughout 
hematopoiesis, as well as the matrix molecules that provides structural support, cell-matrix 
signaling and reservoirs of soluble factors (Fig. 2). We propose that the chondro-oseous HME 
is not static, but is continuously changing in response to various systemic influences (Lapid et 
al. 2008), as well as to remodeling of the hybrid trabecular bone-hypertrophic cartilage spicules 
into mature secondary bone (Fig. 1C & 2). During remodeling of the HME, both cells and 
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Fig. 2. The cells, matrix components and soluble factors within the chondro-osseous 
hematopoietic microenvironment. The putative hematopoietic niche has been localized to the 
chondro-osseous junction (COJ) of endochondrally developing bones, e.g. the juncture of the 
growth plate (GP) hypertrophic chondrocytes and the trabecular bone (TB) and marrow (M). 
Boxed, a cartoon in higher magnification represents the chondro-osseous hematopoietic 
environment, which includes: osteoblasts, hypertrophic chondrocytes, endothelial cells, 
pericytes, CXCL-12 abundant cells (CAR), adipocytes, endosteal intercalating macrophages, 
and other marrow cells, such as lymphocytes. Additionally, progenitor cells such as 
hematopoietic stem/progenitor cells (HSPC), multipotent stromal cells (MSC) and nestin 
expressing (nestin +) MSC are represented. All of these cells serve as a source of secreted 
factors, including cytokines, chemokines and growth factors, as well as neurotransmitters from 
the sympathetic nervous system (SNS). Also note the gradients of oxygen (O2) and calcium 
(Ca++) released from the vasculature or remodeled bone respectively. Finally, the extracellular 
matrix (ECM) in the marrow and in the core of trabecular bone, consisting of hypertrophic 
cartilage derived lattice-like collagen X and HSPGs, can serve as a substrate for cell anchorage, 
migration, and/or signaling through cell-ECM binding and as a reservoirs of secreted factors. 
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CXCL-12 expressing cells, adipocytes, nestin+ cells, MSCs, macrophages intercalated in the 
endosteum, and cells of the immune system, both developing and recirculating. The cells of 
the HME express the cytokines, growth factors and chemokines utilized throughout 
hematopoiesis, as well as the matrix molecules that provides structural support, cell-matrix 
signaling and reservoirs of soluble factors (Fig. 2). We propose that the chondro-oseous HME 
is not static, but is continuously changing in response to various systemic influences (Lapid et 
al. 2008), as well as to remodeling of the hybrid trabecular bone-hypertrophic cartilage spicules 
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soluble factors are released into the milieu; for example matrix degrading enzymes release 
HSPCs for egress, and the combined activity of osteoclasts and enzymes release soluble 
factors from bone, including the trabecular bone with a collagen X/HSPG core (Fig. 2). 
Thus, the chondro-osseous HME is a continually active site with intrinsic and systemic 
signals influencing the cellular cross talk that ensures proper quiescence, maintenance, and 
differentiation of the HSPCs. 

As itemized in Table 1 and discussed above, various mouse models have revealed 
important cell and matrix players in the HME, while others have implicated the importance 
of proper cell cycle (Walkley et al. 2005; Walkley et al. 2007), transcription (Corradi et al. 
2003; Purton et al. 2006; Walkley et al. 2007; Kieslinger et al. 2010), cell-cell communication 
(Larsson et al. 2008), and survival signals (Youn et al. 2008; Kwon et al. 2010) in the HME 
(Table 1). Still, the exact cellular make up and location of the HME is continually under 
debate, though most agree the cells of the osteoblast and vascular niches are important 
players in hematopoiesis. The possibility of osteoblast and vascular niches spatially 
overlapping or having the ability to provide some compensation for each other to some 
extent, is another intriguing theory. Evidence for this is observed with the biglycan deficient 
mouse model that presents with reduced bone, yet intact hematopoiesis (Kiel et al. 2007), as 
well as with  the recently identified CAR cells that unite the osteoblast and vascular niches 
in the chondro-osseous HME by the observation that they are in contact with 90% of HSPCs 
throughout the trabecular bone region and the marrow sinusoidal region (Sugiyama et al. 
2006; Omatsu et al. 2010). Additionally, there is similarity in the expression of hematopoietic 
soluble factors between the osteoblasts, endothelial cells, and CAR cells, such as CXCL-12 
implicated in the homing, growth, development and maintenance of hematopoietic cells 
(Peled et al. 1999; Ponomaryov et al. 2000; Tokoyoda et al. 2004; Broxmeyer et al. 2005; 
Kortesidis et al. 2005; Dar et al. 2006; Sugiyama et al. 2006). Moreover, Medici et al. have 
confirmed an endothelial to osteoblast and chondrocyte transition in vivo, further 
supporting a cell interchange and overlap theory (Medici et al. 2010). In contrast, there is 
also evidence that the osteoblast and vascular niches provide different roles in 
hematopoiesis, e.g. a quiescence and maintenance role verses a differentiation and egress 
role (Lord et al. 1975; Shackney et al. 1975; Gong 1978; Nilsson et al. 2001; Heissig et al. 2002; 
Arai, F. et al. 2004; Balduino et al. 2005; Jang and Sharkis 2007; Bourke et al. 2009). Further, 
although these niches are proximal in the chondro-oseous region, mathematical modeling 
has predicted a layer of only two myeloid cells is sufficient to deplete most oxygen provided 
by a near by sinusoid (Chow et al. 2001). Thus, the local environment within each niche may 
differ significantly in chemical signals, such as with oxygen and calcium (Fig. 2).  

Overall, the research generated in the hematopoietic niche field is beginning to shed light on 
many hematologic disorders, such as myelodysplasia, myeloproliferative syndromes and 
leukemias that seem to be influenced by the quality of the marrow environment (Walkley et 
al. 2007; Walkley et al. 2007; Raaijmakers et al. 2010). Further information on niche 
components, specifically the matrix molecules, will assist in generating bio-mimicking 
composites necessary for in vitro culture and expansion of patient specific hematopoietic 
tissues, for such clinical applications as autologous marrow transfers. The past sixty years of 
hematopoietic biology research has increased our understanding of marrow stromal cell 
types, as well as the three-dimensional regions that provide structure and organization of 
cell signaling for the maintenance and propagation of HSPCs. The study of the 
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hematopoietic niche will continue to provide details on necessary niche components, which 
may assist in the understanding of other stem cell niches, including the vascular, skin, hair, 
and neural niches, and provide therapeutic cues for immuno-osseous diseases that present 
with skeletal defects and altered hematopoiesis, such as McKusick type metaphyseal 
chondrodysplasia (cartilage-hair hypoplasia; CHH), Shwachmen-Diamond syndrome, 
Schimke dysplasia (Spranger et al. 1991; Kuijpers et al. 2004; Hermanns et al. 2005), and 
others. 
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1. Introduction  
The formation of blood cells, also called hematopoiesis, is a complex process that occurs in 
the bone marrow and depends on correct regulation of hematopoietic cell fate decisions. 
Aberrant regulation of hematopoiesis can result in the development of severe malignant and 
non-malignant hematological disorders, including leukemia. Hematopoietic stem cell 
transplantation is the most powerful treatment modality for a large number of those 
malignancies. Successful hematopoietic recovery after transplantation depends on homing 
of hematopoietic stem cells to the bone marrow and subsequent lodging of those cells in the 
bone marrow microenvironment.  

Homing is a rapid, coordinated process in which circulating hematopoietic stem and 
progenitor cells actively enter the bone marrow within a few hours after transplantation 
(Figure 1). Rolling and firm adhesion of those cells to endothelial cells in small marrow 
sinusoids is followed by trans-endothelial migration across the endothelium/extracellular 
matrix barrier. Finally, in irradiated recipients, hematopoietic stem cells anchor to their 
specialized niches within the bone marrow compartment near osteoblasts and initiate long-
term repopulation (Lo Celso et al., 2009). In absence of available niches in, for example, non-
irradiated recipients, HSCs tend to be more randomly distributed throughout the bone 
marrow (Lo Celso et al., 2009). Since the first bone marrow transplantation decades ago, 
research has focused on understanding the mechanisms underlying homing of 
hematopoietic stem cells to the bone marrow. This chapter will focus on recent studies that 
have extended our understanding of the molecular mechanisms underlying adhesion, 
migration and bone marrow homing of hematopoietic stem cells. 

2. Selectins and bone marrow homing 
A first step in the process of bone marrow homing is initial tethering and rolling of 
hematopoietic stem and progenitor cells along the endothelial wall of blood vessels. It has been 
demonstrated that selectins play an important role in bone marrow homing of hematopoietic 
stem and progenitor cells by regulating these processes. Intravital microscopy in bone marrow 
sinoids and venules of mice deficient for individual selectins revealed that rolling of 
hematopoietic progenitor cells involves both P and E-selectin, but not L-selectin (Mazo et al., 
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1. Introduction  
The formation of blood cells, also called hematopoiesis, is a complex process that occurs in 
the bone marrow and depends on correct regulation of hematopoietic cell fate decisions. 
Aberrant regulation of hematopoiesis can result in the development of severe malignant and 
non-malignant hematological disorders, including leukemia. Hematopoietic stem cell 
transplantation is the most powerful treatment modality for a large number of those 
malignancies. Successful hematopoietic recovery after transplantation depends on homing 
of hematopoietic stem cells to the bone marrow and subsequent lodging of those cells in the 
bone marrow microenvironment.  

Homing is a rapid, coordinated process in which circulating hematopoietic stem and 
progenitor cells actively enter the bone marrow within a few hours after transplantation 
(Figure 1). Rolling and firm adhesion of those cells to endothelial cells in small marrow 
sinusoids is followed by trans-endothelial migration across the endothelium/extracellular 
matrix barrier. Finally, in irradiated recipients, hematopoietic stem cells anchor to their 
specialized niches within the bone marrow compartment near osteoblasts and initiate long-
term repopulation (Lo Celso et al., 2009). In absence of available niches in, for example, non-
irradiated recipients, HSCs tend to be more randomly distributed throughout the bone 
marrow (Lo Celso et al., 2009). Since the first bone marrow transplantation decades ago, 
research has focused on understanding the mechanisms underlying homing of 
hematopoietic stem cells to the bone marrow. This chapter will focus on recent studies that 
have extended our understanding of the molecular mechanisms underlying adhesion, 
migration and bone marrow homing of hematopoietic stem cells. 

2. Selectins and bone marrow homing 
A first step in the process of bone marrow homing is initial tethering and rolling of 
hematopoietic stem and progenitor cells along the endothelial wall of blood vessels. It has been 
demonstrated that selectins play an important role in bone marrow homing of hematopoietic 
stem and progenitor cells by regulating these processes. Intravital microscopy in bone marrow 
sinoids and venules of mice deficient for individual selectins revealed that rolling of 
hematopoietic progenitor cells involves both P and E-selectin, but not L-selectin (Mazo et al., 
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1998). Similarly, coating of a surface with immobilized P- or E-Selectin was sufficient to induce 
rolling of human CD34+ hematopoietic progenitor cells under flow conditions (Xia et al., 2004). 
A next step in bone marrow homing is transendothelial migration. This process requires firm 
adhesion of hematopoietic stem and progenitor cells to endothelial cells. Although CD34+ 
hematopoietic progenitor cells are capable of binding to fluid-phase P- and E-selectin (Xia et al., 
2004), in vitro adhesion to bone marrow derived endothelial cells under static conditions has 
been shown not to depend on E-selectin (Naiyer et al., 1999). Transwell experiments performed 
to study the importance of E-selectin in migration of human hematopoietic progenitor cells 
through a confluent layer of bone marrow derived endothelial cells, precultured with IL-1B to 
induce E-selectin expression, yielded contradictory results. While Naiyer et al. have 
demonstrated with blocking antibodies that E-selectin is important for transendothelial 
migration (Naiyer et al., 1999), no significant inhibition in transendothelial migration could be 
observed by Voermans et al. who performed similar experiments (Voermans et al., 2000). 
Transplantation of lethally irradiated recipient mice deficient for both P-and E-selectin with 
wild type bone marrow cells resulted in reduced recruitment of hematopoietic progenitors to 
the bone marrow and enhanced levels of circulating hematopoietic progenitors, indicating that 
selectins indeed play an important role in bone marrow homing (Frenette et al., 1998). 

Ligands for E-selectin include the PSGL-1 glycoform CLA, CD43 and the CD44 glycoform 
HCELL (Dimitroff et al., 2001; Merzaban et al., 2011). These ligands are all expressed on 
mouse Lin-Sca-1+c-Kit+ hematopoietic stem and progenitor cells and human CD34+ 
hematopoietic progenitor cells (Merzaban et al., 2011). Immune precipitation experiments 
revealed that although E-selectin can bind to CLA and CD43 in both mouse and human 
cells, the interaction between E-selectin and CD44 only occurs in human cells (Merzaban et 
al., 2011). These studies indicate that the molecular mechanism underlying bone marrow 
homing may be different for mouse and human hematopoietic stem cells. This hypothesis 
was confirmed by the observation that human CD34+ hematopoietic progenitor cells exhibit 
a stronger E-selectin binding capacity compared to mouse Lin-Sca-1+c-kit+ cells (Merzaban 
et al., 2011). In contrast to PSGL-1 which is also expressed in mature hematopoietic cells, 
CD44 appears to be predominantly expressed on primitive human CD34+ hematopoietic 
progenitor cells (Dimitroff et al., 2001). Rolling experiments performed under physiological 
flow conditions revealed that CD44 mediates E-selectin-dependent rolling interactions over 
a wider shear range in comparison to PSGL-1 and promotes rolling interactions on human 
bone marrow endothelial cells (Dimitroff et al., 2001). Silencing of CD44 expression in 
human cells with shRNAs was sufficient to decrease E-selectin binding under physiologic 
shear conditions, while enforced CD44 expression in Lin-Sca-1+c-kit+ cells conversely 
increased E-selectin adherence, resulting in improved bone marrow homing in vivo 
(Merzaban et al., 2011). In addition, treatment of mice with blocking antibodies against 
CD44 resulted in an increase in committed progenitors in the peripheral blood, suggesting 
that CD44 is important for lodging of hematopoietic progenitors in the bone marrow 
(Vermeulen et al., 1998). It has also been demonstrated that the selectin ligands must be 
alpha1-3 fucosylated to form glycan determinants such as sialyl Lewis x (sLe(x)). Inadequate 
alpha1-3 fucosylation of umbilical cord blood derived CD34+CD38-/low cells resulted in 
reduced interaction with both E-selectin and P-selectin, while increasing the level of cell-
surface sLe(x) determinants augmented binding to fluid-phase P- and E-selectin, improved 
cell rolling on P- and E-selectin under flow and enhanced engraftment of human 
hematopoietic cells in bone marrows of irradiated NOD/SCID mice (Xia et al., 2004). 
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Fig. 1. Homing of hematopoietic Stem Cells to the bone marrow. 1) Initial tethering and 2) 
rolling are the first steps in bone marrow homing. These processes are mediated by both E- 
and P-selectin. 3) SDF-1 mediated integrin activation induces firm adhesion of the 
hematopoietic stem cells to the endothelial wall. 4) Firmly attached hematopoietic stem cells 
can subsequently transmigrate through the endothelial layer and 5) basal lamina, consisting 
of fibronectin, collagen and laminin. Integrins involved in these steps are CD49d/CD29, 
CD49e/CD29 and CD49f/CD29. 6) Finally, hematopoietic stem cells migrate towards the 
SDF-1 gradient to the osteoblasts. 

3. Integrins and bone marrow homing 
Integrins are, in addition to selectins, also implicated in playing an important role in 
regulation of bone marrow homing.  Several in vitro studies with blocking antibodies have, 
for example, shown that both CD49d/CD29 (41 or VLA-4) and   CD11a/CD18 (L2 or 
LFA-1) play an important role in adhesion of hematopoietic stem and progenitor cells to 
endothelial cells and subsequent transendothelial migration (Imai et al., 1999; Peled et al., 
2000; Voermans et al., 2000). In addition, spontaneous migration of CD34+ hematopoietic 
progenitors underneath a bone marrow derived stromal cell layer, was found to be 
significantly inhibited by a peptide that blocks CD49d/CD29 integrin binding (Burger et al., 
2003). However, adhesion of CD34+ cells to fibronectin was found to be primarily dependent 
on CD49e/CD29 (51 or VLA-5) and not CD49d/CD29 (Peled et al., 2000). In addition, 
chemotaxis of peripheral blood CD34+ progenitor cells on recombinant fibronectin appears 
to be mediated, at least in part, by CD49e/CD29 (Carstanjen et al., 2005). The importance of 
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both CD49d/CD29 and CD49e/CD29 in directional migration through the basal lamina, 
which is composed of the extracellular matrix proteins laminin, collagen, and fibronectin, 
has been examined utilizing a three dimensional extra cellular matrix-like gel. In contrast to 
the dominant role of CD49e/CD29 in facilitating static adhesion to fibronectin, SDF-1–
induced directional migration of CD34+ cells was found to be dependent on both 
CD49d/CD29 and CD49e/CD29 integrins (Peled et al., 2000). These studies suggest that 
both CD49d/CD29 and CD49e/CD29 play an important role in migration of hematopoietic 
stem and progenitor cells in general. However, transwell migration experiments with 
endothelial cells from different origin showed that CD49d/CD29 is only involved in 
migration of hematopoietic progenitors through a confluent layer of bone marrow derived, 
but not human umbilical vein derived, endothelial cells (Peled et al., 2000). In addition, 
inhibition of CD49e/CD29 alone was not sufficient to inhibit migration through both types 
of endothelial cells. However, an additive effect was observed when antibodies for 
CD11a/CD18, CD49d/CD29 and CD49e/CD29 were mixed together (Peled et al., 2000). 
These results suggest that the mechanisms underlying hematopoietic stem cell migration 
through endothelial walls of blood vessels depends on the origin of the endothelial cells and 
the VCAM-1 expression level. 

As described above, deletion of both P- and E-selectin in recipient mice significantly 
reduced bone marrow homing after transplantation of wild type HPCs. Treatment of these 
mice with a blocking antibody against VCAM-1, thereby prohibiting interaction with 
CD49d/CD29, was sufficient to further reduce bone marrow homing after transplantation 
(Frenette et al., 1998), suggesting that both selectins and integrins are important for optimal 
bone marrow homing. In addition, the capacity of cells either deficient for CD49d (Scott et 
al., 2003) or pretreated with CD49d antibodies (Vermeulen et al., 1998; Papayannopoulou et 
al., 2001; Qian et al., 2006; Carstanjen et al., 2005) to migrate to bone marrow has been shown 
to be impaired resulting in delayed short-term engraftment (Scott et al., 2003).  Furthermore, 
treatment of mice with blocking antibodies against CD49d resulted in an increase in the 
number of committed progenitors in the peripheral blood, suggesting that CD49d is also 
important for lodging of hemaopoietic progenitors in the bone marrow (Vermeulen et al., 
1998). Since antibodies directed against mouse CD49d can bind to both CD49d/CD29 and 
CD49d/ITGB7 (47), and CD49d/ITGB7 is also expressed on mouse Lin-Sca-1+c-Kit+ cells, 
it was hypothesized that in addition to CD49d/CD29, CD49d/ITGB7 could also be involved 
in bone marrow homing. Indeed, inhibition of CD49d/ITGB7or its substrate MadCam-1 
significantly reduced, but not completely abrogated, bone marrow homing after 
transplantation (Katayama et al., 2004). In contrast, other integrins, including CD11a, appear 
not be involved in bone marrow homing (Vermeulen et al., 1998). Transplantation studies 
with hematopoietic stem cells deficient for CD18 indicated that also CD18 is not essential for 
bone marrow homing. However, since inhibition of CD49d/CD29 in CD18 deficient 
hematopoietic stem cells resulted in more dramatic reduction in bone marrow homing in 
comparison to inhibition of CD49d/CD29 in wild type mice, it was suggested that CD18 can 
contribute to bone marrow homing when the function of CD49d/CD29 is compromised 
(Papayannopoulou et al., 2001). In addition to CD49d, CD49e/CD29 has also been 
implicated in playing a role in regulation of bone marrow homing. Treatment of 
hematopoietic progenitors with an antibody directed against CD49e/CD29 was sufficient to 
partially reduce homing of those cells to the bone marrow but not to the spleen (Wierenga et 
al., 2006; Carstanjen et al., 2005). Another integrin implicated in regulation of bone marrow 
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 homing is CD49f (6). In contrast to CD49d that appears to primarily be involved in bone 
marrow homing of short-term repopulating hematopoietic stem cells, CD49f is thought to be 
important for homing of both short-term and long-term stem cells (Qian et al., 2006). In 
contrast, similar experiments with fetal liver cells revealed that, in contrast to CD49d which 
appeared to be important for homing of both hematopoietic stem and progenitor cells, 
CD49f is only important for homing of hematopoietic progenitors but not stem cells (Qian et 
al., 2007). These studies indicate that CD49d and Cd49f play differential roles during 
homing of cord blood and fetal liver derived hematopoietic stem and progenitor cells (Qian 
et al., 2007). In contrast, bone marrow homing was not affected in a more recent study in 
which also mouse bone marrow derived hematopoietic stem and progenitor cells pretreated 
with blocking antibodies directed against CD49f were transplanted in recipient mice (Bonig 
et al., 2009). In addition, blocking CD49f in human and primate bone marrow derived 
hematopoietic stem and progenitor cells, but not mobilized peripheral blood or cord blood 
derived cells that express little or no CD49f, resulted in enhanced bone marrow homing in a 
xenogeneic transplant model and significantly improved engraftment levels (Bonig et al., 
2009). Finally, intravenous injection of anti-CD49f antibodies, in contrast to antibodies 
against CD49d integrin, did not mobilize progenitors or enhance cytokine-induced 
mobilization by G-CSF, suggesting that CD49f is not essential for lodging of hematopoietic 
stem and progenitor cells in the bone marrow (Qian et al., 2006). Additional research is 
required to investigate whether or not CD49f regulates bone marrow homing. 

4. Chemoattractants involved in migration of hematopoietic stem cells 
Chemoattractants play an important role in directing migration of hematopoietic stem and 
progenitor cells to the bone marrow. Several studies have demonstrated that Stromal cell 
Derived Factor 1 (SDF-1), also known as CXC chemokine ligand 12 (CXCL12) (Tashiro et al., 
1993) acts as a chemoattractant for hematopoietic stem and progenitor cells and is important for 
their transendothelial migration (Aiuti et al., 1997; Naiyer et al., 1999; Mohle et al., 1998; Kim & 
Broxmeyer, 1998; Glass et al., 2011). Further investigation, utilizing a large panel of CC and CXC 
chemokines, suggested that the only chemokine capable of inducing migration of murine 
hematopoietic stem and progenitor cells appears to be SDF-1 (Liesveld et al., 2001; Wright et al., 
2002). Although the chemokine receptors CCR3 and CCR9 were also expressed at mRNA level, 
their ligands could not induce migration (Wright et al., 2002). Similarly, examination of a panel 
of chemokines and cytokines in transendothelial migration assays revealed that SDF-1 is also 
important for migration of human hematopoietic progenitors through a confluent layer of 
endothelial cells (Liesveld et al., 2001). However, to a lesser extent, also other chemokines and 
cytokines, including CCL2 (MCP-1), CCL5 (RANTES), CXCL10 (IP-10), IL-8 and SCF could also 
induce transendothelial migration (Liesveld et al., 2001). In addition, LTD4, a ligand for 
CysLT(1), a G protein-coupled receptor recognizing inflammatory mediator of the cysteinyl 
leukotriene family, which is highly expressed in hematopoietic progenitors, has been 
demonstrated to up-regulate CD49d/CD29 and CD49e/CD29 dependent adhesion of 
hematopoietic progenitors (Boehmler et al., 2009) and to induce chemotaxis and in vitro 
transendothelial migration (Bautz et al., 2001). Recently, a role for the proteolysis-resistant 
bioactive lipids sphingosine-1-phosphate and ceramide-1-phosphate in regulation of bone 
marrow homing has been suggested. Conditioning of mice for transplantation resulted in 
enhanced levels of these lipids in the bone marrow. In addition, both lipids appear to be 
chemoattractants for hematopoietic stem and progenitor cells (Kim et al., 2011). 
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The role of SDF-1 in migration of hematopoietic stem and progenitor cells will be discussed 
below in more detail. 

4.1 SDF-1 and bone marrow homing 

SDF-1 is produced by several types of bone marrow cells (Maekawa & Ishii, 2000). In the 
adult human bone marrow, SDF-1 was found to be expressed by endothelial cells and 
along the endosteum region (Peled et al., 2000; Ponomaryov et al., 2000). SDF-1 plays an 
important role in many processes, including immune surveillance, proliferation, 
differentiation and survival of many cell types (Aiuti et al., 1997; Bleul et al., 1996; Bleul et 
al., 1998; Cashman & Eaves, 2000; Lataillade et al., 2000). In addition, SDF-1 is considered 
to be essential for migration of hematopoietic stem cells to the bone marrow (Imai et al., 
1999; Peled et al., 1999a; Wright et al., 2002). To date, two receptors for SDF-1 have been 
identified, of which CXCR4 (LESTR/fusin), a seven-transmembrane domain G-protein 
coupled receptor, appears to be the most prominent (Heesen et al., 1997; Loetscher et al., 
1994). CXCR4 is expressed by a variety of cell types, including hematopoietic stem and 
progenitor cells, T lymphocytes, endothelial, stromal and neuronal cells (Nagasawa et al., 
1996; Ma et al., 1998; Mohle et al., 1998; Loetscher et al., 1994). Recently, CXCR7, another 
SDF-1 receptor, has been identified (Tarnowski et al., 2010). However, CXCR7 is 
expressed at low levels in normal human CD34+ hematopoietic stem and progenitor cells 
and does not appear to be important for migration of those cells. In contrast, CXCR7 is 
highly expressed in several human myeloid leukemic cell lines and is thought to play a 
role in adhesion and, to a lesser extent, also in migration of those cells (Tarnowski et al., 
2010). 

Mouse transplantation studies have been performed to investigate the importance of SDF-1 
in migration of hematopoietic stem cells to the bone marrow. Pre-treatment of human 
CD34+CD38-/low cells with a blocking antibody against CXCR4 has, for example, been 
demonstrated to be sufficient to impair their capacity to home to the bone marrow of 
immune deficient NOD/SCID mice or 2m deficient NOD/SCID mice (Peled et al., 1999b; 
Kollet et al., 2001; Kollet et al., 2002; Oberlin et al., 1996). In addition, up-regulation of 
CXCR4 expression by incubation with hematopoietic cytokines  (SCF and IL-6) (Peled et al., 
1999b) or over-expression of CXCR4  by viral transduction (Brenner et al., 2004; Kahn et al., 
2004) resulted in enhanced bone marrow homing of human CD34+ and CD34+CD38- cells 
in NOD/SCID mice, which correlated with enhanced engraftment levels 6 weeks after 
transplantation (Peled et al., 1999b; Kollet et al., 2001; Kollet et al., 2002). Similarly, fetal liver 
hematopoietic stem and progenitor cells deficient for CXCR4 displayed a reduced bone 
marrow homing capacity compared to wild type cells (Ma et al., 1998). In addition to bone 
marrow homing, SDF-1 also appears to play a critical role in retention of hematopoietic stem 
cells in the hematopoietic stem cell niche. Enhancing the level of SDF-1 in plasma, but not 
bone marrow, utilizing adenoviral vectors (Hattori et al., 2001) or sulfated glycans (Sweeney 
et al., 2000; Frenette & Weiss, 2000; Sweeney et al., 2002) resulted in mobilization of CXCR4 
expressing hematopoietic stem and progenitor cells (Hattori et al., 2001; Sweeney et al., 
2002). Similarly, treatment of C3H/HeJ mice or healthy human volunteers with AMD3100, a 
selective CXCR4 antagonist, enhanced the number of HSCs and neutrophils in peripheral 
blood, again suggesting a role for CXCR4 and SDF-1 in HSC retention in BM (Broxmeyer et 
al., 2005).  
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4.2 Regulation of SDF-1 activity 

Several proteolytic enzymes have been implicated in negatively regulating migration of 
hematopoietic stem cells by cleaving and inactivating SDF-1, including matrix 
metalloproteinases (MMP) 2/9 (Heissig et al., 2002; Sweeney et al., 2002; McQuibban et al., 
2001), CD26 (Christopherson et al., 2002), carboxypeptidase M (Marquez-Curtis et al., 2008), 
carboxypeptidase N (Davis et al., 2005), neutrophil elastase (Petit et al., 2002; Levesque et al., 
2002), cathepsin G (Petit et al., 2002; Levesque et al., 2002) and cathepsin K (Kollet et al., 
2006). Cleavage of SDF-1 by several individual MMPs at Ser4-Leu5 bond of SDF-1 N-
terminal domain has, for example, been demonstrated to result in reduced binding capacity 
of SDF-1 for CXCR-4 and reduced chemoattractant activity for hematopoietic stem and 
progenitor cells (McQuibban et al., 2001; Cho et al., 2010). Another protein involved in 
regulation of the activity of SDF-1 is the membrane-bound extracellular peptidase CD26 
(DPPIV). It has been shown that a small number of umbilical cord blood derived 
CD34+CXCR4+ cells express CD26 and can therefore cleave the N-terminal part of SDF-1 at 
2-proline (Christopherson et al., 2002). Functional studies showed that truncated SDF-1 lacks 
the ability to induce migration of CD34+ cells. In addition, inhibition of endogenous CD26 
activity appears to be sufficient to enhance the migratory capacity of CD34+ cells towards 
SDF-1, indicating that CD26 abrogates SDF-1 induced migration of hematopoietic 
progenitors (Christopherson et al., 2002; Christopherson et al., 2003; Christopherson et al., 
2006).  

A third class of SDF-1 inhibitors includes the carboxypeptidases M and N (Marquez-Curtis 
et al., 2008; Davis et al., 2005). Carboxypeptidase N, which is present in human serum and 
plasma (Davis et al., 2005), can efficiently and specifically cleave SDF-1 at the carboxy-
terminal lysine (K68) resulting in reduced SDF-1 activity and inhibition of SDF-1 mediated 
induction of migration of hematopoietic progenitors (Davis et al., 2005). In contrast, 
carboxypeptidase M is a membrane bound zinc-dependent peptidase that cleaves carboxy-
terminal basic residues. This particular carboxypeptidase is expressed by stromal cells and 
CD34+ cells from both bone marrow and mobilized peripheral blood (Skidgel & Erdos, 1998; 
Marquez-Curtis et al., 2008). Carboxypeptidase M mediated cleavage of SDF-1 results in 
reduced chemotactic activity of hematopoietic stem and progenitor cells, which can be 
rescued by addition of the carboxypeptidase inhibitor DL-2-mercaptomethyl-3-guanidino-
ethylthiopropanoic acid (Marquez-Curtis et al., 2008). 

Whereas high SDF-1 expression in the bone marrow is essential for normal bone marrow 
homing of hematopoietic stem and progenitor cells and lodging of those cells in the 
hematopoietic stem cell niche, during mobilization SDF-1 levels should conversely be 
decreased. Upon administration of G-CSF, which is used to mobilize HSPCs, an 
accumulation of various proteolytic enzymes including MMP-9, neutrophil elastase and 
cathepsin G or K (Petit et al., 2002; Levesque et al., 2002) has been observed in mouse bone 
marrow which correlated with a gradual decrease in SDF-1 in the bone marrow, but not 
circulation (Petit et al., 2002). In addition, also an enhanced SDF-1 plasma level was shown 
to result in up-regulation of MPP-9 in bone marrow cells and mobilization of hematopoietic 
stem and progenitor cells (Heissig et al., 2002). The importance of MPP-9 for mobilization of 
hematopoietic stem cells was demonstrated utilizing MMP-9 deficient mice. A high SDF-1 
level in plasma was not sufficient to induce mobilization of hematopoietic progenitors in 
these mice (Heissig et al., 2002). In addition, in primary myelofibrosis, which is a chronic 
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selective CXCR4 antagonist, enhanced the number of HSCs and neutrophils in peripheral 
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marrow which correlated with a gradual decrease in SDF-1 in the bone marrow, but not 
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myeloproliferative neoplasm characterized by constitutive mobilization of hematopoietic 
stem and progenitor cells into the peripheral blood (Migliaccio et al., 2008), both a high level 
of truncated SDF-1 and enhanced levels of proteases, including dipeptidyl peptidase-IV 
(CD26), neutrophil elastase, matrix metalloproteinase-2 (MMP-2), MMP-9, and cathepsin G 
have been observed (Cho et al., 2010). Taken together, these studies demonstrated that SDF-
1 plays an important role in integrin-mediated firm arrest of human HSPCs, facilitate their 
transendothelial migration, and regulate bone marrow homing and retention of HSPCs in 
the hematopoietic stem cell niche. 

4.3 Molecular mechanisms underlying SDF-1 mediated regulation of migration 

To understand the molecular mechanism underlying migration of hematopoietic stem and 
progenitor cells, research has focused on identifying the downstream effectors of SDF-1 and 
CXCR4. SDF-1 has been demonstrated to induce the activity of the integrins CD11a/CD18 
(Peled et al., 2000) and CD49/CD29 (Hidalgo et al., 2001; Peled et al., 2000) on CD34+ cells 
which allows interaction with their substrates ICAM-1 and VCAM-1, respectively.  

Small guanosine triphosphatases (GTPases) that belong to the Ras superfamily of GTPases , 
including Rho, Rac and Cdc42, have been demonstrated to be involved in SDF-1 mediated 
homing and migration of hematopoietic stem and progenitor cells (Fuhler et al., 2008; del 
Pozo et al., 1999). The activity of Rho GTPases can be induced by tyrosine kinase receptors 
(Taylor & Metcalfe, 2000; Timokhina et al., 1998), integrin receptors (del Pozo et al., 2004) 
and chemokine receptors including SDF-1 (Cancelas et al., 2005; del Pozo et al., 1999; Fuhler 
et al., 2008; Shirvaikar et al., 2011). It has been demonstrated in in vitro assays that SDF-1 
induced chemo-attraction is mediated, at least in part, by Rac (del Pozo et al., 1999; 
Shirvaikar et al., 2011; Wysoczynski et al., 2005). In addition, analysis of Rac2 deficient mice 
revealed that Rac2 is essential for lodging of HSPCs in the bone marrow. Deletion of Rac2 
resulted, for example, in reduced adhesion and enhanced mobilization of hematopoietic 
stem cells to the circulation. Furthermore, Rac2 deficiency resulted in enhanced SDF-1 
induced migration of hematopoietic stem and progenitor cells (Yang et al., 2001). An 
enhanced activation of Cdc42 and Rac1 was observed in these cells, suggesting a 
compensatory role of Cdc42 and Rac1 with regard to migration, but not adhesion (Yang et 
al., 2001). In addition, it was shown that SDF-1 mediated Rac activation is impaired in 
CD34+ cells from MDS patients. CD34+ cell from patients with myelodysplastic syndrome 
exhibit reduced F-actin polymerization and migration towards SDF-1 compared to normal 
CD34+ cells (Fuhler et al., 2008). While pharmacological inhibition of Rac1 activity in a 
human myeloblastic cell line (HL-60) with NSC23766 was sufficient to abrogate SDF-1 
induced actin assembly and migration, over-expression of active Rac in HL-60 cells 
conversely restored both F-actin polymerization and migration, suggesting that Rac is 
essential for SDF-1–induced migration in these cells (Fuhler et al., 2008). Although over-
expression of active Rac in CD34+ cells from patients with myelodysplastic syndrome 
resulted in increased F-actin polymerization and enhanced motility, directional migration 
toward SDF-1 was not improved (Fuhler et al., 2008). These studies suggest that SDF-1 
mediated induction of Rac activity is important for migration of both normal and malignant 
hematopoietic progenitors (Fuhler et al., 2008). The role of the hematopoietic-specific 
guanine nucleotide exchange factor Vav1, which is an upstream regulator of Rac activity, in 
localization and engraftment of hematopoietic stem and progenitor cells has also been 
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investigated. Deletion of Vav1 in hematopoietic stem cells has been demonstrated to result 
in impaired responses to SDF1, dysregulated Rac/Cdc42 activation and a reduction of in 
vitro migration. In addition, intravital microscopy assays revealed that transplantation of 
Vav1 deficient hematopoietic stem and progenitor cells results in impaired early localization 
near nestin(+) perivascular mesenchymal stem cells after transplantation (Sanchez-Aguilera 
et al., 2011). Recently, another upstream regulator of Rac activity has been identified. In 
contrast to Rac, the activity of R-Ras, a member of the Ras family, is inhibited upon SDF-1 
stimulation. Deletion of R-Ras resulted in enhanced levels of Rac1/2 activity, while 
expression of a constitutively active R-Ras mutant resulted in down-regulation of Rac1-
activity. Deletion of R-Ras in hematopoietic stem and progenitor cells resulted in increased 
directional migration. This phenotype could be reversed by inhibition of Rac. Furthermore, 
R-Ras deficient mice showed enhanced responsiveness to G-CSF for progenitor cell 
mobilization and exhibited decreased bone marrow homing (Sanchez-Aguilera et al., 2011). 

Another important mediator of hematopoietic progenitor cell migration is the GTPase Rho 
(Bug et al., 2002; Ghiaur et al., 2006; Gottig et al., 2006). It has been demonstrated that SDF-1 
mediated release of intracellular Ca2+ stores requires activation of Rho GTPases, but not Rac 
or Cdc42 (Henschler et al., 2003). Depletion of intracellular Ca2+ resulted in reduced SDF-1 
induced migration and bone marrow homing of hematopoietic progenitors (Henschler et al., 
2003). In addition, over-expresssion of dominant negative RhoA by retroviral transduction 
in mouse cells (C57BL/6J mice) resulted in decreased migration of hematopoietic progenitor 
cells towards SDF-1 and reduced integrin-mediated adhesion (Henschler et al., 2003). 
Furthermore, over-expression of RhoH, a GTPase deficient type of Rho (Sahai & Marshall, 
2002), in hematopoietic stem and progenitor cells resulted in impaired activation of Rac 
GTPases, defective actin polymerization and impaired chemotaxis. In contrast, inhibition of 
RhoH expression in these cells conversely stimulated SDF-1–induced migration in vitro (Gu 
et al., 2005). In addition, it has been demonstrated that Epac1, a nucleotide exchange protein 
for the GTPase Rap1, which is directly activated by cAMP, can also improve the adhesive 
and migratory capacity CD34+ hematopoietic progenitor cells (Carmona et al., 2008), 
suggesting that Rap1 may also play a role in bone marrow homing. 

Endolyn (CD164), a type I integral transmembrane silomucin (Chan et al., 2001; Zannettino et 
al., 1998), which is recruited to CXCR4 upon SDF-1 stimulation (Forde et al., 2007) was shown 
to play an important role in SDF-1 mediated migration of human CD133+ hematopoietic stem 
and progenitor cells (Forde et al., 2007). Inhibition of CD164 in CD133+ cells with 103B2, a 
specific mAb, resulted in a reduction of migration towards SDF-1, but not CCL1, CCL5, 
CCL17, CCL19, CCL20, CCL21, CCL22 and CXCL3. A similar inhibition in SDF-1 mediated 
migration of CD133+ cells was observed after siRNA mediated knock-down of CD164 (Forde 
et al., 2007). Knock-down of CD164 resulted in a significant reduction in SDF-1 mediated 
activation of PI3K and PKCζ (Forde et al., 2007). Both PI3K and PKC have been implicated in 
playing an important role in SDF-1 mediated migration of CD34+ cells. Inhibition of PKC, for 
example, reduced SDF-1 induced migration of CD34+ cells and reduced engraftment levels 
after transplantation (Petit et al., 2005). Furthermore, injection of inhibitory PKC 
pseudosubstrate peptides resulted in mobilization of murine progenitors to the circulation, 
suggesting an important role for PKCin SDF-1-dependent regulation of hematopoietic stem 
and progenitor cell motility and localization (Petit et al., 2005) The role of PI3K in regulation of 
bone marrow homing will be discussed in the next section. 
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In addition to regulating the activity of downstream effectors, SDF-1 has also been 
demonstrated to regulate the expression of specific target genes. Stimulation of peripheral 
blood mononuclear, Jurkat or HeLa cells has, for example, been demonstrated to result in a 
rapid increase in expression of the ubiquitin-specific protease 17 (USP17) (de la Vega et al., 
2011). A role for this protease in regulation of migration of hematopoietic progenitor cells 
has been examined in vitro. Inhibition of USP17 in these cells showed decreased chemotaxis 
towards SDF-1, whereas over-expression of USP17 conversely resulted in increased 
chemotaxis. Interestingly, CXCR4 levels were not affected by inhibition or over-expression 
of USP17, suggesting that USP17 modulates the down-stream signaling of the CXCR4 
receptor. shRNA mediated inhibition of USP17 expression resulted in decreased 
polymerization of actin and tubulin and reduced membrane ruffling. In addition, upon SDF-
1 stimulation, the GTPases, RAC1, Cdc42 and RhoA were not transported to the plasma 
membrane, thereby prohibiting their activiation (de la Vega et al., 2011). In addition, CD9, a 
member of the tetraspanin superfamily (Boucheix et al., 1991) that is widely expressed in 
hematopoietic and non-hematopoietic cells, has been shown to be a SDF-1 responsive gene. 
Microarray analysis with human umbilical cord blood derived CD34+ cells revealed that 
short-term exposure to SDF-1 resulted in up-regulation of CD9 mRNA expression both in 
CD34+ CD38+ and CD34+ CD38-/low cells (Leung et al., 2011). A role for CD9 in migration 
and adhesion of human cord blood derived hematopoietic stem and progenitor cells was 
investigated utilizing a neutralizing CD9 antibody (Leung et al., 2011). Although actin 
polymerization was not affected, the calcium influx and transendothelial migration towards 
a SDF-1 gradient was reduced by this antibody (Leung et al., 2011). In contrast, adhesion of 
progenitor cells to fibronectin and human umbilical vein endothelial cells was enhanced 
(Leung et al., 2011). Transplantation experiments revealed that in NOD/SCID mice, pre-
treatment of human CD34+ cells with a neutralizing CD9 antibody resulted in inhibition of 
homing to bone marrow and spleen. However, enhanced CD9 expression in CD34+ cells 
with ingenol 3,20-dibenzoate (IDB), a protein kinase C agonist which was shown to induce 
CD9 expression in CD34+ cells, did not result in enhanced bone marrow homing (Desmond 
et al., 2011). 

5. The PI3K/PKB signalling module and bone marrow homing 
Correct regulation of the Phosphatidylinositol-3-Kinase (PI3K) / Protein Kinase B (PKB/c-
Akt) signaling module is essential for multiple processes during hematopoiesis. 
Phosphatidylinositol 4,5 bisphosphate (PI(4,5)P2, the most important substrate for PI3K, can 
be phosphorylated upon extracellular stimulation, resulting in the formation of 
phosphatidylinositol 3,4,5 trisphosphate (PI(3,4,5)P3) (Hawkins et al., 2006). PI(3,4,5)P3 
subsequently serves as an anchor for pleckstrin homology (PH) domain-containing proteins, 
such as Protein Kinase B (PKB/ c-akt) (Burgering & Coffer, 1995). Activation of PI3K and its 
downstream effector Protein Kinase B (PKB/c-Akt) has been observed in leukemic cell lines 
stimulated with SDF-1 (Ganju et al., 1998). A positive role for PI3K/PKB in regulation of 
SDF-1 induced migration of hematopoietic stem cells was therefore suggested. However, it 
has been shown that Protein Phosphatase 2A plays an important role in positively 
regulating SDF-1 mediated migration of human hematopoietic progenitors by inhibition of 
PKB activity (Basu et al., 2007). Similarly, inhibition of PKB activity in CD34+ cells for over 
24 hours appears to be sufficient to reduce their adhesion to bone marrow derived stromal 
cells and to induce their basal migratory capacity (Buitenhuis et al., 2010). Transwell 
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migration experiments through a confluent layer of human umbilical vein endothelial cells 
revealed that the observed reduction in firm adhesion does not ameliorate the induced 
migratory capacity of CD34+ cells pre-treated with a PKB inhibitor (Buitenhuis et al., 2010). In 
addition, ectopic expression of constitutively active PKB in CD34+ cells conversely induced 
firm adhesion and reduced the basal level of migration. Although it cannot be excluded that 
transient activation of PI3K/PKB activity by SDF-1 is important for induction of migration, 
these studies suggest that prolonged activation of PKB activity is detrimental for migration of 
CD34+ cells. The role of PI3K in regulation of bone marrow homing was initially examined 
utilizing mice deficient for SHIP (SH2-containing inositol-5'-phosphatase), a negative regulator 
of PI3K (Damen et al., 1996). Transplantation of lethally irradiated recipients with HSCs from 
SHIP deficient mice resulted in diminished repopulation, suggesting that constitutive 
activation of PI3K impairs the ability of HSCs to home to and to be retained in the 
hematopoietic stem cell niche in the bone marrow. Assessment of bone marrow homing 
revealed that SHIP–/– hematopoietic stem and progenitor cells indeed traffic to the bone 
marrow and spleen with significantly reduced efficiency compared to wild type cells. 
Although it is evident that constitutive activation of PI3K plays a critical role in regulation of 
hematopoiesis per se (Buitenhuis et al., 2008), these results indicate that the inability of SHIP 
deficient hematopoietic stem cells to engraft and sustain long-term hematopoiesis can be, at 
least partially, explained by their impaired ability to home to the bone marrow (Desponts et al., 
2006). Deletion of Phosphate and tensin homologue (PTEN), another critical negative regulator 
of PI3K signaling that dephosphorylates PI(3,4,5)P3 resulting in the formation of PI(4,5)P2 
(Maehama & Dixon, 1998) only decreased bone marrow homing when PTEN deficient HSCs 
were transplanted into non-irradiated recipients. These results suggest that, although PTEN 
deficient hematopoietic stem cells are capable of migrating to the bone marrow, their 
performence is reduced compared to competeting wild-type hematopoietic stem cells when 
vacant niches are limited (Zhang et al., 2006). Although both PTEN and SHIP act on the main 
product of PI3K activity, PI(3,4,5)P3, the products generated are distinct, which could explain 
the differences between SHIP and PTEN deficient hematopoietic stem cells in terms of bone 
marrow homing (Dowler et al., 2000; Golub & Caroni, 2005). Recent findings demonstrated 
that, similar to deletion of SHIP, constitutive activation of PKB in human hematopoietic 
progenitors cells is sufficient to significantly inhibit homing of these cells to the bone marrow 
and spleen of 2 microglobulin -/- NOD/SCID mice (Buitenhuis et al., 2010). In contrast, 
although transplantation of C57 BL/6 mice with bone marrow cells from 5-fluorouracil treated 
mice that ectopically expressed constitutively active PKB resulted in reduced engraftment 
levels, bone marrow homing was only modestly impaired 18 hours after transplantation 
(Kharas et al., 2010). To investigate whether inhibition of PKB activity would be sufficient to 
conversely improve bone marrow homing, human hematopoietic progenitor cells, pre-treated 
with a PKB inhibitor for 24 or 48 hours, were injected into recipient mice. Flow cytometric 
analysis, 22 hours after transplantation, revealed that transient inhibition of PKB activity prior 
to transplantation is sufficient to improve bone marrow homing (Buitenhuis et al., 2010). In 
addition, while constitutive activation of PKB appears to be detrimental for bone marrow 
homing, engraftment levels and hematopoietic recovery, inhibition of PKB activity prior to 
transplantation, resulting in an induction of bone marrow homing, conversely enhanced 
engraftment levels in recipient mice. Together, these studies demonstrated that correct 
regulation of PI3K/PKB is essential for migration of hematopoietic stem and progenitor cells 
to the bone marrow after transplantation, which is essential for optimal engraftment and 
hematopoietic recovery (Buitenhuis et al., 2010; Desponts et al., 2006; Kharas et al., 2010). 
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The molecular mechanisms underlying PKB mediated regulation of migration and bone 
marrow homing are, thus far, incompletely understood. Although PKB mediated inhibition 
of migration has been demonstrated to involve RAC1 (Farooqui et al., 2006), NFAT (Yiu & 
Toker, 2006; Yoeli-Lerner et al., 2005) and p27Kip1 (Baldassarre et al., 2005; Viglietto et al., 
2002; Wu et al., 2006) in non-hematopoietic cell lines, their importance for migration of 
hematopoietic stem and progenitor cells remains to be investigated. As described above, 
adhesion and migration of HSCs depend on correct integrin and selectin expression and 
regulation of integrin activity.  PKB and its downstream effector GSK-3 have initially been 
shown to play an important role in recycling of the CD49e/CD29 and CD51/CD61 (v) 
integrins to the membrane in NIH 3T3 fibroblasts, resulting in enhanced cell spreading and 
adhesion (Roberts et al., 2004). Ectopic expression of PKB in human hematopoietic stem and 
progenitor cells has been demonstrated to enhance the level of CD49d, while inhibition of 
PKB activity conversely reduces expression of both CD49d and CD18 (Buitenhuis et al., 
2010), providing a potential mechanism by which PKB induces adhesion and inhibits 
migration. Although it is evident that integrins play an important role in adhesion and 
migration of cells, the importance of these molecules in PKB mediated inhibition of 
migration remains to be investigated. In addition, CXCR4 expression has been demonstrated 
to be reduced in SHIP deficient hematopoietic stem cells, suggesting that activation of PI3K 
also impairs their response to SDF-1(Zhang et al., 2006).  

6. Conclusion 
Allogeneic HSC transplantation is the preferred treatment modality for a number of 
hematological malignancies. To allow normal long-term hematopoiesis to occur after 
transplantation, correct regulation of homing of hematopoietic stem and progenitor cells to 
the bone marrow and subsequent lodging of those cells into the hematopoietic stem cell 
niche is essential. As described above, this is a coordinated multistep process that is 
regulated by chemokines, integrins and selectins. Initial tethering and rolling of 
hematopoietic stem and progenitor cells along the endothelial wall of blood vessels are the 
first steps in this process. It has been demonstrated that both P and E-selectin play an 
important role in rolling of HSCs. In addition to selectins, integrins are also implicated in 
playing an important role in regulation of bone marrow homing.  Both studies with blocking 
antibodies and knockout mice have revealed that CD49d/CD29, CD49e/CD29, CD49f, and 
CD49d/ITGB7 play an important role in adhesion of hematopoietic stem and progenitor 
cells to endothelial cells and subsequent transendothelial migration. In addition, both 
CD49d/CD29 and CD49e/CD29 integrins appear to be involved in mediation of SDF-1–
induced directional migration of CD34+ cells through the basal lamina. In addition, 
although, under normal circumstances, CD18 appears not to be essential for bone marrow 
homing of hematopoietic stem cells, CD18 can contribute to bone marrow homing when the 
function of CD49d/CD29 is compromised. Although multiple chemokines are capable of 
inducing transendothelial migration of hematopoietic stem cells, the chemokine SDF-1 
appears to be the most prominent chemokine involved in bone marrow homing. In addition, 
SDF-1 also appears to play a critical role in retention of hematopoietic stem cells in the 
hematopoietic stem cell niche. Regulation of SDF-1 activity by a variety of proteolytic 
enzymes has been demonstrated to play an important role in migration of hematopoietic 
stem cells to and from the bone marrow. The molecular mechanism underlying SDF-1 
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mediated regulation of HSC migration has been investigated extensively. Thus far, multiple 
downstream effectors have been identified, including CD164, the GTPases Rac, Rho, and 
Cdc42, and the signalling molecules PI3K and PKC. In addition, the SDF-1 responsive 
genes CD9, USP17, both implicated in regulation of hematopoietic stem cell migration, have 
been indentified. Finally, SDF-1 has been demonstrated to induce the activity of integrins 
which allows interaction with their substrates. Although activation of PI3K and its 
downstream effector Protein Kinase B (PKB/c-Akt) has been observed in leukemic cell lines 
stimulated with SDF-1, suggesting a positive role for PI3K/PKB in regulation of SDF-1 
induced migration of hematopoietic stem cells, the above described studies clearly implicate 
the PI3K/PKB signalling module in playing a critical role in negatively regulating migration 
of HSCs and bone marrow homing. 
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1. Introduction 
Stem cells are characterized by their capacity to self renew and differentiate into 
progressively restricted cells that ultimately become limited to a specific cell fate. The two 
broad types of mammalian stem cells are: embryonic stem cells and adult stem cells. 

Embryonic stem cells (ESC) are mostly derived from the undifferentiated inner mass cells of a 
blastocyst. These cells give rise during development of the embryo to all derivatives of the 
three primary germ layers: ectoderm, endoderm and mesoderm. They do not contribute to the 
extra-embryonic membranes or the placenta. Ex-vivo, they can be cultured for extended 
periods of time and under the appropriate conditions, they can be also directed to differentiate 
into many specialized types of cells. These particular features are being exploited to use ESC as 
starting material for treatment of degenerative diseases and replacement of damaged organs. 
Although their potential is great, the promise of ESC-derived therapies will be unfulfilled 
unless several challenges are overcome. For example, the quite small production of ESC-
derived cells obtained or the active immune rejection of the ESC-derived graft. 

Unlike embryonic stem cells, the adult stem cells are already partially specialized. They 
have been found in most self-renewing tissues, including the skin, the brain, the intestinal 
epithelium and the hematopoietic system and have the primary role of maintaining and 
repairing the tissue in which they are found. They are located deep within organs in 
specialized areas known as the “stem cell niche” (Scadden, 2006). This microenvironment 
allows for their survival, self renewal, regulated proliferation and maintenance of their 
quiescence for long periods of time until the moment in which they are activated. Ex vivo, 
however, the capacity of stem cells to self-renew is limited, they exhibit poor survival and 
consequently their numbers sharply declines during experimental manipulation. 

One of the more intriguing but highly debated areas of stem cell biology was the phenomenon 
described as plasticity or transdifferentiation. Numerous reports expressed opposing views 
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1. Introduction 
Stem cells are characterized by their capacity to self renew and differentiate into 
progressively restricted cells that ultimately become limited to a specific cell fate. The two 
broad types of mammalian stem cells are: embryonic stem cells and adult stem cells. 

Embryonic stem cells (ESC) are mostly derived from the undifferentiated inner mass cells of a 
blastocyst. These cells give rise during development of the embryo to all derivatives of the 
three primary germ layers: ectoderm, endoderm and mesoderm. They do not contribute to the 
extra-embryonic membranes or the placenta. Ex-vivo, they can be cultured for extended 
periods of time and under the appropriate conditions, they can be also directed to differentiate 
into many specialized types of cells. These particular features are being exploited to use ESC as 
starting material for treatment of degenerative diseases and replacement of damaged organs. 
Although their potential is great, the promise of ESC-derived therapies will be unfulfilled 
unless several challenges are overcome. For example, the quite small production of ESC-
derived cells obtained or the active immune rejection of the ESC-derived graft. 

Unlike embryonic stem cells, the adult stem cells are already partially specialized. They 
have been found in most self-renewing tissues, including the skin, the brain, the intestinal 
epithelium and the hematopoietic system and have the primary role of maintaining and 
repairing the tissue in which they are found. They are located deep within organs in 
specialized areas known as the “stem cell niche” (Scadden, 2006). This microenvironment 
allows for their survival, self renewal, regulated proliferation and maintenance of their 
quiescence for long periods of time until the moment in which they are activated. Ex vivo, 
however, the capacity of stem cells to self-renew is limited, they exhibit poor survival and 
consequently their numbers sharply declines during experimental manipulation. 

One of the more intriguing but highly debated areas of stem cell biology was the phenomenon 
described as plasticity or transdifferentiation. Numerous reports expressed opposing views 
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about this ability of stem cells to cross organ/tissue boundaries. These discrepancies have now 
been mostly passed over by current research showing that cell populations of one lineage 
might produce cells from other lineages by changing gene expression in response to micro-
environmental cues (Jang and Sharkis, 2005; Theise, 2010). 

Owing to their unique characteristic of plasticity, self-renewal capacity and potential to 
generate functional cell types, stem cells are particularly attractive for developing 
therapeutic settings that range from drug discovery protocols to cell transplantation and 
regenerative therapies. Nevertheless, several challenges including the need to identify the 
signals that influence the stem cell fate decisions and the application of this information 
towards the design of stem cell bioprocesses have to be overcome to accomplish the 
transition from fundamental science to functional technologies. 

1.1 Hematopoietic stem cells 

Hematopoietic stem cells (HSC) are probably the best characterized adult stem cell and 
often serve as a paradigm for other stem cells. Even though no morphological criteria to 
unequivocally identify such cells exist, HSC have been proven to be invaluable in the clinic. 
They are the only stem cells used routinely in cell based therapies, to treat numerous 
hematologic and non-hematologic malignancies as well as a range of both inherited and 
acquired diseases. This is typically due i) to the availability of a straight forward purification 
protocols using cell surface antigen selection and ii) to the possibility to perform 
reconstitution assays that rely on their clonal ability to reconstitute the entire hematopoietic 
system following transplantation into myeloablated recipients (Fig. 1). The same cell surface 
antigens, however, do not always conform to the same stem cell functional phenotype 
(Simonnet et al., 2009) and therefore the transplantation procedure constitutes undoubtedly 
the “gold standard” method for proving that a cell is indeed an HSC. 

 
Fig. 1. A diagrammatic representation of a stem cell in its micro-environment and one stem cell 
induced to move out of the niche where it will undergo development. Following BM removal 
and cell surface antigen selection (1), cells are cultured in vitro and infused in a myeloablated 
mouse. Several weeks after (2), blood cells are regenerated in the transplanted mouse. 
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To maintain the steady-state of the stem cell compartment and to allow the regeneration of 
hematopoietic cells after transplantation or after hematopoietic injury, HSC divide 
asymmetrically or symmetrically. In an asymmetric self-renewing division, the two daughter 
cells adopt different fates, resulting in only one cell maintaining stem-cell properties. The 
symmetric self-renewing division refers to the process whereby both daughter cells retain stem 
cell properties. This type of cell division expands the stem-cell pool and is therefore critical for 
sustaining the HSC compartment and thus is a requirement for lifelong hematopoiesis. 

The HSC fate decisions are dependent on concomitantly intrinsic HSC fate determinants and 
extrinsic signals delivered by the bone marrow (BM) niches were HSC resides. These niches 
are small cavities formed by heterogeneous types of cells, named stroma, that are positioned 
close to the BM longitudinal axis of the femur with more differentiated cells disposed in a 
graduated manner as the central longitudinal axis of the bone is approached. The 
attachment of HSC to the stroma via a network of adhesion molecules provide an 
environment that optimally balances signals that control self-renewal, proliferation and 
differentiation. Under normal physiological conditions, HSC are kept in a relatively low 
proliferative, quiescent state, protecting them from stress and preventing their depletion 
due to excessive proliferation (Jang and Sharkis, 2007). Recent data imply that these areas 
where HSC reside are hypoxic (Parmar et al., 2007). 

To take advantage of the HSC plasticity capacities for therapeutic use, HSC may be 
withdrawn from their original niches, and placed on a novel non-hematopoietic 
environment. Once located in this novel medium, the reprogramming of the cell genome 
occurs and directs and/or contributes to their conversion into unrelated cell types (Fig. 2). 
The unexpected flexibility of HSC to produce non-hematopoietic cells was described for 
several cells/tissues (Quesenberry et al., 2010) including liver cells (Almeida-Porada et al., 
2010; Jang et al., 2004), neurones (Mezey et al., 2000), lung epithelial (Abe et al., 2003) or 
connective tissues (Ogawa et al., 2010). 

 
Fig. 2. A schematic representation of HSC plasticity. Hematopoietic cell are removed from the 
femoral bone (1) and the HSC-enriched population is cultured in vitro. Following an optional 
genetic modification, cells may be used to generate in vivo non-hematopoietic cell types. 



 
Advances in Hematopoietic Stem Cell Research 

 

206 

about this ability of stem cells to cross organ/tissue boundaries. These discrepancies have now 
been mostly passed over by current research showing that cell populations of one lineage 
might produce cells from other lineages by changing gene expression in response to micro-
environmental cues (Jang and Sharkis, 2005; Theise, 2010). 

Owing to their unique characteristic of plasticity, self-renewal capacity and potential to 
generate functional cell types, stem cells are particularly attractive for developing 
therapeutic settings that range from drug discovery protocols to cell transplantation and 
regenerative therapies. Nevertheless, several challenges including the need to identify the 
signals that influence the stem cell fate decisions and the application of this information 
towards the design of stem cell bioprocesses have to be overcome to accomplish the 
transition from fundamental science to functional technologies. 

1.1 Hematopoietic stem cells 

Hematopoietic stem cells (HSC) are probably the best characterized adult stem cell and 
often serve as a paradigm for other stem cells. Even though no morphological criteria to 
unequivocally identify such cells exist, HSC have been proven to be invaluable in the clinic. 
They are the only stem cells used routinely in cell based therapies, to treat numerous 
hematologic and non-hematologic malignancies as well as a range of both inherited and 
acquired diseases. This is typically due i) to the availability of a straight forward purification 
protocols using cell surface antigen selection and ii) to the possibility to perform 
reconstitution assays that rely on their clonal ability to reconstitute the entire hematopoietic 
system following transplantation into myeloablated recipients (Fig. 1). The same cell surface 
antigens, however, do not always conform to the same stem cell functional phenotype 
(Simonnet et al., 2009) and therefore the transplantation procedure constitutes undoubtedly 
the “gold standard” method for proving that a cell is indeed an HSC. 

 
Fig. 1. A diagrammatic representation of a stem cell in its micro-environment and one stem cell 
induced to move out of the niche where it will undergo development. Following BM removal 
and cell surface antigen selection (1), cells are cultured in vitro and infused in a myeloablated 
mouse. Several weeks after (2), blood cells are regenerated in the transplanted mouse. 

 
Searching for the Key to Expand Hematopoietic Stem Cells 

 

207 

To maintain the steady-state of the stem cell compartment and to allow the regeneration of 
hematopoietic cells after transplantation or after hematopoietic injury, HSC divide 
asymmetrically or symmetrically. In an asymmetric self-renewing division, the two daughter 
cells adopt different fates, resulting in only one cell maintaining stem-cell properties. The 
symmetric self-renewing division refers to the process whereby both daughter cells retain stem 
cell properties. This type of cell division expands the stem-cell pool and is therefore critical for 
sustaining the HSC compartment and thus is a requirement for lifelong hematopoiesis. 

The HSC fate decisions are dependent on concomitantly intrinsic HSC fate determinants and 
extrinsic signals delivered by the bone marrow (BM) niches were HSC resides. These niches 
are small cavities formed by heterogeneous types of cells, named stroma, that are positioned 
close to the BM longitudinal axis of the femur with more differentiated cells disposed in a 
graduated manner as the central longitudinal axis of the bone is approached. The 
attachment of HSC to the stroma via a network of adhesion molecules provide an 
environment that optimally balances signals that control self-renewal, proliferation and 
differentiation. Under normal physiological conditions, HSC are kept in a relatively low 
proliferative, quiescent state, protecting them from stress and preventing their depletion 
due to excessive proliferation (Jang and Sharkis, 2007). Recent data imply that these areas 
where HSC reside are hypoxic (Parmar et al., 2007). 

To take advantage of the HSC plasticity capacities for therapeutic use, HSC may be 
withdrawn from their original niches, and placed on a novel non-hematopoietic 
environment. Once located in this novel medium, the reprogramming of the cell genome 
occurs and directs and/or contributes to their conversion into unrelated cell types (Fig. 2). 
The unexpected flexibility of HSC to produce non-hematopoietic cells was described for 
several cells/tissues (Quesenberry et al., 2010) including liver cells (Almeida-Porada et al., 
2010; Jang et al., 2004), neurones (Mezey et al., 2000), lung epithelial (Abe et al., 2003) or 
connective tissues (Ogawa et al., 2010). 

 
Fig. 2. A schematic representation of HSC plasticity. Hematopoietic cell are removed from the 
femoral bone (1) and the HSC-enriched population is cultured in vitro. Following an optional 
genetic modification, cells may be used to generate in vivo non-hematopoietic cell types. 



 
Advances in Hematopoietic Stem Cell Research 

 

208 

The development of HSC-based therapies however, is to some extent prevented by the 
scarce representation of HSC in the BM and their finite lifespan ex vivo. Increasing their 
utilisation needs enhancement of hematopoietic stem cells availability or de novo generation 
of HSC. This presumes i) the development of robust methods to efficiently control HSC 
regulatory processes; ii) the therapeutic in vivo or in vitro expansion of HSC number and iii) 
the utilisation of optimized protocols  to generate available HSC from ESC or IPSC. 

2. Physiological pathways involved in the regulation of stem cells  
HSC fate decisions are supported by the orchestration of several pathways such as Wnt, 
Notch and Hedgehog pathways that critically balance cell cycling and quiescence, leading to 
proliferation and apoptosis, self-renewal or differentiation (Fig. 3). The ultimate decision is 
dependent on hundreds of inputs including concentrations of different growth factors, 
cytokines, hormones, oxygen levels that must be integrated to subsequently activate these 
different signal transduction cascades. Understanding their regulation might led to the 
effective and more spread out utilization of HSC in clinical settings. The most relevant 
aspects of these pathways are briefly resumed below. 

 
Fig. 3. A schematic representation of signaling pathways collectively influencing stem cell 
fate. 

2.1 The hedgehog (Hh) signaling 

In adult tissues, Hh signaling is involved in the maintenance of stem cells, regeneration and 
tissue repair where it governs processes like cell proliferation, cell renewal and 
differentiation. The three Hh ligand homologues: Sonic Hh, Indian Hh, and Desert Hh bind 
interchangeably the two related twelve-pass membrane Patched (Ptc) receptors. They relieve 
the inhibition of smoothened (SMO), a serpentine receptor resembling G protein–coupled 
receptors allowing activation of a family of zinc-finger transcription factors called GLI and 
the modification of the expression Hh target genes (Kasper et al., 2009). 
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The role of Hh signaling in HSC is controversial. Bhardwaj et al provided evidence for a role of 
Hh signaling in HSC (Bhardwaj et al., 2001). In this study, suppression of Hh signaling 
inhibited proliferation of HSC and addition of soluble SHh induced expansion of 
hematopoietic repopulating cells (Bhardwaj et al., 2001). More recent reports confirmed that 
suppression of the Hh pathway leads to a severe defect in HSC functions (Merchant et al., 
2010; Trowbridge et al., 2006) whereas others reported that this pathway can be dispensable 
for HSC biology (Gao et al., 2009; Hofmann et al., 2009). In Ptc1+/−mice, which have increased 
Hh activity, activation of the Hh signaling pathway induces expansion of primitive blood cells 
under homeostatic conditions. However, when HSC are challenged to regenerate the blood 
system, persistent Hh activation leads to HSC exhaustion (Trowbridge et al., 2006). 
Furthermore, Indian Hh gene transfer can confer enhanced hematopoietic support ability to 
BM stromal cells, suggesting that it is involved in the interaction between HSC and the stromal 
cells. This leads to an increase in proliferation and repopulating capacity of primitive 
hematopoietic cells (Kobune et al., 2004). These results suggest a role for Hh signaling in 
balancing homeostasis and regeneration in vivo. In contrast, other reports show that Hh 
signaling is dispensable for adult HSC functions (Gao et al., 2009; Hofmann et al., 2009). In 
these studies conditional deletion of SMO, the only non redundant component of the Hh 
cascade, or pharmacologic inhibition of Hh signaling have no apparent effect on adult 
hematopoietic, including peripheral blood count, number or cell cycle status of stem or 
progenitor cells, hematopoietic colony-forming potential or long-term repopulating activity in 
in vivo assays. In agreement with this notion, genome-wide transcriptome analysis revealed 
that silencing the Hh signaling does not significantly alter the HSC-specific gene expression 
‘‘signature.’’ Taken together, these conflicting data suggest that Hh signaling may influence 
HSC through more complex networks such as cell-niche interactions. 

2.2 Fibroblast growth factor (FGF) signaling 

FGF belongs to a family of heparin-binding polypeptides that shows multiple functions, 
including effects on cell proliferation, differentiation and survival (Baird, 1994). Twenty-four 
members of the FGF family have been identified in human and mice. FGFs bind and activate 
their cognate FGFRs that are encoded by four genes (FGFR1– 4). This results in receptor 
dimerization, tyrosine kinase autophosphorylation, and recruitment of signaling complexes. 
The FGF signal transduction proceeds by one, or a combination, of three main pathways: 
Ras/mitogen-activated protein kinase (MAPK) signaling; planar cell polarity/calcium;  
phosphoinotitide-3-kinase (PI3K)/Akt (extensively reviewed by Bottcher and Niehrs, 2005). 
Both FGF-1 and FGF-2 support HSC expansion when unfractionated mouse BM cells are 
cultured in serum-free medium (de Haan et al., 2003; Yeoh et al., 2006). Crcareva et al. 
confirmed that FGF-1 stimulates ex-vivo expansion of HSC (Crcareva et al., 2005). Conditional 
derivatives of FGFR-1 have also been used to support short-term HSC expansion and long-term 
HSC survival (Weinreich et al., 2006). This factor seems to also support ex vivo expansion of 
murine and human HSC in combination with other cytokines, i.e stem cell factor [SCF], 
thrombopoietin [TPO], insulin-like growth factor-2 [IGF-2], and fibroblast growth factor-1 [FGF-
1] (Zhang and Lodish, 2005). Moreover, a recent study showed that addition of SCF, TPO, and 
FGF-1 to a mesenchymal stem cells (MSC) culture stimulates proliferation, maintenance of 
primitive immunophenotype, and expansion of CFU-initiating cells. This supports the notion 
that expansion of HSC requires complex stimulation of different signal cascades activated by 
soluble growth factors as well as adhesion proteins (Walenda et al., 2011). 
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2.3 Notch signaling 

The Notch pathway is also an evolutionarily conserved mechanism that plays a 
fundamental role in regulating cell-fate decisions (Bolos et al., 2007). Four types of Notch 
receptors (Notch 1-4) and five Notch ligands (Jagged 1 and 2, Delta 1, 3 and 4) have been 
identified in vertebrates. Notch ligands are single-pass transmembrane proteins consisting 
of multiple EGF-like repeats and a characteristic DSL (Delta, Serrate, and LAG-2) domain 
(see for review Ohishi et al., 2003; Shimizu et al., 2000). One characteristic of this signaling 
pathway is the dual role of Notch as both a transmembrane receptor and a transcription 
factor in a system where no second messengers are used (Matsuno et al., 1995). Notch can 
have opposite functions in different self-renewing organs indicating that the outcome of 
Notch activation depends to a great extent on the cell context and the specific growth factors 
present in the microenvironment. For example, activation of Notch1 by Delta ligands 1 and 
4 is required for inducing T-cell and inhibiting B-cell differentiation whereas Notch2 
activation by Jagged1, and possibly Delta1, acts on HSC (Han et al., 2002; Radtke et al., 1999; 
Varnum-Finney et al., 2011).  

A role for Notch in hematopoietic was initially suggested by detection of the human Notch1 
gene in CD34+ or lineage (Lin)-CD34+ hematopoietic  cells (Milner et al., 1994). Transduction 
of murine HSC with a retrovirus expressing a constitutively active form of Notch1 induced 
the emergence of an immortalized pluripotent cytokine-dependent cell line capable of both 
myeloid and lymphoid repopulation in vivo, thereby demonstrating a role for Notch in HSC 
self-renewal (Varnum-Finney et al., 2000). Similar results were obtained using an 
immobilized form of the Notch ligand Delta-1 since incubation of murine HSC with 
immobilized Delta-1 and cytokines led to a several-log expansion of cells capable of short-
term in vivo reconstitution (Varnum-Finney et al., 2003). 

In contrast to the murine studies, only a modest or no increase in the progenitor numbers 
was achieved by expressing activated Notch-1 in human CD34+ cord blood cells (Carlesso et 
al., 1999; Chadwick et al., 2007) or by incubation with Delta-1 (Jaleco et al., 2001), Delta-4 
(Lauret et al., 2004) or Jagged-1 (Karanu et al., 2000; Karanu et al., 2001; Walker et al., 1999). 
This contrast with other reports showing that incubation of human cord blood cells with the 
immobilized Delta-1 combined with fibronectin fragments and cytokines induce a 100-fold 
increase in the number of CD34+ cells compare to controls (Ohishi et al., 2002) and a 16-fold 
increase in SCID Repopulating Cells (SRC) number compared to uncultured cells. In vivo 
transplanted cells persisted 9 weeks post-transplantation and in secondary recipients, 
suggesting the presence of both long-term and short-term repopulating cells following 
culture of human cord blood cells on Delta-1 ligand (Delaney et al., 2010). The SRC 
enhancement by relatively low density of immobilized ligand and the preference to promote 
differentiation toward the T-cell lineage at higher ligand density revealed important ligand 
dose-dependent effects of Notch signaling (Delaney et al., 2005). 

The engineered Notch ligand approach for ex vivo expansion of human cord blood cells is 
now under clinical investigation (http://clinicaltrials.gov/ct2/show/record/ 
NCT00343798). In this phase 1 clinical trial, patients undergoing a myeloablative double 
cord blood transplantation are receiving one non-manipulated cord blood unit along with a 
second cord blood unit that has undergone Notch-mediated ex vivo expansion. These cells 
were safely infused and led to a significant reduction in the time needed for neutrophil 
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recovery (16 days in patients receiving the expanded unit, compared to 26 days in patients 
of the concurrent cohort). Similarly, preliminary evaluation of time needed for platelet 
recovery compared favourably in those patient receiving the expanded cell product 
compared with those receiving non-manipulated cells (Dahlberg et al., 2011). In addition, 
comparable overall survival and graft-versus-host disease risk of patient receiving non-
manipulated cells was observed within the average follow-up of 354 days. The expanded 
cell population may also have retained long-term repopulating capacities as two patients 
display in vivo persistence of cultured donor cells. The lack of in vivo persistence in the 
remaining patients may either be due to loss of stem cell self-renewal capacity during ex vivo 
culture or to immune mediated rejection. Indeed, it has been well documented that in most 
of the patients who received two non-manipulated cord blood units for transplantation, 
only one contributes to persistent long-term engraftment. The mechanism responsible for 
this single donor dominance remains yet to be defined. Larger phase II/III studies are 
required to evaluate whether co-infusion of this expanded cell product decreases the 
occurrence of serious infection, improves survival, or affects duration of hospital stay 
(Delaney et al., 2010). 

2.4 The transforming growth factor beta (TGF) superfamily 

The TGF superfamily consist of a large collection of secreted proteins that regulate cell 
growth, differentiation, apoptosis, cellular homeostasis, and other functions in both the 
adult organism and the developing embryo. The more than 30 TGF family ligands are 
organized into three subgroups (reviewed in (Lyssiotis et al., 2011)). The TGF (which 
comprises SMAD and Activin/Nodal ligands), bone morphogenetic protein (BMP), and the 
growth differentiation factors (GDF). The TGF signaling leads to the phosphorylation of 
Smads by activated receptors resulting in their partnering with the common signaling 
transducer Smad4, and translocation to the nucleus. Once activated, Smads regulate diverse 
biological effects by partnering with transcription factors resulting in cell-state specific 
modulation of transcription (Kaivo-Oja et al., 2003). 

A significant number of studies have demonstrated that TGF inhibits proliferation of both 
murine and human HSC in vitro. It was suggest that TGF induces quiescence in HSC since 
its neutralization was showed to release early hematopoietic progenitors cells from 
quiescence (Hatzfeld et al., 1991; Yamazaki et al., 2009). In agreement with studies 
performed in vitro, injection of TGF1 into the femoral artery of mice effectively inhibits 
proliferation of multipotent hematopoietic progenitors in the BM, establishing an inhibitory 
role of TGF1 also in vivo (Goey et al., 1989). Despite a key role in vitro, TGFdid not seem 
to provide the necessary signals that maintain quiescence and the stem cell pool in vivo  
(Larsson et al., 2005). 

To block the entire Smad signaling pathway, the Smad7 was overexpressed in murine HSC 
using a retroviral gene transfer approach. Forced expression of Smad7 significantly 
increased the self-renewal capacity of HSC in vivo (Blank et al., 2006). In a similar approach 
using human hematopoietic cells, overexpression of Smad7 resulted in a shift from 
lymphoid-dominant engraftment toward the myeloid lineage, and an increase of the 
myeloid-committed clonogenic progenitor frequency in NOD-SCID mice (Chadwick et al., 
2005). Instead, Smad4-deficient HSC displayed a significantly reduced repopulative capacity 
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2.3 Notch signaling 

The Notch pathway is also an evolutionarily conserved mechanism that plays a 
fundamental role in regulating cell-fate decisions (Bolos et al., 2007). Four types of Notch 
receptors (Notch 1-4) and five Notch ligands (Jagged 1 and 2, Delta 1, 3 and 4) have been 
identified in vertebrates. Notch ligands are single-pass transmembrane proteins consisting 
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Searching for the Key to Expand Hematopoietic Stem Cells 

 

211 

recovery (16 days in patients receiving the expanded unit, compared to 26 days in patients 
of the concurrent cohort). Similarly, preliminary evaluation of time needed for platelet 
recovery compared favourably in those patient receiving the expanded cell product 
compared with those receiving non-manipulated cells (Dahlberg et al., 2011). In addition, 
comparable overall survival and graft-versus-host disease risk of patient receiving non-
manipulated cells was observed within the average follow-up of 354 days. The expanded 
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remaining patients may either be due to loss of stem cell self-renewal capacity during ex vivo 
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only one contributes to persistent long-term engraftment. The mechanism responsible for 
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Smads by activated receptors resulting in their partnering with the common signaling 
transducer Smad4, and translocation to the nucleus. Once activated, Smads regulate diverse 
biological effects by partnering with transcription factors resulting in cell-state specific 
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performed in vitro, injection of TGF1 into the femoral artery of mice effectively inhibits 
proliferation of multipotent hematopoietic progenitors in the BM, establishing an inhibitory 
role of TGF1 also in vivo (Goey et al., 1989). Despite a key role in vitro, TGFdid not seem 
to provide the necessary signals that maintain quiescence and the stem cell pool in vivo  
(Larsson et al., 2005). 

To block the entire Smad signaling pathway, the Smad7 was overexpressed in murine HSC 
using a retroviral gene transfer approach. Forced expression of Smad7 significantly 
increased the self-renewal capacity of HSC in vivo (Blank et al., 2006). In a similar approach 
using human hematopoietic cells, overexpression of Smad7 resulted in a shift from 
lymphoid-dominant engraftment toward the myeloid lineage, and an increase of the 
myeloid-committed clonogenic progenitor frequency in NOD-SCID mice (Chadwick et al., 
2005). Instead, Smad4-deficient HSC displayed a significantly reduced repopulative capacity 
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of primary and secondary recipients (Karlsson et al., 2007). Because overexpression of 
Smad7 versus deletion of Smad4 would be anticipated to yield similar hematopoietic 
phenotypes, it is conceivable that Smad4 functions as a positive regulator of self-renewal 
independently of its role as a central mediator of the canonical Smad pathway. In the 
context of adult hematopoiesis, a high concentration of BMP-4 was shown to promote 
maintenance of human cord blood cells in vitro, while lower concentration of BMP4, BMP2 
and BMP7 induced proliferation and differentiation of HSC (Bhatia et al., 1999).  

2.5 Wingless-type (Wnt) pathway 

Wnt proteins are secreted morphogens necessaries for basic developmental processes, such 
as cell-fate specification, progenitor-cell proliferation and the control of asymmetric cell 
division, in many different species and organs (Bejsovec, 2005; Moon et al., 2004). Wnt 
proteins bind to cell surface receptors of the Frizzled family which can translocate the 
signals to the nucleus and function as transcriptional activators through intracellular -
catenin. Different Wnt pathways are known but their clear separation and their 
independence remain controversial. There is one canonical pathway that acts on the stability 
of -catenin and interacts with T cell transcription factors in the nucleus. There are many 
non-canonical pathways like the PCP and Wnt/Calcium pathways. The most distinctive 
differences between the canonical and non-canonical pathways include the specific ligands 
activating each pathway, ß-Catenin, LRP5/6 co-receptor, and Dsh-DEP domain 
independence, respectively, and the ability of the non-canonical pathways to inhibit the 
canonical pathway. Ligands that activate the non-canonical pathways are Wnt4, Wnt5a, and 
Wnt11.  

Recent evidence based on genetic models suggests that canonical Wnt signaling, regulates 
HSC self-renewal. Active -catenin promotes HSC proliferation and inhibits differentiation 
(Kirstetter et al., 2006; Scheller et al., 2006) whereas deficiency in -catenin inhibits HSC self-
renewal (Cobas et al., 2004; Luis et al., 2009; Zhao et al., 2007). Moreover, purified Wnt3a 
treatment of adult HSC increases self-renewal of murine HSC, as determined by in vivo 
reconstituting assays (Willert et al., 2003) and of human Lin-CD34+ cells as measured by 
immunophenotype and colony assays (Van Den Berg et al., 1998).  

The role of the non-canonical pathways is not well defined, but surprisingly, their activation 
and consequently inhibition of the canonical pathway, appears also to be able to expand 
HSC. Murdoch et al. demonstrated that injecting mice with Wnt5a conditioned media prior 
to transplant of human umbilical cord blood cells increased engraftment more than 3-fold 
(Murdoch et al., 2003). Furthermore, culturing Lin-Sca-1+c-Kit+ (LSK) cells with recombinant 
murine Wnt5a resulted in an enhancement of hematopoietic reconstitution in a BM 
transplant assay. Wnt5a seems to activate the non-canonical signaling pathways leading to a 
3.5- fold more HSC in G0 phase (Nemeth et al., 2007).  

Overexpression of Wnt4 led to a modest increase in HSC frequency as measured by phenotype 
and limiting dilution transplant assays and Wnt4-/- mice showed decreased frequencies of 
HSC in BM.  Similar to the results obtained using Wnt5a, overexpression of Wnt4 led to an 
increase in the percentage of HSC in G0 (Louis et al., 2008). Whether Wnt4 and Wnt5a inhibit 
the canonical pathway in a similar fashion remains to be elucidated. These results show the 
importance of a balanced regulation of these two overlapping Wnt signaling pathways. 
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2.6 Cross-talk between these pathways 

The individual contribution of these pathways to the hematopoietic development of HSC 
have been extensively addressed (Cerdan and Bhatia, 2010). However, there are many 
potential intersections along them and therefore the impact of their collective contribution 
towards influencing the fate of HSC should be carefully considered. Some of these 
intersection points are resumed below. 

Ducan et al. provide a model for how HSC may integrate multiple signals to maintain 
the stem cell state. They showed that although the proliferation and survival of HSC 
exposed to Wnt proteins seem unaffected when Notch signaling is impaired, their ability 
to remain undifferentiated is substantially altered (Duncan et al., 2005). These results 
demonstrated that the Notch pathway is imperative in maintaining HSC in an 
undifferentiated state. These findings do not preclude the possibility that a stronger Wnt 
signal, such as activated -catenin, may be able to overcome the consequences of loss of 
Notch signaling. Moreover, Wnt3a regulates the expression of established Notch target 
genes (Duncan et al., 2005) and the inhibition of GSK-3, a downstream target of Wnt 
signaling that affects HSC fate through mechanisms involving both Wnt and Notch 
target genes (Trowbridge et al., 2006). These findings suggest that these pathways could 
play a role in HSC self renewal using a common network of regulatory circuits with Wnt 
enhancing proliferation and survival, and Notch preventing differentiation (Blank et al., 
2008). 

Furthermore, there is substantial evidence for the cross-talk between the Wnt signaling 
pathway and FGFs and TGF-b by means of the association between Smad4 and Hox 
proteins. Homeobox (hox) genes encode transcription factors that function as regulators of 
hematopoiesis and are frequently dysregulated in human leukemia, particularly acute 
myeloid leukemia (Kroon et al., 1998). Recently, Wang et al described a mechanism whereby 
TGF-β/BMP inhibited the BM transformation capacity of HoxA9 and HoxA9-Nup98 fusion 
protein through a Smad4-dependent mechanism. Accordingly, Smad4 was shown to interact 
directly with HoxA9 and Nup98-HoxA9 fusion protein, thus precluding their DNA binding 
capacity and subsequent transcriptional activity (Wang et al., 2006). Smad4 also seems to 
participate in other signaling cascades such as Wnt or Notch (Itoh et al., 2004; Labbe et al., 
2000). 

These studies show the high interdependence between the different pathways, and the 
impact of their collective contribution on HSC self-renewal. This should be carefully 
considered when trying to expand HSC for clinical purposes. 

2.7 Epigenetic control and HSC self-renewal 

Epigenetic modifications, in addition to the intracellular pathways described in the previous 
section also play an essential role in regulating self-renewal, differentiation and tissue 
development. They induce gene expression regulation and can be grouped into three main 
categories: i) DNA methylation, ii) Histone modifications and iii) Nucleosome positioning. 
Recent studies suggest that epigenetic mechanisms contribute to establish the HSC unique 
characteristics. The following is a description of some of these examples. 
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of primary and secondary recipients (Karlsson et al., 2007). Because overexpression of 
Smad7 versus deletion of Smad4 would be anticipated to yield similar hematopoietic 
phenotypes, it is conceivable that Smad4 functions as a positive regulator of self-renewal 
independently of its role as a central mediator of the canonical Smad pathway. In the 
context of adult hematopoiesis, a high concentration of BMP-4 was shown to promote 
maintenance of human cord blood cells in vitro, while lower concentration of BMP4, BMP2 
and BMP7 induced proliferation and differentiation of HSC (Bhatia et al., 1999).  

2.5 Wingless-type (Wnt) pathway 

Wnt proteins are secreted morphogens necessaries for basic developmental processes, such 
as cell-fate specification, progenitor-cell proliferation and the control of asymmetric cell 
division, in many different species and organs (Bejsovec, 2005; Moon et al., 2004). Wnt 
proteins bind to cell surface receptors of the Frizzled family which can translocate the 
signals to the nucleus and function as transcriptional activators through intracellular -
catenin. Different Wnt pathways are known but their clear separation and their 
independence remain controversial. There is one canonical pathway that acts on the stability 
of -catenin and interacts with T cell transcription factors in the nucleus. There are many 
non-canonical pathways like the PCP and Wnt/Calcium pathways. The most distinctive 
differences between the canonical and non-canonical pathways include the specific ligands 
activating each pathway, ß-Catenin, LRP5/6 co-receptor, and Dsh-DEP domain 
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immunophenotype and colony assays (Van Den Berg et al., 1998).  

The role of the non-canonical pathways is not well defined, but surprisingly, their activation 
and consequently inhibition of the canonical pathway, appears also to be able to expand 
HSC. Murdoch et al. demonstrated that injecting mice with Wnt5a conditioned media prior 
to transplant of human umbilical cord blood cells increased engraftment more than 3-fold 
(Murdoch et al., 2003). Furthermore, culturing Lin-Sca-1+c-Kit+ (LSK) cells with recombinant 
murine Wnt5a resulted in an enhancement of hematopoietic reconstitution in a BM 
transplant assay. Wnt5a seems to activate the non-canonical signaling pathways leading to a 
3.5- fold more HSC in G0 phase (Nemeth et al., 2007).  

Overexpression of Wnt4 led to a modest increase in HSC frequency as measured by phenotype 
and limiting dilution transplant assays and Wnt4-/- mice showed decreased frequencies of 
HSC in BM.  Similar to the results obtained using Wnt5a, overexpression of Wnt4 led to an 
increase in the percentage of HSC in G0 (Louis et al., 2008). Whether Wnt4 and Wnt5a inhibit 
the canonical pathway in a similar fashion remains to be elucidated. These results show the 
importance of a balanced regulation of these two overlapping Wnt signaling pathways. 
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2.6 Cross-talk between these pathways 

The individual contribution of these pathways to the hematopoietic development of HSC 
have been extensively addressed (Cerdan and Bhatia, 2010). However, there are many 
potential intersections along them and therefore the impact of their collective contribution 
towards influencing the fate of HSC should be carefully considered. Some of these 
intersection points are resumed below. 

Ducan et al. provide a model for how HSC may integrate multiple signals to maintain 
the stem cell state. They showed that although the proliferation and survival of HSC 
exposed to Wnt proteins seem unaffected when Notch signaling is impaired, their ability 
to remain undifferentiated is substantially altered (Duncan et al., 2005). These results 
demonstrated that the Notch pathway is imperative in maintaining HSC in an 
undifferentiated state. These findings do not preclude the possibility that a stronger Wnt 
signal, such as activated -catenin, may be able to overcome the consequences of loss of 
Notch signaling. Moreover, Wnt3a regulates the expression of established Notch target 
genes (Duncan et al., 2005) and the inhibition of GSK-3, a downstream target of Wnt 
signaling that affects HSC fate through mechanisms involving both Wnt and Notch 
target genes (Trowbridge et al., 2006). These findings suggest that these pathways could 
play a role in HSC self renewal using a common network of regulatory circuits with Wnt 
enhancing proliferation and survival, and Notch preventing differentiation (Blank et al., 
2008). 

Furthermore, there is substantial evidence for the cross-talk between the Wnt signaling 
pathway and FGFs and TGF-b by means of the association between Smad4 and Hox 
proteins. Homeobox (hox) genes encode transcription factors that function as regulators of 
hematopoiesis and are frequently dysregulated in human leukemia, particularly acute 
myeloid leukemia (Kroon et al., 1998). Recently, Wang et al described a mechanism whereby 
TGF-β/BMP inhibited the BM transformation capacity of HoxA9 and HoxA9-Nup98 fusion 
protein through a Smad4-dependent mechanism. Accordingly, Smad4 was shown to interact 
directly with HoxA9 and Nup98-HoxA9 fusion protein, thus precluding their DNA binding 
capacity and subsequent transcriptional activity (Wang et al., 2006). Smad4 also seems to 
participate in other signaling cascades such as Wnt or Notch (Itoh et al., 2004; Labbe et al., 
2000). 

These studies show the high interdependence between the different pathways, and the 
impact of their collective contribution on HSC self-renewal. This should be carefully 
considered when trying to expand HSC for clinical purposes. 

2.7 Epigenetic control and HSC self-renewal 

Epigenetic modifications, in addition to the intracellular pathways described in the previous 
section also play an essential role in regulating self-renewal, differentiation and tissue 
development. They induce gene expression regulation and can be grouped into three main 
categories: i) DNA methylation, ii) Histone modifications and iii) Nucleosome positioning. 
Recent studies suggest that epigenetic mechanisms contribute to establish the HSC unique 
characteristics. The following is a description of some of these examples. 
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2.7.1 Methylation of DNA 

The most widely studied epigenetic modification in humans is cytosine methylation. DNA 
methylation occurs almost exclusively in the context of CpG dinucleotides that tend to 
cluster in regions called CpG islands. A group of enzymes, the DNA methyltransferases 
(DNMTs) tightly regulate both the initiation and maintenance of these methyl marks. DNA 
methylation can inhibit gene expression by various mechanisms. Methylated DNA can 
promote the recruitment of methyl-CpG-binding domain proteins which in turn recruit 
histone-modifying and chromatin-remodeling complexes to methylated sites. DNA 
methylation can also directly inhibit transcription by precluding the recruitment of DNA 
binding proteins from their target sites. In contrast, unmethylated CpG islands generate a 
chromatin structure favorable for gene expression (Portela and Esteller, 2010). 

Methylation is controlled by at least 3 DNMTs: DNMT3a and DNMT3b for de novo 
methylation and DNMT1 for methylation maintenance. Conditionally disruption of Dnmt3a, 
Dnmt3b, or both Dnmt3a and Dnmt3b (Dnmt3a/Dnmt3b) showed that Dnmt3a and Dnmt3b 
function as de novo DNA methyltransferases during differentiation of hematopoietic cells. 
Unexpectedly, in vitro colony assays showed that both myeloid and lymphoid lineage 
differentiation potentials were maintained in Dnmt3a-, Dnmt3b-, and Dnmt3a/Dnmt3b-
deficient HSC. However, Dnmt3a/Dnmt3b-deficient HSC, but not Dnmt3a- or Dnmt3b-
deficient HSC, were incapable of long-term reconstitution in transplantation assays, 
suggesting a role for DNA methylation by Dnmt3a and Dnmt3b in HSC self-renewal 
(Tadokoro et al., 2007). 

Conditional disruption of Dnmt1 in the mouse hematopoietic system revealed defects in 
self-renewal, niche retention, and in the ability of cells to give rise to multilineage 
hematopoiesis. Loss of Dnmt1 had specific impact on myeloid progenitor cells, causing 
enhanced cell cycling and inappropriate expression of mature lineage genes (Trowbridge et 
al., 2009). Consistent with these results, Broske et al. showed that Dnmt1 is essential for HSC 
self-renewal but dispensable for homing, cell cycle control and suppression of apoptosis but 
also implicated Dnmt1 in lymphoid differentiation (Broske et al., 2009). 

2.7.2 Histone modifications and nucleosome positioning  

A nucleosome is a histone octamer composed by a histone H3-H4 tetramer and two H2A-
H2B dimers, around which DNA, 147 base pairs in length, is wrapped in 1.75 superhelical 
turns. Nucleosomes are connected by the so-called linker DNA and the histone H1. Histones 
post-transcriptional modifications, including acetylation, methylation, phosphorylation, 
ubiquitination, SUMOylation and ADP-ribosylation, occur predominantly in histone tails. 
They have important roles in transcriptional regulation as they can provide either an ON or 
OFF signature which result in the tight regulation of gene expression but display also 
important roles in DNA repair, DNA replication, alternative splicing and chromosome 
condensation. Nucleosomes act as barriers to transcription. They block access of activators 
and transcription factors to their sites on DNA and inhibit the elongation of the transcripts. 
The packaging of DNA into nucleosomes appears to affect all stages of transcription, 
thereby regulating gene expression. Nucleosome positioning plays also an important role in 
shaping the methylation landscape (Portela and Esteller, 2010). 
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Polycomb group (PcG) and Trithorax group (TrxG) proteins have emerged as key players 
in gene regulation and are thought to function coordinately to orchestrate DNA 
accessibility. These epigenetic regulators act antagonistically to either promote (TrxG) or 
repress (PcG) transcription through regulation of specific amino acid modifications in 
histones. It is not known how the PcG and TrxG proteins switch and balance between 
transcriptionally silenced heterochromatin (for example, enriched in histone H3 lysine 27 
trimethylation, H3K27me3) and transcriptionally competent euchromatin (for example, 
enriched in histone H3 lysine 4 trimethylation, H3K4me3), respectively, during 
development. 

In vertebrates, polycomb group proteins participate mainly in two complexes, Polycomb 
Repressive Complex (PRC) 1 and PRC2. Probably the best example of a chromatin-
associated factor involved in self-renewal is BMI1, which is a component of PRC1. BMI1 is 
expressed in HSC and its expression decreases upon differentiation towards myeloid or 
erythroid cells, but is retained within the lymphoid compartments. Upon deletion of BMI1, 
no changes in the number of HSC in the fetal liver were observed, but in postnatal BMI1-/- 
mice, the number of HSC was markedly reduced. Targeted deletion of BMI1 in murine HSC 
impaired their competitive repopulation capacity (Park et al., 2003). In vitro, BMI1-/- HSC 
proliferated poorly and displayed an accelerated loss of multilineage differentiation 
potential and overexpression of BMI1 enhanced the self-renewal of HSC and enhanced their 
engraftment potential (Iwama et al., 2004).  

Overexpression of BMI1 in cord blood CD34+ cells resulted in stem cell maintenance. After 
an in vitro culture period of 10 days, BMI1-overexpressing cells display a much better 
engraftment in NOD-SCID mice. Although the mechanisms involved remain to be 
elucidated, it was observed in single-cell assays that the percentage of CD34+/CD38- HSC 
undergoing apoptosis was reduced, whereas the percentage of quiescent HSC not 
undergoing cell cycle progression was increased upon BMI1 overexpression (Rizo et al., 
2008). Lentiviral downmodulation of BMI1 in human cord blood CD34+ cells impaired long-
term expansion, progenitor-forming capacity and stem cell frequencies, both in cytokine-
driven liquid cultures and in BM stromal cocultures. This was associated with higher 
expression of p14ARF and p16INK4A and enhanced apoptosis, which coincided with 
increased levels of intracellular reactive oxygen species (ROS) and reduced FOXO3A 
expression (Rizo et al., 2008). 

Another example of a chromatin-associated factor involved in self-renewal is the mixed 
lineage leukemia (MLL) protein, which encodes a trithorax-group chromatin regulator. 
Using Mll-deficient ESC to generate chimeras, Ernst et al. showed a cell-intrinsic 
requirement for MLL in the generation of lymphoid and myeloid populations in adult 
animals (Ernst et al., 2004). Moreover, MLL is often fused to the AF9 protein in leukemia 
and have been reported to impart leukaemia stem cell properties on committed 
hematopoietic progenitors. The leukemia stem cells generated can maintain the global 
identity of the progenitor from which they arose while activating a limited stem-cell- or 
self-renewal-associated programme (Krivtsov et al., 2006). Moreover, this MLL-AF9 
fusion drives high-level expression of multiple Hox genes and can overcome Bmi1-
deficiency to establish leukemic stem cells (Smith et al., 2011).  
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The studies described in this section establish that epigenetic alterations can modulate the 
self-renewal process. Epigenetic state in stem cells can be stably heritable or can be erased 
(partly or completely) by cell division. These changes might facilitate the transition of a 
progenitor cell to a self-renewing stem cell, or might prompt a stem cell to differentiate, 
divide or lose its ability to self-renew. 

3. Compounds modifying HSC capacities 
As described in the previous section, the strategy for stem-cell expansion involves activation 
of regulators that encourage HSC self-renewal and/or inhibition of pathways that mediate, 
differentiation or apoptosis by using primarily genetic modification approaches. An 
alternative strategy might imply pharmacological intervention by using a variety of small 
molecules. The term “small molecule” refers to a molecular entity that interacts with one or 
more molecular targets and effects a change in biological state while having minimal side 
effects. These small molecules, defined by a known structure, may be chemicals, proteins, 
small interfering RNAs or antibodies. Some of the most effective compounds for ex vivo 
maintaining or expanding HSC are reviewed below. 

3.1 Regulation by cytokines 

Cytokines are secreted proteins that regulate many aspects of hematopoiesis, such as, 
immune responses and inflammation. Numerous attempts have been made to use classic 
hematopoietic cytokines for the purpose of expanding HSC in vitro. Many interleukins, 
including interleukin (IL)-3, IL-6, and IL-11, Flt-3 ligand, TPO and SCF have extensively 
been investigated. In most cases, efforts to expand HSC have failed because of 
differentiation of HSC and subsequent loss of their reconstitution capacity. The combination 
of these molecules has however allowed maintaining HSC in culture for several days 
allowing their use in protocols for gene or cell therapies. Here we describe some examples of 
cytokines that were used to maintain HSC levels in culture. 

3.1.1 Thrombopoietin (TPO) 

TPO, acting through its receptor c-MPL, is the chief cytokine that regulates 
megakaryocyte production. However, several studies suggest that TPO can act to increase 
the ex-vivo expansion of HSC (Sitnicka et al., 1996). This effect was far more effective when 
used in combination with other cytokines including SCF, fms-like tyrosine kinase 3 ligand 
(FLT3-L), IL-3 or IL-6. Human cord blood cells expanded with this cytokine cocktail were 
shown to provide good short- and long-term platelet recovery and lymphomyeloid 
reconstitution in NOD-SCID mice (Ohmizono et al., 1997; Pineault et al., 2010). Further, a 
non peptidyl molecule agonist of c-MPL, NR-101, was found to be more efficient than 
TPO in expanding HSC. Indeed, 7 days culture of human cord blood CD34+ or 
CD34+CD38-, treated with NR-101 induced a 2-fold increase in their number compare to 
TPO and a 2.9-fold or 2.3-fold increase in SRC numbers compared to freshly isolated 
CD34+ cells or TPO-expanded cells respectively. As it was not more efficient than TPO in 
inducing megakaryocyte expansion, its effect seemed to be HSC specific. NR-101 
treatment appeared to persistently activate STAT5 and to induce a long-term 
accumulation of HIF-1α (Nishino et al., 2009).  
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3.1.2 Angiopoietin-like 5 (ANGPLT5) and insulin-like growth factor binding protein 2 
(IGFBP2) 

Soluble growth factors, such as ANGPLT5 and IGFBP2, produced by the endothelium may 
enhance HSC expansion ex vivo when used with conventional cytokines. Although the 
addition of ANGPLT5 and/or IGFBP2 to a 10 days-human CD133+ cord blood cells culture 
has no effect upon the total nucleated cells number in vitro, it significantly enhances in vivo 
repopulation of NOD-SCID mice 2 months post-transplantation as well as secondary 
transplantation (Zhang et al., 2008a). These results were confirmed recently using human 
cord blood CD34+CD133+ cells cultured for 10 days in the presence of IGFBP2 and 
ANGPLT5. Expanded cells were shown to be capable of long-term multi-lineage and multi-
site hematopoiesis in serial reconstitution in NSG mice (Drake et al., 2011). 

3.1.3 Pleiotropin (Ptn) 

Pleiotropin, which have mitogenic and angiogenic activities, has been found to be essential 
for maintenance of murine HSC. Mice transplanted with LSK CD34- cells treated with Ptn 
and a standard cocktail of cytokines showed 6-fold increase in HSC frequency compared to 
cells treated with cytokines alone. In vivo, systemic administration of Ptn was found to 
increase the number of BM LSK cells both in irradiated and nonirradiated mice, suggesting a 
role for this factor in the in vivo regeneration of HSC. Treatment of human cord blood Lin-

CD34+CD38- cells with Ptn for 7 days induced a 4-fold increase in CFC content and a 3- or 7-
fold improved engraftment at 4 or 7 weeks respectively in NOD-SCID mice compared with 
controls. This factor may activate the PI3-Kinase/AKT and Notch pathways by alleviating 
activation of its receptor, RPTP-/ (Himburg et al., 2010). 

3.2 Transcription factors: The HOX- family 

3.2.1 HOXB4 

The homeobox gene family member HoxB4 is the most investigated transcription factor for 
its potential to increase the self-renewal potential of HSC. HOXB4 belongs to a large family 
of transcription factors that share a highly conserved DNA-binding domain, the 
homeodomain. In mammals, there are 39 Hox genes grouped in four clusters referred to as 
A, B, C and D. In the hematopoietic system, 16 different Hox genes are transcribed during 
normal hematopoiesis. Primitive subpopulations express primarily genes of the A and B 
cluster (Giampaolo et al., 1995; Pineault et al., 2002; Sauvageau et al., 1994). Mice 
transplanted with marrow overexpressing HOXB4 resulted in a 47-fold increase of the 
competitive repopulating unit (CRU) numbers and did not develop leukemic transformation 
(Sauvageau et al., 1995). HOXB4 overexpression in mouse HSC cultured for 14 days induced 
a primitive cell-specific growth advantage contrary to a progressive depletion of HSC 
usually observed under these conditions. Total cell growth (mostly mature cells) was 
enhanced by 2-fold, progenitors by 3-fold and HSC by 1000-fold in cells overexpressing 
HOXB4 (Antonchuk et al., 2002).  

In humans, transient overexpression of HOXB4 in hematopoietic cord blood cells, did not 
increase proliferation of primitive progenitors, frequency of CFC, and LTC-ICs but induced 
an iincrease in myeloid differentiation (Brun et al., 2003). Other studies showed that 
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enforced high level of HOXB4 expression in human hematopoietic cord blood cells cultured 
for 24 hours induced a 5-10-fold increase in LTC-IC and a 4-fold increase in SRC (Buske et 
al., 2002). However, this HOXB4 overexpression markedly impaired the lymphoid and 
myeloerythroid differentiation (Schiedlmeier et al., 2003). Altogether these studies 
demonstrated that high levels of HOXB4 perturbed the myeloid differentiation program 
both in vivo and in vitro and are consistent with a dose dependant activity of HOXB4 to 
control the differentiation or self-renewal of HSC (Klump et al., 2005). 

To increase the effect of HOXB4, a NUP98-HOXB4 fusion gene was engeeniered since the 
fusion of Hox genes with the nucleoporine gene NUP98 is often reported in leukemia. Ohta 
et al. observed, in a murine transplantation model, a 300-fold increase in CRUs among 
NUP98-HOXB4-overexpressing cells compared to only 80-fold increase with HOXB4 alone. 
An even higher increase (2000-fold) was observed using the NUP98-HOXA10 fusion gene 
that, in contrast to HOXB4, blocks terminal differentiation and leads to a sustained output of 
cells with a “primitive” phenotype (Pineault et al., 2005; Pineault et al., 2004). The authors 
did not observe any long-term hematological defect in recipients repopulated with NUP98-
HOXA10 expanded HSC (Ohta et al., 2007). However, these results contrast with those 
obtained by Watts et al. in a nonhuman primate stem cell transplantation model. 
Transplantation of comparable doses of HOXB4- and NUP98-NUP98-HOXA10-
overexpressing cells revealed that HOXB4 contributed more to early hematopoiesis whereas 
NUP98-HOXA10 contributed more to later hematopoeisis. The emergence of a deleterious 
effect, such as leukaemia, could not be monitored due to the short survey period of the 
study (Watts et al., 2011). 

In 2006, Zhang et al. investigate the ability of HOXB4 to expand HSC in a clinically relevant 
nonhuman primate competitive repopulation model. They found an initial 56-fold 
advantage for the HOXB4-transduced cells which decline significantly over time (Zhang et 
al., 2006). In addition, the first appearence of myeloid leukemia linked to HOXB4 expression 
were observed two years later, both in the original group of monkeys (1 out of 2) and in 
dogs (2 out of 2) that received cells transduced with a HOXB4 expressing vector (Zhang et 
al., 2008b). None of the 40 dogs and monkeys that received cells transduced with control 
vectors developed leukemia. Besides, a profound growth inhibition and a rapid cell 
differentiation was induced by siRNA knocking down HOXB4 using a cell line derived from 
the leukemic cells of one animal. The direct implication of HOXB4 in the development of 
leukemia can not be certify since analysis of the vector insertion sites in the genome of all 
tumors revealed insertion of the transgene near or within protooncogenes, such as c-myb 
and PRDM16 (Zhang et al., 2008b).  

To avoid the use of retroviral vectors, Amsellem et al. generate an MS-5 stromal cell line 
secreting HOXB4 to expand human cord blood hematopoietic cells. Using a 5-week long 
term culture system, they show a 4-fold increase in LTC-IC and 2.5-fold increase in SRC in 
NOD-SCID mice. This expansion did not appear to interfere with myeloid or lymphoid 
differentiation. However, the coculture system might not be suitable for clinical applications 
(Amsellem et al., 2003). To avoid this issue, Krosl et al. used a soluble recombinant HOXB4 
protein fused to a small peptide derived from the HIV TAT protein. TAT-HOXB4 treatment 
of murine HSC for 4 days expanded approximately 4- to 6-fold and were 8-20 times more 
numerous than non treated HSC. This TAT-HOXB4 expanded population retained its 
normal in vivo potential for differentiation and long-term repopulation (Krosl et al., 2003). 
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The capacity of soluble HOXB4 to expand human HSC was verified using several 
recombinant human HOXB4 proteins. The N-terminal-tat and C-terminal histidine-tagged 
version of HOXB4 (T-HOXB4-H) had the highest activity in expanding CFC (10-fold) and 
LTC-IC (15-fold), and a 1.5- to 2.7-fold increase in SRC (Tang et al., 2009).  

3.2.2 Other HOX family proteins 

Surveys of Hox gene expression in HSC enriched populations showed dominancy of the 
HoxA cluster. In d14.5 fetal liver populations enriched for HSC, the expression of 
HOXA4 is a log higher than that of HOXB4. The fact that during this phase of 
development HSC undergo their major expansion, combined with the high homology 
and functional redundancy found within Hox paralog groups, suggests a putative role of 
HOXA4 to expand HSC with negligible or null oncogenic potential. HOXA4 
overexpressing HSC expanded 6.6-fold after a week of culture. Although HOXA4 
expressing HSC produced mature myeloid and lymphoid progeny in irradiated recipient 
mice, B-cell progenitors were preferentially expanded compared to myeloid progenitors 
(Fournier et al., 2011). 

HOXC4, another member of the Hox family, is also expressed in proliferating hematopoietic 
cells suggesting a role in the control of normal proliferation. Using retroviral gene transfer in 
human CD34+ cells, Daga et al. showed that HOXC4 induced an in vitro expansion of 
committed cells and early hematopoietic progenitors, with the most striking effect on LTC-
IC (13-fold expansion) (Daga et al., 2000). These results are consistent with those of 
Amsellem and Fichelson who showed a more efficient expansion of human CD34+/CD38low 
cells on MS-5 cell line secreting HOXC4 compared to those secreting HOXB4. The 
simultaneous presence of HOXB4 and HOXC4 seems synergize to improve expansion 
(Amsellem and Fichelson, 2006). However, the in vivo effect of HOXC4 still remains to be 
established. 

All these observations clearly implicated Hox family proteins in HSC self renewal but 
further studies are required to determine if the use of these compounds could be suitable for 
clinical applications. 

3.3 Chemical compounds 

The low efficiency obtained with purified proteins and the safety concerns when attempting 
to expand HSC with viral vector-mediated gene transfer (Baum et al., 2003) lead to 
searching for alternative and safer approaches. One of these promising strategies involved 
the use of chemical compounds.  

Chemical molecules constitute a particularly useful tool for modifying biological signaling 
pathways since they can be arrayed in chemical libraries for high-throughput analysis, 
and they can be withdrawn from the biological system once the desired effect is obtained. 
The use of a small molecule allows the study of the kinetics of a response in a more subtle 
and graduated way that is not possible with gene disruption techniques. These molecules 
may be further transposed into drugs for therapeutic use. Their use is rapid and cost-
effective. 

What are the sources of molecules available? 
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Historically, the pharmaceutical companies gathered the collections of molecules 
accumulated during the year in-house companies. These molecules can come from two 
different sources, one from natural origin and the other from chemically-synthesized 
compounds. Several companies have pooled their collections through partnerships to 
increase the size and diversity. At present, a large collection of oriented chemical libraries is 
available. In the milieu of academia, access to these collections is almost impossible unless a 
very restrictive partnership is framed. The number of screenable drug candidates have 
dramatically increased in the last years, and might account for 10 000 to 1 000 000 
compounds. The difficulty to use these large collections resides in the ability to order 
millions of natural products, many of which are available in only limited amounts and are 
not yet completely characterized or even purified. Further, to identify a molecule producing 
the desired biological effect, different concentrations covering several orders of magnitude 
should be initially screened. This is why their widespread use has not yet been generalized 
and most discoveries to date are mainly available through the pharmaceutical industry. 
During the past ten years, various companies have specialized in the provision of all-
purpose or targeted libraries. ChemBridge, ChemDiv, Asinex, Prestwick, Maybridge, 
enamine, Interbioscreen, TimTec can be mentioned as examples of commercially available 
collections. These libraries are relatively diverse and oriented "drug-like" (Kugawa et al., 
2007). Small-molecule compounds approved for use as drugs may also be "repurposed" for 
new indications and studied to determine the mechanisms of their beneficial and adverse 
effects. A comprehensive collection of all small-molecule drugs approved for human use 
would be invaluable for systematic repurposing across human diseases, particularly for rare 
and neglected diseases, for which the cost and time required for development of a new 
chemical entity are often prohibitive. Major efforts are now underway to produce 
comprehensive collections of these small molecules amenable to high-throughput screening 
(Huang et al., 2011). 

During the last ten years, cell-based phenotypic and pathway-specific screens using 
synthetic small molecules have provided new insights into stem cell biology and help to 
identify a number of small molecules that can be used to selectively (a) control self-renewal 
of embryonic and adult stem cells; (b) expand therapeutically desirable mature cell types; (c) 
control lineage commitment; and (d) enhance the reversion of lineage-restricted cells back to 
the multipotent or pluripotent state.  All four practices are beginning to find application in 
therapeutic settings. 

In this section we will focus on chemical compounds that were used to expand HSC. 
However, the most important question to keep in mind is whether the in vitro expanded 
cells preserve their capacities to regenerate hematopoiesis in vivo (Fig. 4). 

3.3.1 Chromatin-modifying agents 

Valproic acid (VPA) and chlamydocin are histone deacetylase (HDAC) inhibitors that exert 
their activity by interacting with the catalytic site of HDACs.  

VPA was first studied by De Felice et al. on human CD34+ cells isolated from cord blood, 
mobilized peripheral blood and BM. They showed that VPA preserves the CD34+ 
population after 1 week (40-89%) or 3 weeks (21-52%) of culture with cytokines and VPA 
increases H4 acetylation levels at specific sites on HOXB4 and AC133 (De Felice et al., 2005). 
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In 2008, using a two step culture system, Seet et al. showed that VPA induced a 2-fold 
expansion of human cord blood CD34+CD45+ cells. Higher numbers of treated cells resided 
in the S phase compare to controls. VPA-treated cells reconstituted hematopoiesis in NOD-
SCID mouse with a 6-fold higher efficiency compare to control cells. The advantage of using 
VPA resides on the fact that this molecule is clinically well-known since it has been used for 
more than 25 years to treat neurologic disorders (Seet et al., 2009). Chlamydocin, was 
showed to enhance Thy-1 expression on human CD34+ cells and to display a 4-fold increase 
in SRC in NOD-SCID (Young et al., 2004). 

 
Fig. 4. A diagrammatic representation of an experimental design typology to test the effect of 
molecules on HSC expansion.  Each molecule is added individually to the in vitro culture of 
HSC and the expansion capacities are then measured. However, infusion of the treated cells in 
myeloablated mice is essential to answer the question (?) on whether the HSC treated with the 
selected molecule have still the capacity to regenerate blood cells in transplanted animals.  

Another HDAC inhibitor, trichostatin A (TSA), and 5-aza-2’-deoxycytidine (5azaD), a DNA 
methyl transferase inhibitor where shown to act in synergy to yield a 12.5-fold increase of 
human CD34+CD90+ cells after 9 days of culture in comparison to the input cell numbers, a 
9.8-fold increase in the numbers of CFU and a 9.6-fold increase in SRC. Several genes 
implicated in HSC self-renewal including HOXB4, BMI1, GATA2, P21, and P27 were up-
regulated in the 5azaD/TSA-treated cells (Araki et al., 2006; Araki et al., 2007). 

3.3.2 Copper chelator tetraethylenepentamine (TEPA) 

Several clinical observations have suggested that copper plays a role in regulating HSC 
development. Peled et al. reported that modulation of cellular copper content might shift the 
balance between self-renewal and differentiation (Peled et al., 2005; Peled et al., 2002). This 
group cultured human CD34+ cord blood cells with the copper chelator TEPA during 
extended periods of time and showed a higher percentage of early progenitors (CD34+CD38-, 
CD34+CD38-Lin-) in the TEPA-treated cultures compared with controls and a 1- to 3-log-fold 
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expansion of CD34+ cells compare with that of controls. They cultured human CD133+ cord 
blood cells during 3 weeks, in order to use a clinically suitable protocol, and found that the 
median output value of CD34+ cells increased by 89-fold, CD34+CD38- by 30-fold and CFU by 
172-fold over the input values. Moreover, the CD34+ cells expanded with TEPA appeared to 
show improved NOD-SCID engraftment compare to control cells (Peled et al., 2004a; Peled et 
al., 2004b). Based on these data, a phase 1 trial was initiated. In this study, a portion of a single 
cord blood unit was cultured with TEPA and cytokines for 21 days and co-infused with the 
remainder of the untreated cell fraction. Although this methodology showed a 219-fold 
expansion of total nucleated cells in vitro, it did not improve the time to neutrophil or platelet 
recovery (de Lima et al., 2008). A phase 2/3 study is under way in more than 28 centers in the 
United States, Europe, and Israel, to evaluate the safety and efficacy of this approach 
(“StemEx”) in 100 patients with advanced hematologic malignancies 
(http://clinicaltrials.gov/ct2/show/NCT00469729). 

3.3.3 Oxygen, reactive oxygen species and antioxidants 

Low oxygen levels were also described to play a beneficial role on HSC expansion in vitro. 
This is consistent with the observation that protection of HSC in vivo is achieved by a 
predominantly low-oxygen environment of the stem-cell niche (Cipolleschi et al., 1993; 
Eliasson and Jonsson, 2010).         

The positive effect of hypoxia on the survival and/or self-renewal of the HSC population in 
vitro was demonstrated quantitatively on human marrow cells with Lin-CD34+CD38- 
phenotype which are enriched in SRC. A significant increase in SRC after 4 days was found 
in cultures under 1.5% O2 compared to normoxic conditions. The positive effect of hypoxia 
on SRCs is short-lived but their engraftment into immmunocompromised mice was to some 
extent improved (Danet et al., 2003). 

Similar studies have been performed with cord blood cells (Hermitte et al., 2006). The 
authors reported preferential survival of primitive HSC among cord blood CD34+ cells in 
cultures under 0.1% O2. After 72 hours, cells were 1.5 and 2.5 times more in quiescence (G0) 
at 3% and 0.1% O2. At 0.1% O2, 46.5%+/-19.1% of divided cells returned to G0 compared 
with 7.9%+/-0.3% at 20%. This shows a return of the cycling CD34+ cells into G0, a quiescent 
state that characterizes steady-state HSC.  

During the process of HSC purification or mobilization from the BM to the peripheral blood, 
the cells go across different levels of oxygenation until reach maxima in culture assays. 
Furthermore, cell factors added to these cultures can lead to an abnormal increase in 
reactive oxygen species (ROS) in the HSC and to a ROS stress that might change their 
properties and functions (Hao et al., 2011; Ito et al., 2006; Pervaiz et al., 2009). These ROS are 
unstable reactive molecular species possessing an unpaired electron that are produced 
continuously in cells as a byproduct of metabolism. They participate in vital signal 
transduction pathways but they can also oxidize DNA, proteins, and lipids leading to cell 
differentiation, senescence, and apoptosis. Notably, the mouse long-term repopulating HSC 
capacities were found in a Roslow population (Jang and Sharkis, 2007). This cell population 
has a higher self-renewal activity than a Roshigh population both in vitro and in vivo. 
Moreover, distinct metabolic profiles of HSC reflect their location in the hypoxic niche 
(Simsek et al., 2010; Takubo et al., 2010). 
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The continual production of ROS in the in vitro culture (Iiyama et al., 2006) might be 
overcome by the addition of antioxidants. These molecules will maintain the ROS at a low 
level, thereby regulating the proliferation, growth, signal transduction, and gene expression 
of the cells (Chen et al., 2008).  

Antioxidants are classified into enzyme and non-enzyme antioxidants. Enzyme antioxidants 
include superoxide dismutase, catalase, and glutathione peroxidase. Non-enzyme 
antioxidant includes vitamin C.  

The application of enzyme antioxidants is limited because of the poor stability and ease of 
inactivation (Wojcik et al., 2010). However, when culturing mouse HSC in the presence of 
catalase, the number of short-term or long-term HSC with LSK immune markers was 
significantly increased and the stem cells begin to degenerate as the catalase is removed  
(Gupta et al., 2006). 

Ascorbic acid (vitamin C) is a natural water-soluble antioxidant but under some 
conditions such as the air, heat, light, alkaline substances, enzymes and trace amount of 
copper oxide and iron, oxidation of vitamin C could be accelerated and the oxidative 
products lead to the damage of cellular DNA. The ascorbic acid 2-phosphate (AA2P), one 
derivative of vitamin C, is stable at 37°C in cell culture media and has no cytotoxic effect; 
therefore it might constitute an advantageous antioxidant (Duarte et al., 2009). Reducing 
oxidative stress by N-acetyl-L-cysteine (NAC) may enhance the viability and engraftment 
of HSC as  treatment of gene corrected BM mononuclear cells or purified CD34(+) cells 
from FANCA patients  with the reducing agent NAC showed increased CFC (Becker et 
al., 2010). 

Although the current amplification under normal oxygen can expand a certain number of 
HSC, the application of glutathione for stem cell mobilization and re-infusion as well as the 
application of AA2P in the in vitro amplification culture of cells may become effective 
methods for protecting the hematopoietic reconstitution capacity of HSC (Hao et al., 2011). 
Moreover, in vitro culturing HSC-enriched samples under O2 concentrations that more 
closely resemble the BM environment (low O2 concentrations, 1–3%) might also improve 
their expansion and preserve proper stem cell functions for engraftment.  

3.3.4 PGE2 

Prostaglandin E2 (PGE2) was first identified as capable of enhancing HSC formation in 
zebrafish, following a high-toughput chemical screen. This effect was also tested using 
murine transplantation assays. When murine BM cells where briefly treated ex vivo by 
PGE2, a 3-fold increase in the CFU number and a 3.3-fold increase of SRC 6 weeks post 
transplantation were observed (North et al., 2007). Hoggatt et al. confirmed enhanced 
murine HSC engraftment following PGE2 exposure as they observed a 4-fold increase in 
HSC 20 weeks after transplantation. The increase in chimerism was still present in 
primary recipient 32 weeks post-transplant and in secondary recipients without 
additional PGE2 treatment. Several studies were performed to determine whether the 
action of PGE2 on HSC could be the result of an increase in HSC numbers, homing 
capability, proliferation, survival, or a combination thereof. Hoggatt et al. observed a 
significant increase in homing of PGE2-treated LSK cells. This was partially attributed to 
an increase in CXCR4 expression, a SDF1α specific receptor. This effect also occurs in 
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human HSC, since PGE2-treated cord blood cells transplanted into NOD-SCID mice 
displayed an enhanced homing to marrow. In addition, PGE2 treatment increased 
survivin expression, reduced intracellular active caspase-3 that lead to enhanced HSC 
survival and increased the percentage of cycling cells (Hoggatt et al., 2009). Frish et al. 
treated mice in vivo with PGE2 by intraperitoneal injection twice a day for 16 days. They 
observed a significant increase of the LSK population without inhibiting their 
differentiation. The treatment expands preferentially the short-term-HSC/MPP 
subpopulation since this advantage was lost 6 weeks post-transplant in primary 
recipients and in secondary transplants. The disparities between these studies may be the 
result of the extended exposure of mice to PGE2 compared with a short term pulse used 
hitherto (Frisch et al., 2009).  

Goessling et al. briefly treated human cord blood CD34+ cells in vitro with dimethyl-PGE2 
(dmPGE2). They showed that dmPGE2 treatment decreased apoptosis, increased 1.4-fold 
the CFU number and enhanced engraftment of unfractionated and CD34+ cord blood cells 
after xenotransplantation in NOD-SCID mice. Using a non-human primate transplantation 
model, they found no significant enhancement of CD34+-treated cells engraftment but 
showed that dmPGE2 treatment had no negative impact on HSC function, including 
multilineage repopulation, even 1 year post-transplantation. They suggested that these 
results reflect suboptimal compound dosing and anticipate the use of 50µM rather than 
10µM of dmPGE2 in future transplantation assays (Goessling et al., 2011). Based on these 
data, this brief ex vivo incubation with dmPGE2 is currently being tested in a phase 1 clinical 
trial in which adults with hematologic malignancies receive a non-myeloablative 
conditioning treatment followed by double-unit cord blood transplantation in which 1 of the 
2 cord blood units has been incubated with dmPGE2 before infusion 
(http://clinicaltrials.gov/ct2/show/ NCT00890500). 

3.3.5 Aryl Hydrocarbon receptor (AhR) antagonists  

Using a high-throughput screen based on CD34/CD133 expression, Boitano et al 
identified a purine derivative (StemRegenin1 or SR1) capable of in vitro enhancing the 
levels of a CD34+ cell population derived from blood of mobilized donors. SR1 added to 
human CD34+ cells cultured for 5 weeks led to a 10-fold increase in total nucleated cells, a 
47-fold increase in CD34+ cells and a 65-fold increase in CFU. CD34+ cord blood cells 
cultured in the presence of SR1 for 3 weeks revealed a 17-fold increase in SRC content in 
NOD-SCID Gamma (NSG) primary recipient and a 12-fold increase in the number of 
secondary SRC compared to input (Boitano et al., 2010). Additional screens followed by a 
quantitative structure-activity relationship identified three novel compounds (i.e SR2, SR3 
and SR4), structurally distinct from SR1, that expand the number of human CD34+ cells. 
Experiments that aimed to determine the ability of cord blood derived human HSC 
expanded with these molecules to engraft NSG mice are still undergoing (Bouchez et al., 
2011). SR1, SR2, SR3 and SR4 were showed to act as antagonists of AhR signaling. Indeed, 
this receptor has been implicated in HSC biology and hematopoietic disease through 
numerous factors including c-MYC, HES-1, PU.1, C/EBP, -catenin, CXCR4, and STAT-5 
(Singh et al., 2009). However, the precise mechanism whereby an AhR inhibitor might 
induce HSC self-renewal remains unknown. 
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3.3.6 SALL4 

The transcription factor SALL4 was reported to play a role in maintaining ES cell 
pluripotency through interaction with Oct4 and Nanog (Wu et al., 2006; Yang et al., 2010). It 
was recently showed that overexpression of SALL4 can expand ex vivo human mobilized 
HSC from peripheral blood (Aguila et al., 2011). SALL4-transduced cells seemed capable of 
ex vivo expansion of both, CD34+CD38- and CD34+CD38+ cells and showed enhanced stem 
cell engraftment and long term repopulation capacity in NOD-SCID mice. Moreover, human 
CD34+ cells cultured 3 to 4 days with a soluble SALL4 fusion protein (TAT-SALL4B) showed 
a 10-fold increase in total mononuclear cells, a 8-fold increase in CD34+ cells and a 10-fold 
increase in the CFU number compare to controls (Aguila et al., 2011). However, in vivo 
studies with this fusion protein still have to be conducted to validate that these expanded 
cells are still able to reconstitute hematopoiesis in transplanted recipients. 

4. De novo generation of HSC 
Considering the interest in HSC expansion for treatment of both malignant and non-
malignant diseases as well as their use in gene therapy and the difficulty to obtain ex vivo 
expansion of HSC without loss of their regeneration capacities, relevant methods to produce 
de novo HSC have emerged.  

4.1 Obtaining HSC from ESC 

One of these methods was initiated 20 years ago when ESC could be cultivated in vitro and 
directed to generate hematopoietic cells (Wiles and Keller, 1991). Since then, culture 
conditions were constantly optimized and allowed the differentiation into specific 
hematopoietic lineages such as erythroid and myeloid lineages, T and B lymphocytes and 
megakaryocytes (for review see Sakamoto et al., 2010). These protocols were then adapted to 
human (h) ESC. These cells like their murine counterparts, are karyotypically stable, capable 
of prolonged self-renewal, and might differentiate into most cell types. These properties 
might be exploited for therapeutic benefits to cure many human degenerative diseases and 
resulted in intense biomedical studies.  

Different methods were established to generate hematopoietic progenitors and specific 
lineages from mouse ESC including embryoid bodies formation, coculture with stromal 
cells, and direct differentiation in coated plates using a mixture of cytokines and growth 
factors without stromal cells (Tian and Kaufman, 2008). These protocols were then 
optimized for efficient differentiation of hESC into early mesodermal cells (Bernardo et al., 
2011) and for obtaining defined hematopoietic precursors from ES cells (Chiang and Wong, 
2011; Salvagiotto et al., 2011).  

The ultimate goal of these strategies is to produce HSC capable of robust, long-term, 
multilineage engraftment to alleviate blood cells diseases; however the numbers and the 
capacities of the de novo cells generated are not quite sufficient to fulfill the clinical 
challenge. At present, multipotent hematopoietic progenitors (short-term HSC) with limited 
engrafting ability in transplanted mice were obtained (Woods et al., 2011). Other groups 
reported efficient generation of cells that mostly produce the myeloid lineage following long 
term engraftment or produce CD34+ hematopoietic precursors that have phenotype similar 
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human HSC, since PGE2-treated cord blood cells transplanted into NOD-SCID mice 
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3.3.6 SALL4 
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to adult HSC but might best correspond to the embryonic stage of yolk-sac, aortogonadal- 
mesonephros (AGM), and/or fetal liver stage of hematopoiesis (Melichar et al., 2011; 
Narayan et al., 2006 and for review : Tian and Kaufman, 2008). More recently, the polycomb 
group protein Bmi1 was shown to promote more than 100-fold increase of hematopoietic 
cell development from ESC (Ding et al., 2011). 

Since short-term HSC could be generated from ESC, an attractive option to increase the 
number of clinically competent HSC would be to find a molecule that dedifferentiate from 
short-term or mature hematopoietic cells to the long-term HSC population. Such a strategy 
might be valuable, since de-differentiation of somatic cells mediated by a chemical has been 
achieved in other systems. This is the case for reversine or 2-(4-morpholinoanilino)-6-cyclo-
hexylaminopurine. This chemical compound was reported to induce reversal of mouse 
myoblast cell line, C2C12, to become multipotent progenitor cells, which can re-differentiate 
into osteoblasts and adipocytes (Chen et al., 2004). The de-differentiation activity of 
reversine however is not conserved across all cell lineages, since in certain cell types, it acts 
as a potent differentiation-inducing molecule (D'Alise et al., 2008). 

To support the generation of long-term repopulating HSC from mouse ESC, other groups 
tested intrinsic regulators of adult HSC (Schuringa et al., 2004; Wang et al., 2005b). 
However, the use of many of these compounds, such as HoxB4, did not improve the 
expected engraftment efficiency in vivo (Wang et al., 2005a). 

An unfavorable complication for the use of ESC in producing HSC is that lifelong use of 
drugs is required to prevent rejection of the transplanted cells. In order to make ESC 
practical for therapeutic use, it would be necessary to create a new stem cell line for each 
patient that needs treatment. Serious technical and ethical problems are associated with this 
issue. 

4.2 Obtaining HSC from induced pluripotent stem cells 

An alternative to the utilization of ES cells to produce de novo HSC arise from one of the 
most transformative accomplishments performed in the last years: the discovery that 
transient overexpression of a small number of defined transcription factors can reprogram 
the differentiated cells and become pluripotent populations. These cells are commonly 
referred to as Induced Pluripotent Stem Cells (iPSC) and have definitively broken the 
dogma commonly accepted that differentiated cell types generally lack the ability to revert 
back to a less specialized state. 

4.2.1 Reprogramming somatic cells to pluripotency 

The direct reprogramming of somatic cells to pluripotency was demonstrated in 2006, when 
Takahashi and Yamanaka converted adult mouse fibroblasts to iPSC by overexpressing four 
transcription factors: octamer-binding transcription factor 4 (OCT4), sex determining region 
Y-box 2 (SOX2), Kruppel-like factor 4 (KLF4), and cytoplasmic Myc (c-MYC) in mouse 
embryonic fibroblasts using retroviruses (Takahashi and Yamanaka, 2006). The transcription 
factors originally used for reprogramming differentiated cells are not stringently necessary 
to achieve this process as some of them can be replaced by other factors. Yu et al. were able 
to reprogram human fibroblasts with a distinct set of transcription factors comprising OCT4, 
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SOX2, NANOG, and LIN28 (Yu et al., 2007). Krüppel-like transcription factors (Klf2 and 
Klf5) and the orphan nuclear receptor, Esrrb, can replace Klf4 (Nakagawa et al., 2008 and for 
review see Feng et al., 2009). 

The derived iPSC exhibited typical ESC morphology and were similar to ESC in their 
regenerative potential (Takahashi and Yamanaka, 2006) and their capacity to differentiate 
into cells of all three germ layers, the ectoderm, mesoderm, and endoderm. Because iPSC are 
generated without the need to destroy an embryo, their discovery has further energized the 
field of regenerative medicine and stem cell biology. Patient-specific therapeutic cells 
derived from induced pluripotent stem iPSC may bypass the ethical issues associated with 
ESC and avoid potential immunological reactions associated with allogenic transplantation. 
These human disease–specific iPSC provide a unique and previously unavailable resource 
for studying the pathophysiology of various important human diseases. 

The therapeutical hope of iPSC is based on three issues: 1) The ability to generate iPSC from 
any tissue of the organism, and further differentiate them according to the patient needs, 
particularly into a wide range of primary human cell types, many of which are unavailable 
for routine use;  2) The ability to generate iPSC from patients with any disease; 3) The 
possibility of using patient-derived iPSC for drug development.  

The therapeutic potential of such iPSC (schematized in Fig. 5) was demonstrated in a proof-
of-principle study using a humanized sickle cell anemia mouse model (Hanna et al., 2007). 
In this study, mice could be rescued after transplantation with hematopoietic progenitors 
obtained in vitro from autologous iPSC. This was achieved after correction of the human 
sickle hemoglobin allele by gene-specific targeting.  

 
Fig. 5. Studies performed to validate the therapeutic potential of iPSC. 

Also in mice, Xu et al. cured hemophilia by transplantation of cells that were generated from 
murine wild-type iPSC. These murine experiments suggest that human iPSC can be utilized 
for regenerative and therapeutic applications  (Xu et al., 2009). Most recently, patient-
specific iPSC have been established. Raya et al. reprogrammed dermal fibroblasts and/or 
epidermal keratinocytes of Fanconi anemia patients to generate iPSC, which were 
genetically corrected with lentiviral vectors encoding FANCA or FANCD2, to obtain 
hematopoietic progenitors of the myeloid and erythroid lineages that are phenotypically 
normal, that is, disease-free (Raya et al., 2009). Similar strategies were performed to correct 
the Hurler syndrome (Tolar et al., 2011) and for the production of macrophages from iPSCs 
which were resistant to HIV infection (Kambal et al., 2011). 
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The enthusiasm surrounding the clinical potential of iPSC is tempered by key issues 
regarding their safety, efficacy, and long-term benefits. Fully realizing the biomedical 
potential of iPSC in a clinical setting will require addressing certain limitations inherent to 
the process. First, need to find alternative strategies to remove non-viral or non-integrative 
vectors to overcome their potential deleterious effects. Although expression of the 
exogenous reprogramming factors is eventually silenced during iPSC cell generation, there 
is a significant risk of tumorigenesis if these exogenous genes are inadvertently reactivated. 
Second, it will be essential to increase the number of cells with specific phenotype. Third, it 
will be necessary to improve the efficiency of reprogramming (0.001–3% of cells are 
reprogrammed) since this is a slow and inefficient process (Jaenisch and Young, 2008; 
Nakagawa et al., 2008; Wernig et al., 2008). 

4.2.2 Improving reprogramming somatic cells to pluripotency 

To overcome the potential deleterious effects of viral vectors or oncogenes, and to 
improve the efficiency of the process toward a potential clinical application, a powerful 
alternative is offered by using small molecules. Several small molecules were reported to 
improve the reprogramming process by lowering the epigenetic barrier to initiate 
pluripotency (for reviews see Feng et al., 2009; Lyssiotis et al., 2011). Consistent with this 
notion, small molecules that affect reorganization of chromatin architecture, a rate 
limiting step during the reprogramming of a somatic genome, have been identified 
(Blelloch et al., 2006; Hochedlinger and Jaenisch, 2006; Huangfu et al., 2008a). In 
particular, the HDAC inhibitor VPA was shown to strongly increase reprogramming 
efficiency in the absence of c-Myc in both mouse and human cells and to allow 2-factor 
reprogramming (Oct4 and Sox2) of human fibroblasts in the absence of Klf4 and c-Myc 
(Huangfu et al., 2008b). Other epigenetic regulators such as BIX01294, a G9a histone 
methyltransferase inhibitor; BayK8644, an L-type calcium channel agonist and the two 
DNA methyltransferase inhibitors, AzaC and RG108 (summarized  in Fig. 6), 
substantially increased reprogramming efficiency  (Lukaszewicz et al., 2010; Shi et al., 
2008).  

The low efficiency of reprogramming (Hong et al., 2009) might also result from the 
accumulation of ROS (Parrinello et al., 2003). Consistent with this, Esteban et al. found that 
vitamin C strongly increases the reprogramming efficiency (Esteban et al., 2010). This is in 
line with the study reporting that hypoxic conditions improve the efficiency of iPSC 
production generated from mouse or human somatic cells (Yoshida et al., 2009). Co-
treatment with VPA synergizes this effect. Other molecules including the MEK inhibitor 
PD0325901, the GSK3 inhibitor CHIR99021 combined with tranylcypromine, kenpaullone, 
SB-431542, and the TGF- signaling inhibitor called RepSox (Ichida et al., 2009) were 
reported to enhance reprogramming or to replace viral vectors or oncogenes (Li and Ding, 
2009; Pan and Thomson, 2007).   

With the continued use of high-throughput screening to identify more chemicals that could 
assist in reprogramming, we may be closer to the goal of using a chemical-only cocktail to 
reprogram somatic cells to iPSC. These pluripotency gene activators may be then used in 
combination with specific differentiation modulators to achieve the production of the 
desired cell type. 
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Fig. 6. Chemicals used to enhance reprogramming or to replace core reprogramming 
factors. 

4.2.3 Obtaining HSC from induced pluripotent stem cells  

Differentiation of iPSC into hematopoietic lineage have been achieved using a 
combination of specific cytokines and growth factors (Sakamoto et al., 2010) and have 
already demonstrated from both mouse and human iPSC (Lengerke et al., 2009; Niwa et 
al., 2009; Woods et al., 2011). However, the number of cells obtained in view of 
therapeutic use is still insufficient and small molecules that might expand the production 
of hematopoietic cells have yet to be found. Studies in this direction are beginning to 
emerge. For example, Wnt signaling, in particular WNT3a, mediates the stimulation of 
hemoangiogenic cell development and increase hematopoietic differentiation from ESC 
and iPSC (Wang and Nakayama, 2009; Wang et al., 2010). However, the conditions to 
generate human HSC capable of robust, long-term, multilineage engraftment from iPSC 
are still hoped for. 

5. Conclusion 
The ex-vivo expansion of HSC represents a promising approach to obtain large enough 
quantities for therapeutic intervention in cell and gene therapy protocols. Derivatives of 
hESCs and iPS cells are also expected to be employed as de novo HSC source for therapeutic 
settings. However, as described in the previous section, practical and ethical issues must be 
settled before clinical practice can begin. In both cases, the chemical biology approach using 
small molecules as tools or drugs holds unquestionably greater promise in the outcome of 
the final goal. 

Even though a few molecules are being tested in clinical assays, the ideal soluble factor that 
enables to increase the number of rare HSC during the ex vivo growth culture without 
limiting their regeneration capacities has yet to be found. Most attempts have been 
unsuccessful because i) suitable expansion in vitro has been mostly correlated with loss of 
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the regenerative capacities of HSC in vivo; ii) no straight forward method allows the 
association of in vitro observations with the in vivo outcome; iii) testing the in vivo effect of 
each molecule independently would be costly, time-consuming and would need an 
imposing number of mice which is ethically inconceivable.  

In an attempt to develop new tools that might overcome some of these limitations, we have 
developed an innovative screening strategy to identify molecules for their potential to 
improve the in vitro HSC self-renewal and proliferation while preserving the HSC 
regenerative capacities in vivo (Sii Felice K, Grosselin J, Leboulch P, Tronik-Le Roux D, 
manuscript in preparation). Our approach is based on stem cells labeling with specific 
barcodes before exposure to the molecules (Fig. 7).  Then, prior to their infusion in 
myeloablated mice, all the treated cells are pooled. Several weeks after transplantation, the 
identification of barcodes present in the blood and the BM of transplanted mice will enable 
the precise retrospective quantification of the initial effect of the molecule.  

 
Fig. 7. Schematic representation of the strategy developed to simultaneously test dozens of 
molecules. Each well contains barcoded-HSC (1) treated by a particular molecule. After 
several days of in vitro culture (2), all the cells are pooled, infused in myeloablated mice. The 
identification of barcodes in blood and BM of transplanted mice will enable the precise 
retrospective quantification of the initial effect of the molecule.   

This strategy might facilitate the development of high-throughput screening for fast and 
effective identification of small molecules that can be used to burst the production of HSC. 
This will undoubtedly accelerate the promise of regenerative medicine as a routine 
therapeutic modality for many blood diseases as well as for gene and cell therapy. 
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association of in vitro observations with the in vivo outcome; iii) testing the in vivo effect of 
each molecule independently would be costly, time-consuming and would need an 
imposing number of mice which is ethically inconceivable.  
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manuscript in preparation). Our approach is based on stem cells labeling with specific 
barcodes before exposure to the molecules (Fig. 7).  Then, prior to their infusion in 
myeloablated mice, all the treated cells are pooled. Several weeks after transplantation, the 
identification of barcodes present in the blood and the BM of transplanted mice will enable 
the precise retrospective quantification of the initial effect of the molecule.  

 
Fig. 7. Schematic representation of the strategy developed to simultaneously test dozens of 
molecules. Each well contains barcoded-HSC (1) treated by a particular molecule. After 
several days of in vitro culture (2), all the cells are pooled, infused in myeloablated mice. The 
identification of barcodes in blood and BM of transplanted mice will enable the precise 
retrospective quantification of the initial effect of the molecule.   

This strategy might facilitate the development of high-throughput screening for fast and 
effective identification of small molecules that can be used to burst the production of HSC. 
This will undoubtedly accelerate the promise of regenerative medicine as a routine 
therapeutic modality for many blood diseases as well as for gene and cell therapy. 
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1. Introduction 
The increase in average life expectancy in many developed countries is generating an aging 
society and an associated increase in age-related health problems. Mammalian aging occurs 
in part because of a decline in the restorative capacity of tissue stem cells. The use of stem 
cells in regenerative medicine promises to revolutionize the treatment of acute and chronic 
degenerative conditions, and stem cell research holds the key to the development of such 
therapies. The hallmark of adult stem cells is their ability to both self-renew and 
differentiate into multiple lineages. This demands a complex and still poorly understood 
network of molecular interactions between diverse cell-intrinsic regulators of self-renewal, 
such as certain Polycomb proteins and the tumor suppressor p16INK4a, both of which are 
absolutely required for the maintenance of certain stem cell population. Recent studies have 
begun to elucidate the molecular mechanisms underlying how stem cells decide between 
life and death, and highlight the importance of balance in their aging pathways. 

2. Aging and stem cells  
Recent advances in medicine research programs, and a better health care planning, have 
great influences in people living in many Western countries, increasing both quality of life 
and average lifespan. With the extension of lifetime, there is increasing interest in slowing or 
reversing the negative effects of aging. The fascinating discovery of tissue-resident adult 
stem and progenitor cells in recent years has led to an explosion of interest in the 
development of novel stem cell-based therapies to improve endogenous regenerative 
capacity or to repair damaged and diseased tissues. 

A major function of stem cells and their differentiation hierarchies may be to preserve 
the DNA integrity of the whole organism. When mutations occur despite certain error-
prevention capacities, potent tumor-suppressor mechanisms such as senescence and 
apoptosis eliminate the damaged stem cell, limiting its replicative expansion. However, 
when unrepaired genetic lesions in stem cells are passed on to their differentiated 
daughters, and accumulate with aging, it is required replacement of dead and non-
functional cells with newly differentiated cells derived from stem- and progenitor-cells. 
To date, the best-studied adult tissue stem cell type is the hematopoietic stem cell (HSC), 
which gives rise to all of the mature blood cells, throughout the life of the organism. 
Hematopoiesis in mammals occurs in distinct temporal waves shifting from the 
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extraembryonic yolk sac and fetal liver in embryos to bone marrow in adults. Primitive 
HSCs are the “true” stem cells, also termed the long-term repopulating HSCs (LT-HSCs), 
because they replenish the pool of blood cells by both maintaining the stem cells and 
allowing daughter cells to differentiate into the lymphoid, myeloid, and erythroid 
lineages. The daily replenishment of blood cells is achieved in large part by divisions and 
subsequent stepwise differentiation of cells descendants of LT-HSC pool, namely short 
term repopulating HSC (ST-HSC), and slightly more committed hematopoietic 
progenitor cells (MPP-HSC). The relative quiescence of LT-HSCs pool protects their 
genomic integrity by reducing the rounds of DNA replication and thus the probability of 
acquiring DNA damage that might compromise multilineage differentiation potential 
and/or render them malignant over time, though they appear to age with the host 
(Orkin and Zon, 2008). The rapid turnover of the hematopoietic system and the 
availability of advanced methods to study HSCs by different markers have led to this 
system being widely used as a model of the effects of aging on stem cell functionality 
(Figure 1). It is worthy to mention that although some aspects of aging may be shared by 
all somatic stem cell fractions, the mechanisms of aging are likely to differ between stem 
cell populations located in specific tissues (for example, intestine, muscle and bone 
marrow). 

 
Fig. 1. The hierarchically primitive cells of the hematopoietic system. Long-Term 
hematopoietic stem cells (LT-HSC) maintain hematopoiesis by coordinating self-renewal, 
and production of short-term HSC (ST-HSC), and subsequently, the multipotent progenitors 
(MPP), which have an incredible capacity to divide and make other types of cells as they 
mature, although a limited ability to self-renew. Ultimately, this generates an array of 
mature blood cells with different functions: lymphoid blood cells (the B-cells; T-cells; natural 
killer or NK cells; plasma cells; dendritic cells and others), and erythroid and myeloid blood 
cells (the erythrocytes or red blood cells; megakaryocytes or platelet producing cells; 
granulocytes such as neutrophils, eosinophils, and basophils; and monocytes which make 
macrophages). The stem and progenitor cells can be purified to near-homogeneity by 
surface markers. For example, LT-HSCs express low levels of lineage markers, high levels of 
Sca1 and CD117/c-KIT receptor, and low levels of CD34 (LSK CD34 lo). With limited 
renewal potential, the ST-HSC pool has a similar surface immunophenotype to LT-HSC 
except that it has higher levels of CD34 (LSK CD34 hi). As ST-HSC in turn proliferates to 
form more differentiated MPP, they increase expression of another surface marker, FLK2 
(LSK CD34 hi Flk2 hi).  
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3. The evidence for stem cell aging 
A growing body of evidence shows that the capacity of stem cells to maintain tissue 
homeostasis declines with age, and suggests that this decline may account for many age-
related phenotypes and diseases (Kirkwood and Austad, 2000). Significantly, 
engraftment of HSCs are capable of serial passages through a succession of mouse 
recipients, outliving the donor mouse (Ross et al., 1982; Siminovitch et al., 1964), though 
it is not possible to exceed up to five successful passages, and the recipients do not 
restore the hematopoietic system to the normal state (Gordon and Blackett, 1998). On the 
other hand, telomere length in blood cells of the transplanted recipient are 1-2 kb shorter 
than those in the donor, when evaluated several years following transplantation 
(Allsopp et al., 2003), which indicates that the level of telomerase is insufficient to 
prevent progressive telomere shortening in HSC. On the other hand, immunophenotypic 
characterization of hematopoietic stem- and progenitor-cell subsets diverges from 
function in old animals. The engraftment efficiency of immunophenotypically selected 
long-term HSCs from old mice approximately is threefold lower than that of the 
equivalent population from young mice (Morrison et al., 1997; Yilmaz et al., 2006). Also, 
age-related changes in stem-cell function include myeloid-biased differentiation and 
decreased homing ability (Liang et al., 2005). In conclusion, it has been extensively 
proved that the properties of HSCs change in several ways as they age, but still is poorly 
known which are the changes in the intrinsic and extrinsic factors involved that regulate 
the self-renewal and multilineage differentiation capacities of these regenerative cells 
(Huang et al., 2007).  

Although the stem- and progenitor-cell proliferation guarantees tissue repair, and thereby 
regeneration, it can also develop hyperproliferative diseases, like cancer, risk that is 
moderated by tumor-suppressors mechanisms. For example, while the increased expression 
of tumor suppressors with age (p53, p16INK4a) inhibits the development of cancer (inducing 
apoptosis or/and senescence) (Krishnamurthy et al., 2004; Ressler et al., 2006), over time it 
may have a negative effect on stem cell functionality, reducing capacity for self-renewal or 
differentiation, and ultimately leading to aging phenotypes (Beausejour and Campisi, 2006; 
Rodier et al., 2007). Thus, it is thought that many of the same mechanisms that contribute to 
cellular aging also act as suppressors of neoplastic growth (Campisi, 2005) (Figure 2). We 
will therefore need a better understanding of age-related changes in stem cell function by 
altering genetically the expression of tumor suppressors, which may improve effective 
longevity-promoting therapies. 

4. Self-renewal regulators in adult HSCs 
Stem cells are crucial for the homeostatic maintenance of mature, functional cells in many 
tissues throughout the lifetime of the animal, and this pool of stem cells must itself be 
maintained (Muller-Sieburg and Sieburg, 2008). This is achieved by self-renewal, a 
specialized cell division in which one or both daughter cells remain undifferentiated and 
retain essentially the same replication potential of the parent. The self-renewal program 
must involve the activity of dedicated regulatory genes (Gazit et al., 2008); but although the 
phenotypic and functional properties of HSCs have been characterized extensively, we have 
only just begun to understand how self-renewal is regulated. 
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Fig. 2. Potential stem cell stage: interplay between aging and cancer. During normal aging, 
stem cells accumulate DNA damage as the consequence of endogenous (telomere 
dysfunction, oxidative stress) or exogenous (oxidative stress, g-irradiation, UV light, and 
others) attacks. This provokes subsequent stress-dependent changes (for example, 
accumulation of the products from the INK4a/ARF locus or telomere shortening), which 
activates checkpoint responses that result in apoptosis or cellular senescence. If these events 
occur in stem/progenitor cells, there is a decrease in the overall number and/or 
functionality of both stem and progenitor cells, leading an alteration of tissue homeostasis 
and regenerative capacity–a phenomenon that might contribute to aging and aged-related 
pathologies. If, instead, DNA mutations that inactivate these checkpoint pathways 
accumulate (for instance, loss of p16INK4a or reactivation of telomerase), then cancer can 
arise. 

Polycomb complex in the maintenance of stemness. PcG proteins regulate self-renewal and 
lineage restriction in stem cells by inducing reversible chromatin modifications. PcG 
proteins have attracted increasing attention in stem cell and cancer stem cell research, given 
that it is now widely recognized that dynamic reprogramming of cells, for instance during 
differentiation, requires alterations to the epigenetic status of genes (Valk-Lingbeek et al., 
2004). These features makes them interesting subjects for stem cell research, since it is 
conceivable that dynamic reprogramming of cells, for instance during differentiation, 
requires alterations in the epigenetic state of gene expression programs. The two major 
multiprotein PcG complexes identified to date, PRC1 and PRC2, function in a cooperative 
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manner to maintain gene silencing (Pietersen et al., 2008) (Table 1). PRC2 initiates silencing, 
whereas PRC1 maintains and stabilizes gene repression. PRC2 contains histone 
methyltransferases (HMTs) that methylate lysines 9 and 27 on histone H3 and lysine 26 on 
histone H1. Deletion of PRC2 genes in mice results in early embryonic death, underscoring 
their importance in development. PRC1 recognizes the H3 lysine 27 methyl group added by 
PRC2 (Valk-Lingbeek et al., 2004), and subsequently the monoubiquityl-ligase activity of the 
PRC1 proteins Bmi1 or Ring1A/B toward histone H2A generates uH2AK119, which 
prevents access of the transcription machinery and facilitates chromatin compaction (Wang 
et al., 2004). Mouse mutants of most PRC1 members, in spite of displaying homeotic 
transformations, survive until birth as a result of partial functional redundancy provided by 
homologues, an exception being Ring1B-deficient mice (Voncken et al., 2003).  

PRC2 is recruited to target genes by the cofactor jARID2 (jumonji/ARID domain-containing 
2). Paradoxically, jARID2 also seems to inhibit PRC2 methyltransferase activity and may 
therefore regulate both the targeting and fine-tuning of PRC2 activity in stem cells and 
during differentiation (Panning, 2010). Once PRC1 recognizes and binds the H3K27me3 
mark added by PRC2, it recruits additional proteins to establish the repressed chromatin 
configuration (Jones and Baylin, 2007). Gene promoters marked with H3K27me3 in ESCs are 
significantly more likely than other promoters to become methylated in cancer (Schlesinger 
et al., 2007). Moreover, the PcG targets in normal prostate cells are the same as those that 
become methylated in prostate cancer (Gal-Yam et al., 2008). Thus, altered chromatin 
structure does not always result in changes in gene expression associated with disease. 
Rather, disease results from the replacement of PcG repressive histone marks with 
methylation directly on DNA, which locks the chromatin in an inactive state, a process 
called epigenetic switching (Gal-Yam et al., 2008). Although the mechanism underlying 
predisposition of PcG targets to DNA methylation is not fully understood, the PRC1 
component Cbx7 (chromobox homologue 7) was recently shown to interact directly with 
DNA (cytosine-5)-methyltransferase (DNMT)1 and DNMT3B at PcG target genes, 
establishing a link between histone and DNA methylation (Mohammad et al., 2009). 

Among PcG proteins, the PRC1 component Bmi1 is a fundamental self-renewal regulator, 
being required for self-renewal of all postnatal stem cell populations studied to date 
(Molofsky et al., 2003; Park et al., 2003; van der Lugt et al., 1994). Bmi1 was originally 
described as a proto-oncogene that induces B and T cell leukemias (van Lohuizen et al., 
1991), and is overexpressed in several human cancers, including mantle cell lymphoma, 
colorectal carcinoma, liver carcinomas, non-small-cell lung cancer, and cerebral tumors such 
as medulloblastomas (Martin-Perez et al., 2010). This evidence has strongly influenced 
cancer research, supporting the above-mentioned theory that cancer is essentially a stem cell 
disorder (Reya et al., 2001). The self-renewal function of Bmi1 in adult stem cells relies 
largely on the silencing of one of its targets, the locus encoding the p16INK4a and ARF 
tumor suppressors (Molofsky et al., 2006). Deletion of p16INK4a and/or ARF partially 
rescues the self-renewal defects observed in various stem cell populations from Bmi1-null 
mice. Nevertheless, as described by the authors, this rescue is incomplete and thus other 
major Bmi1 regulated genes must exist. Candidates for additional Bmi1 targets in the 
context of self renewal are the Hox (homeobox) genes. A subset of Hox genes has been 
implicated in mammalian brain development, and several of them are highly expressed in 
neurospheres formed in vitro from cultured neural stem cells of the subventricular zone of 
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Adapted from Takaaki Konuma et al. Develop. Growth Differ. (2010) 52, 505–516 

Table 1. Principcal components of the Polycomb Group Complexes and their hematopoietic 
defects in mutant mice. 
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Bmi-null mice (Molofsky et al., 2006). More recently, Bmi1 and Ring1A were shown to play 
essential roles in H2A ubiquitylation and Hox gene silencing. Knockout of Bmi1 results in 
significant loss of H2A ubiquitylation and an upregulation of HoxC13 expression, whereas 
Ezh2-mediated H3-K27 methylation is not affected (Cao et al., 2005). Similar findings have 
been described for the HoxC5 gene. However, considering that PcG proteins modify the 
chromatin of large sets of genes (Kirmizis et al., 2004), a great number of additional targets 
are likely to exist. For instance, both PRC2 and Bmi1 have recently been shown to play roles 
in the repression of E-cadherin expression (Yang et al., 2010). Interestingly, PcG genes have 
been shown to have a tumor suppressive function. In Drosophila, PcG proteins repress 
JAK/STAT and Notch signaling activity, whose activation drives disc cell overproliferation 
(Classen et al., 2009). Specifically, the Drosophila complex Psc (posterior sex combs), which 
includes Bmi1, and Suz12 (suppressor of zeste 12) play a tumor suppressive role mediated 
by Wnt repression in follicle stem cells(Li et al., 2010). In mammals, Eed (embryonic 
ectoderm development protein) displays tumor suppressive activity in the mouse 
hematopoietic system (Richie et al., 2002). Thus, PcG genes have been suggested to behave 
either as proto-oncogenes or as tumor suppressors depending on the tissue, cell context, 
developmental stage and gene dosage. 

Bmi1 is regulated by Sonic Hedgehog, providing a direct connection between PcG and a 
major stem cell-specific pathway (Leung et al., 2004). Furthermore, activation of either 
Hedgehog or Notch signaling has been shown to increase Bmi1 expression, whereas siRNA 
knockdown of Bmi1 abrogates the effects of Hedgehog or Notch signaling on sphere 
formation, a functional readout of stemness. Thus the effects of Hedgehog and Notch 
signaling on stem cell self-renewal appear to be largely dependent on Bmi1. A complex 
regulation of Bmi1 is suggested by the fact that distinct Bmi1 regulators have been found in 
different types of cancer, for example Twist1 in head and neck squamous cell carcinoma and 
the Zeb1 (zinc finger E-box binding homeobox 1) – miR-200 pathway in pancreatic cancers 
(Wellner et al., 2009). Furthermore, a single PcG function can be regulated by multiple 
factors, for example Snail1 regulates E-cadherin silencing by PRC2, whereas the action of 
PRC1 on this target is regulated by Twist1 (Yang et al., 2010). 

In summary, PcG proteins, in particular Bmi1, are essential for self-renewal and proliferative 
potential, which are crucial for the maintenance of stemness, acting as a critical failsafe 
mechanism against loss of stem cells in response to senescence signals. In turn, Bmi1 must 
be finely-regulated to prevent uncontrolled replicative expansion and tumor induction. 
Despite the importance of PcG proteins, we are only beginning to unravel how these master 
regulators are themselves regulated to achieve an appropriate balance between ensuring 
stem cell longevity and preventing tumorigenesis. 

The tumor suppressors p16INK4a and ARF. Cell-cycle regulators such as the INK4/ARF locus 
appear to play an important role in the reaction of adult stem cells to stress and aging. The 
INK4/ARF locus plays a central role in tumor suppression, reflected in its inactivation in 
almost 50% of human cancers (Sharpless, 2005). Indeed, this locus is regarded as one of the 
most important anti-oncogenic defenses of the mammalian genome, comparable in 
importance only to p53. The remarkable feature of the INK4/ARF locus is that it encodes 
three tumor suppressors in a genomic segment of about 50 kb: p16INK4a, its related family 
member p15INK4b, and ARF (called p19ARF in mice and p14ARF in humans). The actions of 
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Despite the importance of PcG proteins, we are only beginning to unravel how these master 
regulators are themselves regulated to achieve an appropriate balance between ensuring 
stem cell longevity and preventing tumorigenesis. 
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activity of CDK4/6-cycD complexes, thus contributing to the maintenance of the active, 
growth-suppressive form of the retinoblastoma (Rb) family of proteins. ARF contributes to 
the stability of p53 by inhibiting the p53-degrading activity of MDM2. Through the 
activation of Rb and p53, the INK4/ARF locus is able to induce cell senescence and cell death 
(Gil and Peters, 2006; Lowe and Sherr, 2003). These tumor suppressors have taken on 
additional importance given recent evidence that at least one product of the locus, p16INK4a, 
also contributes to the decline in the replication potential of self-renewing cells during the 
aging of stem cells. The expression of p16INK4a is relatively low in the HSCs of young mice, 
but is upregulated with age or in response to cellular stresses (Janzen et al., 2006). Although 
the number of immunophenotypic HSCs increases with age in wild-type animals, HSC 
functionality is impaired. In particular, the HSC compartment of old animals is more rapidly 
exhausted by serial transplantation than that of young animals. In contrast, aging has the 
opposite effect on p16INK4a-/- HSCs, with p16INK4a-/- HSCs from old animals substantially 
outperforming young p16INK4a-/- HSCs in serial transplantation assays (Janzen et al., 2006). 
In fact, old p16INK4a-/- HSCs perform as well as young wild-type HSCs in this assay. Thus 
p16INK4a compromises HSC functionality in older mice. Similar results were obtained in 
studies of p16INK4a-/- neuronal stem cells and pancreatic islets (Krishnamurthy et al., 2006; 
Molofsky et al., 2006), revealing a general role for p16INK4a in the regulation of stem cell and 
progenitor cell aging. Therefore, on one face of this coin, p16INK4a acts as a potent tumor 
suppressor that promotes longevity by suppressing the development of cancer, while on the 
flipside, the increase of p16INK4a levels with age impairs the proliferation of stem or 
progenitor cells, ultimately reducing longevity. Thus, p16INK4a seems to balance an 
equilibrium reducing cancer incidence, but also contributing to aging by decreasing stem 
cell self-renewal and proliferation. These observations suggest the provocative but as yet 
unproven notion that mammalian aging results in part from the beneficial effects of tumor 
suppressor proteins (Figure 2). 

The transcription factor p53. Besides p16INK4a tumor suppressor, p53 is also a tumor 
suppressor that influences stem cell self-renewal, tissue regenerative capacity, age-related 
disease, and cancer, which activity is lost in nearly half of all human cancers(Toledo and 
Wahl, 2006). The p53 protein is normally inactive, due in part to its rapid degradation by the 
specific ubiquitin ligase Mdm2. A multitude of stresses converge on p53 through complex, 
and partially understood, signaling pathways that stabilize and modify p53. The analysis of 
the effect of p53 in aging has revealed a dual role that seems to depend on the intensity of 
p53 activity. Overexpression of short isoforms of p53 in mice have greater protection against 
tumor development than wild-type mice, while at the same time they show signs of 
premature aging (Maier et al., 2004; Tyner et al., 2002). However, mouse models of increased 
wild-type p53 activity do not present premature aging. In particular, bacterial artificial 
chromosome transgenic mice that bear a third copy of the p53 locus show a decreased 
cancer incidence but normal longevity and normal onset of aging phenotypes (Garcia-Cao et 
al., 2002; Matheu et al., 2007; Matheu et al., 2004). An additional mouse model, the super-
INK4a/ARF mice, with an extra copy of the entire INK4a/ARF locus (being ARF an activator 
of p53), show a significantly reduced incidence of cancer, although the mice aged normally 
(Matheu et al., 2004). To investigate whether the concomitant expression of both tumor 
suppressors had a synergistic effect, mice that bear a third copy of the p53 locus and a third 
copy of the INK4/ARF locus show increased longevity and delayed aging in a manner that 
cannot be explained by their reduced incidence of cancer (Matheu et al., 2007). Therefore, 
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and though the effects of p53 and INK4/ARF locus expression in aging are context and 
dosage dependent, these results suggest that under physiological aging (labeled by 
moderate increase of still regulated p53 activity), the damaged cells are eliminated by either 
triggering their self-destruction (by apoptosis) or by pulling them out of the proliferative 
pool (by inducing senescence). In contrast, by massive DNA damage, the presence of 
uncontrolled activity of p53 results in excessive elimination of cells by p53 that exhausts the 
capacity of tissue regeneration leading to premature aging.  

The INK4/ARF locus and age-associated phenotypes. p16INK4a and ARF may also be broadly 
important to diseases of aging beyond their function in stem cells. Specifically, three 
research consortia that undertook genome-wide association studies across large, carefully 
annotated patient samples have reported an association between single nucleotide 
polymorphisms (SNPs) near to INK4a/ARF locus and frailty (Melzer et al., 2007), 
atherosclerotic heart disease (ASHD)(Helgadottir et al., 2007) (McPherson et al., 2007), and 
type-2 diabetes (Saxena et al., 2007; Zeggini et al., 2008) in large human cohorts. However, 
few of the associated SNPs near the locus, and associated with these phenotypes, are not in 
linkage disequilibrium with each other, which suggests that more than one polymorphism 
near the locus influences these aging phenotypes. Therefore, although these studies do not 
pinpoint specific polymorphisms that affect the risks of age-related diseases, there are only 
four genes in the vicinity of the mapped polymorphisms: p16INK4a, ARF, p15INK4b, and 
ANRIL (a noncoding RNA). More relative data suggest specific links: p16INK4a expression 
increases with age in pancreatic β cells, and p16INK4a deficiency increases β-cell regenerative 
capacity(Krishnamurthy et al., 2006), providing a mechanism by which polymorphisms that 
affect p16INK4a expression or activity might affect risk for type-2 diabetes. It remains unclear 
whether these polymorphisms influence the risk of frailty and heart disease through their 
effects on tissue regenerative capacity or by mechanisms that are completely independent of 
stem/progenitor cells. Nevertheless, in light of the murine genetic studies that link 
INK4a/ARF locus and stem cell function, proteins encoded by the locus are the strongest 
candidates to mediate the effects of these polymorphisms on the incidence of these common 
diseases that are associated with aging.  

5. Conclusions 
The regenerative capacity of many stem cells declines functionally with age and, this decline 
triggers in part many age-related symptoms, and the development of certain diseases. 
Recent evidences have demonstrated that certain tumor suppressors, like p16INK4a, also 
suppresses the proliferation of stem or progenitor cells in the bone marrow, pancreas and 
brain. Thus, p16INK4a seems to balance equilibrium reducing cancer incidence, which 
promotes longevity, but also decreasing stem cell self-renewal and proliferation, 
compromising tissue regeneration and repair, which are likely to reduce longevity. These 
observations allow us to suggest the provocative but unproved hypothesis that mammalian 
aging results in part from the beneficial efforts of tumor suppressor proteins to interdict 
cancer. In this stage, characterization of how stem cells age, such as the characterization of 
reliable biomarkers, deregulated signaling pathways, loss of self-renewal or acquisition of 
defects in differentiation of stem cells, will contribute to understand the age-associated 
pathophysiological decline. Likewise, it is also essential to figure out the cellular and 
molecular components of stem cell niches, how the niche changes during aging, and 
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activity of CDK4/6-cycD complexes, thus contributing to the maintenance of the active, 
growth-suppressive form of the retinoblastoma (Rb) family of proteins. ARF contributes to 
the stability of p53 by inhibiting the p53-degrading activity of MDM2. Through the 
activation of Rb and p53, the INK4/ARF locus is able to induce cell senescence and cell death 
(Gil and Peters, 2006; Lowe and Sherr, 2003). These tumor suppressors have taken on 
additional importance given recent evidence that at least one product of the locus, p16INK4a, 
also contributes to the decline in the replication potential of self-renewing cells during the 
aging of stem cells. The expression of p16INK4a is relatively low in the HSCs of young mice, 
but is upregulated with age or in response to cellular stresses (Janzen et al., 2006). Although 
the number of immunophenotypic HSCs increases with age in wild-type animals, HSC 
functionality is impaired. In particular, the HSC compartment of old animals is more rapidly 
exhausted by serial transplantation than that of young animals. In contrast, aging has the 
opposite effect on p16INK4a-/- HSCs, with p16INK4a-/- HSCs from old animals substantially 
outperforming young p16INK4a-/- HSCs in serial transplantation assays (Janzen et al., 2006). 
In fact, old p16INK4a-/- HSCs perform as well as young wild-type HSCs in this assay. Thus 
p16INK4a compromises HSC functionality in older mice. Similar results were obtained in 
studies of p16INK4a-/- neuronal stem cells and pancreatic islets (Krishnamurthy et al., 2006; 
Molofsky et al., 2006), revealing a general role for p16INK4a in the regulation of stem cell and 
progenitor cell aging. Therefore, on one face of this coin, p16INK4a acts as a potent tumor 
suppressor that promotes longevity by suppressing the development of cancer, while on the 
flipside, the increase of p16INK4a levels with age impairs the proliferation of stem or 
progenitor cells, ultimately reducing longevity. Thus, p16INK4a seems to balance an 
equilibrium reducing cancer incidence, but also contributing to aging by decreasing stem 
cell self-renewal and proliferation. These observations suggest the provocative but as yet 
unproven notion that mammalian aging results in part from the beneficial effects of tumor 
suppressor proteins (Figure 2). 

The transcription factor p53. Besides p16INK4a tumor suppressor, p53 is also a tumor 
suppressor that influences stem cell self-renewal, tissue regenerative capacity, age-related 
disease, and cancer, which activity is lost in nearly half of all human cancers(Toledo and 
Wahl, 2006). The p53 protein is normally inactive, due in part to its rapid degradation by the 
specific ubiquitin ligase Mdm2. A multitude of stresses converge on p53 through complex, 
and partially understood, signaling pathways that stabilize and modify p53. The analysis of 
the effect of p53 in aging has revealed a dual role that seems to depend on the intensity of 
p53 activity. Overexpression of short isoforms of p53 in mice have greater protection against 
tumor development than wild-type mice, while at the same time they show signs of 
premature aging (Maier et al., 2004; Tyner et al., 2002). However, mouse models of increased 
wild-type p53 activity do not present premature aging. In particular, bacterial artificial 
chromosome transgenic mice that bear a third copy of the p53 locus show a decreased 
cancer incidence but normal longevity and normal onset of aging phenotypes (Garcia-Cao et 
al., 2002; Matheu et al., 2007; Matheu et al., 2004). An additional mouse model, the super-
INK4a/ARF mice, with an extra copy of the entire INK4a/ARF locus (being ARF an activator 
of p53), show a significantly reduced incidence of cancer, although the mice aged normally 
(Matheu et al., 2004). To investigate whether the concomitant expression of both tumor 
suppressors had a synergistic effect, mice that bear a third copy of the p53 locus and a third 
copy of the INK4/ARF locus show increased longevity and delayed aging in a manner that 
cannot be explained by their reduced incidence of cancer (Matheu et al., 2007). Therefore, 
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and though the effects of p53 and INK4/ARF locus expression in aging are context and 
dosage dependent, these results suggest that under physiological aging (labeled by 
moderate increase of still regulated p53 activity), the damaged cells are eliminated by either 
triggering their self-destruction (by apoptosis) or by pulling them out of the proliferative 
pool (by inducing senescence). In contrast, by massive DNA damage, the presence of 
uncontrolled activity of p53 results in excessive elimination of cells by p53 that exhausts the 
capacity of tissue regeneration leading to premature aging.  

The INK4/ARF locus and age-associated phenotypes. p16INK4a and ARF may also be broadly 
important to diseases of aging beyond their function in stem cells. Specifically, three 
research consortia that undertook genome-wide association studies across large, carefully 
annotated patient samples have reported an association between single nucleotide 
polymorphisms (SNPs) near to INK4a/ARF locus and frailty (Melzer et al., 2007), 
atherosclerotic heart disease (ASHD)(Helgadottir et al., 2007) (McPherson et al., 2007), and 
type-2 diabetes (Saxena et al., 2007; Zeggini et al., 2008) in large human cohorts. However, 
few of the associated SNPs near the locus, and associated with these phenotypes, are not in 
linkage disequilibrium with each other, which suggests that more than one polymorphism 
near the locus influences these aging phenotypes. Therefore, although these studies do not 
pinpoint specific polymorphisms that affect the risks of age-related diseases, there are only 
four genes in the vicinity of the mapped polymorphisms: p16INK4a, ARF, p15INK4b, and 
ANRIL (a noncoding RNA). More relative data suggest specific links: p16INK4a expression 
increases with age in pancreatic β cells, and p16INK4a deficiency increases β-cell regenerative 
capacity(Krishnamurthy et al., 2006), providing a mechanism by which polymorphisms that 
affect p16INK4a expression or activity might affect risk for type-2 diabetes. It remains unclear 
whether these polymorphisms influence the risk of frailty and heart disease through their 
effects on tissue regenerative capacity or by mechanisms that are completely independent of 
stem/progenitor cells. Nevertheless, in light of the murine genetic studies that link 
INK4a/ARF locus and stem cell function, proteins encoded by the locus are the strongest 
candidates to mediate the effects of these polymorphisms on the incidence of these common 
diseases that are associated with aging.  

5. Conclusions 
The regenerative capacity of many stem cells declines functionally with age and, this decline 
triggers in part many age-related symptoms, and the development of certain diseases. 
Recent evidences have demonstrated that certain tumor suppressors, like p16INK4a, also 
suppresses the proliferation of stem or progenitor cells in the bone marrow, pancreas and 
brain. Thus, p16INK4a seems to balance equilibrium reducing cancer incidence, which 
promotes longevity, but also decreasing stem cell self-renewal and proliferation, 
compromising tissue regeneration and repair, which are likely to reduce longevity. These 
observations allow us to suggest the provocative but unproved hypothesis that mammalian 
aging results in part from the beneficial efforts of tumor suppressor proteins to interdict 
cancer. In this stage, characterization of how stem cells age, such as the characterization of 
reliable biomarkers, deregulated signaling pathways, loss of self-renewal or acquisition of 
defects in differentiation of stem cells, will contribute to understand the age-associated 
pathophysiological decline. Likewise, it is also essential to figure out the cellular and 
molecular components of stem cell niches, how the niche changes during aging, and 
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whether senescent stem or support cells alter the niche. In summary, the rescue, treatment, 
or replacement of aged and dysfunctional adult stem and progenitor cells may provide 
novel avenues to treat diverse devastating premature aging and age-related disorders 
including hematopoietic and immune disorders, heart failure and cardiovascular diseases, 
neurodegenerative, muscular and gastrointestinal diseases, atherosclerosis and aggressive 
and lethal cancers. 
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1. Introduction 
Hematopoietic stem cells (HSCs) are multipotent stem cells defined by their ability to self-
renewal, differentiation and maintenance of all blood cell types in the hematological system 
during the entire lifetime of the organism. This physiological process, called hematopoiesis, 
is controlled by several complex interactions between genetic processes in blood progenitor 
cells and bone marrow microenvironment. Hemostasis is maintained by a delicate balance 
between processes such as self-renewal, proliferation and differentiation versus apoptosis 
and cell-cycle arrest in HSCs. Over the last two decades, several studies have been made to 
understand possible mechanisms of cell malignancy and tumor growth, both in solid and 
hematological cancers. Leukemias are hematological malignancies that arise from cancer 
stem cells (CSCs). Neoplastic transformation of hematopoietic stem or progenitor cells 
occurs by unbalanced critical mechanisms. Blood cancers, as acute myeloid leukemia 
(AML), are sustained by leukemic stem cells (LSCs) which, like normal HSCs, present a 
range of biological characteristics that enable their long-term survival. AML is a well 
studied hematological cancer type characterized by an accumulation of clonal myeloid 
progenitor cells that do not differentiate normally. However, there is still no consensus 
about the mechanisms by which the HSCs transformation occurs. In this chapter, the 
hematopoietic stem cells and leukemic stem cells will be focused on leukemia development, 
mainly in AML. 

2. Hematopoietic stem cells 
Hematopoietic stem cells are a well characterized stem cell type which has been used in 
bone marrow transplantation for treatment of hematological malignancies as well as non-
malignant disorders (Warner et al, 2004). In fact, bone marrow (BM) has been, for many 
years, transplanted as an unfractionated cell pool, until researchers discovered which 
cellular components were responsible for the engraftment of the donor hematopoietic and 
immune systems in marrow-ablated patients.  

HSCs present self-renewal potential and differentiation capacity into blood lineages. The 
self-renewal concept means that when stem cells divide, 50% of the daughter cells, on 
average, is committed with a cell lineage; the remaining 50% do not differentiate; therefore 
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the process maintains the same number of stem cells. This is accomplished by the so-called 
asymmetric cell division, so that each dividing stem cell originates one new stem cell and 
one differentiated cell (Gordon, 2005) (Figure 1). In the symmetric division, the stem cells 
originate 100% of identical stem cells. 

 
Fig. 1. Schematic illustration of two different types of HSCs division. On the left, the 
symmetric division in which mitosis originates two identical stem cell daughters. On the 
right, the characteristic stem cells asymmetric division where each dividing stem cell forms 
one new stem cell and one differentiated cell. 

HSCs are classified as multipotent stem cells due to their ability to differentiate in lymphoid 
as well as myeloid cells types; however, some studies showed that transplanted bone 
marrow cells can contribute to the repair and regeneration of a spectrum of other tissue cell 
types including those from brain, muscle, lung and liver. 

Lymphoid cell lineage includes T and B cells, while megakaryocytes, erythrocytes, 
granulocytes and macrophages belong to the myeloid lineage. These two lineages derive 
from different progenitor cells. Common lymphoid progenitors (CLPs) can differentiate into 
all types of lymphocytes without noticeable myeloid potential under physiological 
conditions. Similarly, common myeloid progenitors (CMPs) can give rise to all classes of 
myeloid cells with no or extensively low levels of B-cell potential (Kondo, 2010). It is likely 
that differences in the expression levels of transcription factors determine the lineage 
affiliation of a differentiating cell (Figure 2). The transcription factors PU.1 and GATA-1 
have been implicated in myeloid and erythroid/megakaryocyte lineage differentiation, 
respectively (Gordon, 2005). 

 
Hematopoietic Stem Cell in Acute Myeloid Leukemia Development 

 

263 

 
Fig. 2. HSCs differentiation pathways. HSCs could differentiate into specific lymphoid and 
myeloid cell types. Common lymphoid progenitors (CLPs) can differentiate into all types of 
lymphocytes and common myeloid progenitors (CMPs) can give rise to all classes of 
myeloid cells (megakaryocytes, erythrocytes, granulocytes and macrophages) (Adapted 
from Du et al., 2008). 

2.1 Characterization 

Morphologically, hematopoietic stem cells are undifferentiated and resemble small 
lymphocytes. Normally, a large fraction is quiescent, in the G0 phase of the cell cycle, which 
protects them from the action of cell cycle-dependent drugs. The quiescent state of stem cells 
is maintained by transforming growth factor-β (TGF-β). The activity of TGF-β is mediated 
by p53, a tumor suppressor gene that regulates cell proliferation and targets the cyclin-
dependent kinase inhibitor p21 (Gordon, 2005). Quiescence of HSCs is critical not only for 
protecting the stem cell compartment and sustaining stem cell pools during long periods of 
time, but also by minimizing the accumulation of replication-associated mutations. 

Quiescence regulation in HSCs is also of great importance for understanding the 
pathophysiological origins of many related disorders. Interestingly, many of the intrinsic 
transcriptional factors that maintain HSCs quiescence are found to be associated with 
leukemias. For example, chromosomal translocations resulting in the fusion of FoxOs and 
myeloid/lymphoid or mixed lineage leukemia have been reported in acute myeloid leukemias. 
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the process maintains the same number of stem cells. This is accomplished by the so-called 
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one differentiated cell (Gordon, 2005) (Figure 1). In the symmetric division, the stem cells 
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one new stem cell and one differentiated cell. 
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Fig. 2. HSCs differentiation pathways. HSCs could differentiate into specific lymphoid and 
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time, but also by minimizing the accumulation of replication-associated mutations. 

Quiescence regulation in HSCs is also of great importance for understanding the 
pathophysiological origins of many related disorders. Interestingly, many of the intrinsic 
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leukemias. For example, chromosomal translocations resulting in the fusion of FoxOs and 
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The majority of normal HSCs are present among the CD34+/CD38− bone marrow cell 
fractions; some HSCs are also observed among CD34−/Lin− cells; CD34+/CD38+ cell 
fractions contain some HSCs but endowed with short-term repopulating activity. Other 
recognized marker is the tyrosine kinase receptor c-kit (CD117), concomitantly with the lack 
of terminal differentiation markers (as CD4 and CD8; Figure 3) (Rossi et al., 2011).  

Primitive HSCs populations show low fluorescence ratios after Hoechst 33342 and 
Rhodamine 123 staining; these cells are described as side population (SP). SP cells 
demonstrate high expression of ATP binding cassette (ABC) transporters as P-glycoprotein 
(P-gp/ABCB1), breast cancer resistance protein (BCRP/ABCG2) and lung resistance protein 
(LRP) (Huls et al., 2009). MDR1 has been implicated in the protection of cells against 
apoptotic cell death induced by a variety of methods including growth factor deprivation, 
UV irradiation, ionizing radiation, or tumor necrosis factor-α treatment. BCRP is a half-
transporter and characterized as a novel stem cell transporter. Like MDR1, enforced 
overexpression of BCRP in human MCF-7 breast cancer cells confers a broad spectrum of 
drug resistance, and elevated levels of expression of BCRP have been reported to be 
associated with acute myeloid leukemia.   

Since ABC transporter function is associated with both normal and aberrant hematopoiesis, 
it is important to fully characterize the function of this class of transporter proteins in 
hematopoietic cell differentiation and to define the underlying mechanisms. 

 
Fig. 3. HSCs main surface markers. HSCs express typical antigens as: CD34, CD117, CD164, 
CD202b, CD31, Flk-1, CD184, CD338 or ABCG2, Notch-1 concomitantly with the lack of 
terminal differentiation markers (CD4 and CD8).   
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2.2 Classification 

According to its hematopoietic repopulation capacity, the hematopoietic stem cell pool can 
be subdivided into three main groups:  

a. short-term HSCs, capable of generating clones of differentiating cells for only 4–6 
weeks;  

b. intermediate-term HSCs, capable of sustaining a differentiating cell progeny for 6–8 
months before becoming extinct; 

c. long-term HSCs, capable of maintaining hematopoiesis indefinitely (Testa, 2011). 

2.3 HSC sources 

HSCs can be harvested from healthy donors either by bone marrow aspiration, peripheral 
stem cell mobilization or from umbilical cord blood (Dick, 2003). HSCs located in the bone 
marrow present an estimated frequency of 0.01% of total nucleated cells and can be collected 
by iliac crest puncture and then separated from the other blood cells by magnetic beads or 
cell sorting.  

Umbilical cord blood (UCB) is a source of the rare but precious primitive HSCs and 
progenitor cells that can reconstitute the hematopoietic system in patients with malignant 
and nonmalignant disorders treated with myeloablative therapy. UCB cells possess an 
enhanced progenitor cell proliferation capacity and self-renewal in vitro. UCB is usually 
discarded and it exists in almost limitless supply. The blood remaining in the delivered 
placenta is safely and easily collected and stored. The predominant collection procedure 
currently involves a relatively simple venipuncture, followed by gravity drainage into a 
standard sterile anti-coagulant-filled blood bag, using a closed system, similar to that 
utilized for whole blood collection (Bojanic & Golubic Cepulic, 2006). 

Peripheral blood hematopoietic stem cells (PBSCs) have numerous advantages in 
comparison with traditionally used bone marrow. PBSCs collection by leukapheresis 
procedure is simple and better tolerated than bone marrow harvest. PBCSs are mobilized by 
myelosupressive chemotherapy or/and hematopoietic growth factors. Leukapheresis 
product contains PBSCs along with committed lineage of progenitors and precursors which 
contribute to faster hematopoietic recovery.  

Unfortunately, the expansion of HSCs in vitro is difficult to achieve because the proliferation is 
accompanied by differentiation. This is presumably caused by a lack of appropriate cues that 
are provided in vivo by the microenvironment. The most excellent defined culture medium for 
HSCs expansion is supplemented with cytokines such as fetal liver tyrosine kinase-3 ligand 
(FLT3-L), stem cell factor (SCF), interleukin-3 (IL-3) and thrombopoietin (TPO). Interestingly, 
mesenchymal stem cells (MSCs), which are characterized by multi-differentiation potential, are 
important players of the bone marrow HSCs niche. In recent years, MSCs have been shown to 
support HSCs maintenance and engraftment (Jing et al., 2010). 

3. Factors involved in hematopoiesis 
Hematopoiesis is a highly coordinated process wherein HSCs differentiate into mature 
blood cells supported by a physical environment called niche (Figure 3). The bone marrow 
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niche is the most important post-natal microenvironment in which HSCs proliferate, mature 
and give rise to myeloid and lymphoid progenitors. BM is present in the medullary cavities 
of all animal bones. Unlike secondary lymphoid organs such as spleen with distinct gross 
structures including red and white pulp, BM has no clear structural features, except for the 
endosteum that contains osteoblasts. The endosteum region comes in contact with calcified 
hard bones and provides a special microenvironment to HSCs, which is necessary for the 
maintenance of HSC activity (Kondo, 2010).  

Within the niche, HSCs are believed to receive support and growth signals originating from 
several sources, including: fibroblasts, endothelial and reticular cells, adipocytes, osteoblasts 
and mesenchymal stem cells. The main function of the niche is to integrate local changes in 
nutrients, oxygen, paracrine and autocrine signals and to change HSCs quiescence, 
trafficking, and/or expansion in response to signals from the systemic circulation (Broner & 
Carson, 2009). Although the nature of true MSCs remains misunderstood, CXC chemokine 
ligand 12 (CXCL12) – expressing CD146 MSCs were recently reported to be self-renewing 
progenitors that reside on the sinusoidal surfaces and contribute to organization of the 
sinusoidal wall structure, produce angiopoietin-1 (Ang-1), and are capable of generating 
osteoblasts that form the endosteal niche (Konopleva & Jordan, 2011).  

These CXCL12 reticular cells may serve as a transit pathway for shuttling HSCs between the 
osteoblastic and vascular niches where essential but different maintenance signals are 
provided. Cytokines and chemokines produced by bone marrow MSCs concentrate in 
particular niches secondary to varying local production and through the effects of cytokine-
binding glycosaminoglycans. Of these, CXCL12/stromal cell–derived factor-1 alpha 
positively regulates HSCs homing, while transforming growth factors FMS-like tyrosine 
kinase 3 (Flt3) ligand and Ang-1 function act as quiescence factors.  

CXCL12-CXCR4 signaling is involved in homing of HSCs into BM during ontogeny as well 
as survival and proliferation of colony-forming progenitor cells. The CXCR4-selective 
antagonist–induced mobilization of HSCs into the peripheral blood further indicates a role 
for CXCL12 in retaining HSCs in hematopoietic organs. BM engraftment involves 
subsequent cell-to-cell interactions through the BMSC-produced complex extracellular 
matrix. Thus, vascular cell adhesion molecule-1 (VCAM-1) or fibronectin is critical for 
adhesion to the BM derived MSCs.   

In this way, the control of hematopoietic stem cell proliferation kinetics is critically 
important for the regulation of correct hematopoietic cells production. These control 
mechanisms could be classified in intrinsic or extrinsic to the stem cells, or a combination of 
both.  

Extrinsic control means that self-renewal and differentiation can be controlled by external 
factors, such as cell–cell interactions in the hematopoietic microenvironment or cytokines as 
SCF (stem cell factor) and its receptor c-kit, Flt-3 ligand, TGF-β, TNF- and others. 
Cytokines regulate a variety of hematopoietic cell functions through the activation of 
multiple signal transduction pathways. The major pathways relevant to cell proliferation 
and differentiation are the Janus kinase (Jak)/signal transducers and activators of 
transcription (STATs), the mitogen-activated protein (MAP) kinase and the 
phosphatidylinositol (PI) 3-kinase pathways. 
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Yet, in intrinsic control, the expression of other transcription factors has been shown to be 
essential for hematopoietic cell development from the earliest stages, as: SCL (stem cell 
leukaemia hematopoietic transcription factor); GATA-2; gene products involved in cell cycle 
control, such as the cyclin dependent kinase inhibitors (CKIs) p16, p21 and p27.   

Notch-1–Jagged pathway may serve to integrate extracellular signals with intracellular 
signalling and cell cycle control. Notch-1 is a surface receptor on hematopoietic stem cell 
membranes that binds to its ligand, Jagged, on stromal cells. This results in cleavage of the 
cytoplasmic portion of Notch-1, which can then act as a transcription factor (Gordon, 2005). 

 
Fig. 4. Schematic representation of main bone marrow niche cells: A- hematopoietic stem 
cells, B- adipocytes, C- mesenchymal stem cells, D- reticular cells, E- osteoclasts, and F- 
osteoblasts.  

4. Leukemia and leukemic development 
Leukemia is the consequence of stepwise genetic alterations that confer both proliferative 
and survival advantage, as well as self-renewal capacity to the malignant cells (Lane et al., 
2011). When the HSCs processes of self-renewal and differentiation become deregulated or 
uncoupled, leukemias can result, characterized by an accumulation of immature blast cells 
that fail to differentiate into functional cells. Two types of abnormal events can lead to 
leukemia. First, a normal stem cell acquires several mutations (from different types of 
genetic events) and, due to epigenetic changes that alter its growth control, the resistance to 
apoptosis is increased, interfering with the ability of its progeny to differentiate. Second, 
partially differentiated cells restore gene expression patterns that allow them to reacquire 
the unique self-renewal properties of stem cells while also interferes with their subsequent 
ability to differentiate (Testa, 2011). 

Hanahan & Weinberg (2000) described the rules that govern the transformation of normal 
cells into a malignant cell. The six main properties that define malignant cells are: self-
sufficiency in growth signals; insensitivity to growth inhibitory signals; evasion of 
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programmed cell death (apoptosis); limitless replicative potential; sustained angiogenesis; 
and tissue invasion and metastasis. 
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Fig. 5. Cancer stem cell hypothesis. A normal stem cell acquires several mutations and in 
consequence, by epigenetic changes that alter its growth control, its resistance to apoptosis 
increased and the ability of its progeny to differentiate is changed. Partially differentiated cells 
restore gene expression patterns that allow these cells to reacquire the unique self-renewal 
properties of stem cells while also interfere with their subsequent ability to differentiate.   

The “cancer stem cell hypothesis” has gained considerable interest in recent years. This 
theory states that cells in a tumor are organized as a hierarchy similar to that of normal 
tissues, and are maintained by a small subset of tumor cells that are ultimately responsible 
for tumor formation and growth. These cells, defined as “cancer stem cells” (CSCs) or 
“tumor initiating cells” (TICs), possess several key properties of normal tissue stem cells 
including self-renewal, unlimited proliferative potential (i.e., the ability of a cell to renew 
itself indefinitely in an undifferentiated state), infrequent or slow replication, resistance to 
toxic xenobiotics, high DNA repair capacity, and the ability to give rise to daughter cells that 
differentiate. However, the major difference between cancer growth and normal tissue 
renewal is that whereas normal transit amplifying cells usually differentiate and die, at 
various levels of differentiation, the cancer transit-amplifying cells fail to differentiate 
normally and instead, accumulate (i.e. they undergo maturation arrest), resulting in cancer 
growth (Soltanian & Matin, 2011). 

In the last years, studies have also clearly demonstrated that leukemia populations are 
highly heterogeneous and that the disease is propagated by a subpopulation of leukemia 
stem cells (LSC). LSCs, like normal hematopoietic stem cells, possess a range of biological 
characteristics that enable their long-term survival. Therefore, LSCs reside in a mostly 
quiescent state, and as a consequence, the overall activity of many chemotherapeutic agents 
that function by targeting cycling cells is likely diminished (Konopleva & Jordan, 2011).  
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LSCs infiltrate the bone marrow and interfere with the normal HSC-microenvironment 
homeostasis. Available data indicate that LSCs also interact with the hematopoietic 
microenvironment to maintain self-renewal and to mitigate the effects of cytotoxic 
chemotherapy (Lane et al., 2011) 

4.1 Leukemia stem cells characterization 

The immunophenotype and isolation of LSCs were first described by Lapidot et al.(1994) 
from primary human AML samples and, later, studies have shown that LSCs can be defined 
as expressing CD34, CD382, HLA-DR2, CD902, CD117 and CD123. Some of these markers 
are also detected in HSCs, but the expression of CD123 seems to be leukemic-specific (Blair 
et al., 1998).   

Another LSC specific antigen is C-type lectin-like molecule-1, CLL-1. This antigen was 
demonstrated to be capable of identifying residual leukemic CD34+CD38− cells in clinical 
remission bone marrow samples. However, more recent data indicate that the phenotype of 
LSCs may be somewhat variable from patient to patient and that, in some cases, more than one 
phenotypically distinct subpopulation may possess LSC activity (Konopleva & Jordan, 2011). 

Expression of Oct-4 is another similarity between normal and cancer stem cells. Oct-4, a 
member of the family of POU-domain transcription factors, is expressed in pluripotent 
embryonic stem and germ cells. Oct-4 mRNA is normally found in totipotent and 
pluripotent stem cells of pregastrulation embryos (Soltanian & Matin, 2011).  Expression of 
this factor plays a crucial role in maintaining the self-renewing, cancer stem-cell-like, and 
chemoradioresistant properties in lung cancer-derived CD133+ cells (Chen et al., 2008). 

Oct-4 gene product is expressed in several types of adult pluripotent stem cells including 
kidney, breast, epithelial, pancreatic, mesenchymal, gastric and liver, as well as in tumor cell 
lines derived from pancreas and liver (Tai et al., 2005). According to Marques et al. (2010) it is 
also possible that the resistance phenotype developed by leukemic cells is determined by ABC 
transporter expression which is probably activated by the induction of the Oct-4 transcription 
factor. The ABCB1, ABCG2 and ABCC1 transporters exhibit binding sites (octamer-
ATGCAAAT) for the Oct-4 transcription factor. The presence of these binding sites in the gene 
promoter of these transport proteins suggests that the transporter regulation pathways may be 
initiated at the Oct-4 recognized binding sites. However, the presence of Oct-4 alone is not 
always sufficient for induction of transporter genes. Transporter expression levels are often 
dependent upon Oct-4 interactions with other transcription factors. 

4.2 Genetic pathways of LSCs 

4.2.1 Wnt/Catenin 

The Wnt/Catenin signaling has been implicated in the self-renewal of LSCs. Wnt proteins 
are a large family of glycoproteins that bind to Frizzled receptors and LRP5/6 coreceptors. 
By stabilizing the mediator β-catenin, they start a complex signaling cascade that plays a 
significant role in regulating cell proliferation and differentiation. Wnt cascade has appeared 
as a critical regulator of stem cells self-renewal. Comparing the expression of normal 
hematopoietic stem cells to that of AML leukemic stem cells, evidences show that the Wnt 
signaling pathway is aberrantly regulated in leukemic stem cells.  
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LSCs infiltrate the bone marrow and interfere with the normal HSC-microenvironment 
homeostasis. Available data indicate that LSCs also interact with the hematopoietic 
microenvironment to maintain self-renewal and to mitigate the effects of cytotoxic 
chemotherapy (Lane et al., 2011) 
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as expressing CD34, CD382, HLA-DR2, CD902, CD117 and CD123. Some of these markers 
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always sufficient for induction of transporter genes. Transporter expression levels are often 
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4.2 Genetic pathways of LSCs 

4.2.1 Wnt/Catenin 

The Wnt/Catenin signaling has been implicated in the self-renewal of LSCs. Wnt proteins 
are a large family of glycoproteins that bind to Frizzled receptors and LRP5/6 coreceptors. 
By stabilizing the mediator β-catenin, they start a complex signaling cascade that plays a 
significant role in regulating cell proliferation and differentiation. Wnt cascade has appeared 
as a critical regulator of stem cells self-renewal. Comparing the expression of normal 
hematopoietic stem cells to that of AML leukemic stem cells, evidences show that the Wnt 
signaling pathway is aberrantly regulated in leukemic stem cells.  
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Fig. 6. LSCs main surface markers. LSCs can be defined as CD34, CD382, HLA-DR2, CD902, 
CD117 and CD123. The expression of CD123 seems to be leukemic-specific. Another LSC 
specific antigen is C-type lectin-like molecule-1, CLL-1. 

4.2.2 PTEN (Akt/mTOR) 

PTEN is a phosphatase that negatively regulates signaling through the PI3K pathway, 
attenuating proliferation and survival signals. PTEN deficiency causes an initial expansion 
of normal hematopoietic stem cells due to their cycling, followed by their exhaustion. In 
contrast to this requirement for PTEN in the maintenance of hematopoietic stem cells, 
leukemic stem cells arise and expand in numbers following PTEN deletion. The observation 
that PTEN deletion had opposite effects on normal hematopoietic stem cells compared to 
leukemic stem cells raised possibility for therapeutic targeting of this pathway to eliminate 
only the leukemic stem cells, without affecting normal hematopoietic stem cells. Since PTEN 
deletion causes increased AKT and mTOR activation, it seems logical that mTOR targeting 
by pharmacological agents, such as rapamycin, could represent an interesting option for 
AML treatment (Testa, 2011). 
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4.2.3 NF-kB 

In addition to genes involved in the control of stem cell self-renewal, leukemic stem cells are 
expected to express, at high levels, genes involved in anti-apoptotic mechanisms. In this context, 
particular attention has been focused on the study of NF-kB. NF-kB plays a critical role in 
inflammation, anti-apoptotic responses, and carcinogenesis. High NF-kB expression was found 
in primitive AML blasts. In particular, the constitutive activation of NF-kB was observed in 
AML cell populations enriched in leukemic stem cells, but not in normal hematopoietic stem 
cells. According to these observations, it seemed clear that NF-kB could be a potential 
therapeutic target for attempting leukemia stem cell eradication (Guzman et al., 2001). 

4.2.4 BMI1  

BMI1 is a polycomb group protein which, together with Ring1 proteins, is part of PRC1 
complex that has histone H2A-K119 ubiquitin E3 ligase activity. BMI1 has a role in HOX 
gene (HOXC13) silencing by H2A ubiquitylation (Cao et al, 2005). BMI1 is also known to be 
important in the regulation and maintenance of proliferative/self-renewal potential in both 
normal hematopoietic and leukemic stem cells (Park et al, 2003). Upon knockdown of BMI-1, 
cells lose their ability to engraft and reconstitute leukemia in mice (Bomken et al., 2010). 

4.3 Xenotransplantation model of leukemia 

A key component for understanding the biological mechanisms for tumor heterogeneity is 
the ability to functionally assess the capacity for limitless proliferative capacity for 
segregated populations of tumor cells. Unfortunately, for hematologic malignancies, in vitro 
culture assays are not entirely effective as a means of functionally assessing self-renewal 
capacity. Thus, transplantation assays in which candidate populations are assessed for their 
ability to establish long-term serial engraftment of recipient animals is the gold standard for 
assigning limitless proliferative capability, i.e. self-renewal. For murine studies, the 
availability of syngeneic transplantation models has been responsible in large part for our in 
depth understanding of the normal murine hematopoietic hierarchy. 

Since the 70 s, there is ample evidence supporting the existence of a discrete compartment of 
slowly cycling leukemic cells that are resistant to standard chemotherapeutic agents. These 
cell populations were felt to represent the leukemic stem cells and though many 
observations were consistent with this hypothesis, there was no direct evidence that this was 
indeed the case. As the first direct evidence for the existence of cancer stem cells, the work of 
Lapidot et al. (1994) represented a milestone in the history of the leukemic stem cell model. 
This study identified an infrequent population of leukemic cells capable of recapitulating 
the human tumor in xenotransplants. A key finding was that the SCID mouse leukemia 
repopulating cell, SRC, possessed a phenotype that was similar to that of the normal 
hematopoietic stem cell (CD34+ and CD38−). 

4.4 Acute myeloid leukemia 

Acute myeloid leukemia (AML) is a clonal disorder characterized by arrest of differentiation 
in the myeloid lineage coupled with an accumulation of immature progenitors in the bone 
marrow, resulting in hematopoietic failure (Pollyea et al., 2011). AML is the most common 
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acute leukemia in adults, affecting roughly three out of 100.000 people. AML patients are 
predominantly elderly, with a median age at diagnosis of 67 (National Cancer Institute 
1975–2007). 

In AML, there is wide patient-to-patient heterogeneity in the appearance of the leukemic 
blasts. Conventionally, AML is classified into seven French–American–British (FAB) 
subtypes corresponding to the maturation stage of the leukemia (Warner et al., 2004). 

The discovery of leukemia-initiating cells in acute myeloid leukemias (AMLs) started with 
the discovery that the large majority of AML blasts do not proliferate and only a small 
minority is capable of forming new colonies (Testa, 2011). 

A common feature to all AML cases is the arrested aberrant differentiation leading to an 
accumulation of more than 20% blast cells in the bone marrow (Gilliland & Tallman, 2002). 
More than 80% of myeloid leukemias are associated with at least one chromosomal 
rearrangement (Pandolfi, 2001), and over 100 different chromosomal translocations have been 
cloned (Gilliland & Tallman, 2002). Frequently, these translocations involve genes encoding 
transcription factors that have been shown to play an important role in hematopoietic lineage 
development. Thus, alteration of the transcriptional machinery appears to be a common 
mechanism leading to arrested differentiation (Pandolfi, 2001; Tenen, 2003). 

Clinical investigation and experimental animal models suggest that at least two genetic 
alterations are required for the clinical manifestation of acute leukemia. According to the model 
proposed by Gilliland & Tallman (2002), cooperation between class I activating mutations and 
class II mutations that induce termination of differentiation give rise to AML. The class I 
mutations, such as mutations in the receptor tyrosine kinase genes FLT3 and KIT, RAS family 
members, and loss of function of neurofibromin 1, confer proliferative and/or survival 
advantage to hematopoietic progenitors, typically as a consequence of aberrant activation of 
signal transduction pathways. The class II mutations lead to a halt in differentiation via 
interference with transcription factors or co-activators (Frankfurt et al., 2009). 

While the LSC appears to share many of the cell surface markers previously identified for 
HSC such as CD34, CD38, HLA-DR, and CD71, there have been several groups who have 
reported surface markers that are differentially expressed in the two populations. CD90 or 
Thy-1 is one marker that has been described to be potentially specific of the LSC 
compartment. Thy-1 is downregulated in normal hematopoiesis as the most primitive stem 
cells progress toward the progenitor stage. This finding of the lack of expression on LSC 
might suggest that the primitive stem cell does not contribute to the primary pathological 
event, or that Thy-1 expression is downregulated as a result of the leukemogenic events 
(Hope et al., 2003). 

The interaction between CXCL12 (stromal cell–derived factor-1 alpha) and its receptor 
CXCR4 on leukemic progenitor cells contributes to their homing to the bone marrow 
microenvironment. CXCR4 levels are significantly elevated in leukemic cells from patients 
with AML and CXCR4 expression is associated with poor outcome (Konopleva & Jordan, 
2011). Constitutive activation of the nuclear factor kappa B (NF-kB) pathway in primary 
human AML stem cells provided evidence that NF-kB plays a significant role in the overall 
survival of LSCs as well as AML cell types in general. This pathway is strongly implicated 
as a central target in developing LSC-specific therapies (Konopleva & Jordan, 2011). 

 
Hematopoietic Stem Cell in Acute Myeloid Leukemia Development 

 

273 

FLT3, a member of the class III tyrosine kinase receptor family, is expressed in normal 
hematopoietic progenitors as well as in leukemic blasts, and it plays an important role in cell 
proliferation, differentiation, and survival. Activation of the FLT3 receptor by the FLT3 
ligand leads to receptor dimerization and phosphorylation, and activation of downstream 
signaling pathways, including the Janus kinase (JAK) 2 signal transducer (JAK2), signal 
transducer and activator of transcription (STAT) 5, and mitogen-activated protein kinase 
(MAPK) pathways. Mutations in the FLT3 gene, found in approximately 40% of patients 
with AML, are believed to promote its autophosphorylation and constitutive activation, 
leading to ligand-independent proliferation (Frankfurt et al., 2009). 

The adhesion receptor CD96 (TACTILE) is a transmembrane glycoprotein possessing three 
extracellular immunoglobulin-like domains. It is a member of the Ig gene superfamily and 
was first identified as a gene expressed in activated T cells. CD96 was described as a tumor 
marker AML stem cell (Konopleva & Jordan, 2011). Hosen et al. (2011) showed that AML-
LSC can be distinguished from normal HSC by the presence of CD96 expression. This 
finding suggests that CD96 also may prove to be an excellent target for antibody therapy 
against LSC because hematopoietic progenitors are regenerated rapidly from HSC. 

Another adhesion molecule, CD44, has been demonstrated to be a key regulator of AML 
LSCs homing to microenvironmental niches, maintaining a primitive state. CD44 mediates 
adhesive cell-cell and cell–complex extracellular matrix interactions through binding to its 
main ligand, hyaluronan, a glycosaminoglycan highly concentrated in the endosteal region. 
Other ligands include osteopontin, fibronectin, and selectin, all of which are involved in cell 
trafficking and lodgment. Beyond its adhesion function, CD44 can also transduce multiple 
intracellular signal transduction pathways when bound to hyaluronan or to specific 
function-activating monoclonal antibodies (Konopleva & Jordan, 2011). 

5. Conclusions 
Adult hematopoietic stem cells are undifferentiated cells capable of self-renewal and 
differentiation potential in several cell types that comprise the hematopoietic tissue. These 
cells have been used in bone marrow transplantation for treatment of hematological 
malignancies as well as non-hematological diseases. The HSC is the main component in the 
process of hematopoiesis which, together with the cells that make up the bone marrow 
stromal environment and other intrinsic and extrinsic factors, orchestrates the entire 
production of progenitors and terminally differentiated blood cells. 

However, when this process of cell production is unbalanced, leading to an exacerbated and 
uncontrolled proliferation of blood progenitor cells, leukemia may develop.The ultimate 
challenge in coming years will be to understand the stem cell  ‘programme’, particularly the 
control of self-renewal, in an attempt to develop novel, stem cell-directed therapies. An 
improved understanding of clonal evolution will be critical if we are to ensure that cancers 
are not able to evolve mechanisms to evade the new directed therapies. However, reducing 
the risk of relapse and minimizing long-term side effects should always remain the ultimate 
goal of understanding the CSCs. 

With little doubt, the leukemia stem cell model has had the greatest clinical impact on our 
understanding and treatment of Philadelphia chromosome positive leukemias. Effective 
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targeted agents and the ability to follow the impact of therapy on critical rare sub-
populations of the malignant clone has greatly advanced our understanding of chronic 
myeloid leukemia. 

For AML, the clinical impact of the leukemic stem cell model is less clear. The ability to 
isolate and characterize rare LSC populations has had a significant importance on our 
understanding of the biology of AML. In the past decade, we have gained considerable 
insight into the properties that distinguish leukemic stem cells from their normal 
counterparts and some of the rules that govern the leukemic hierarchy. 

Despite the wide variance in techniques and to some degree expression profiles, common 
signaling pathways have been shown to play a role not only in AML stem cells, but also in 
cancer stem cells in general. These include BMI1, Wnt, Sonic Hedgehog, Notch, and NF-kB. 
These pathways are being evaluated for their role in LSC biology and agents targeting these 
pathways are making their way through the pre-clinical focus. 
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1. Introduction 
Development of B-lymphoid cells is a highly ordered multi-step process that, in adult 
mammals, starts in bone marrow in a pool of self-renewing multipotential hematopoietic 
stem cells, which gradually commit to the lymphoid lineage and advance through high 
regulated differentiation pathways until formation of mature functional cells. Over the 
last few years, exceptional advances have been recorded in identifying primitive 
progenitors that lay the foundations of the lymphoid program while losing myeloid 
potential, along with patterns of transcriptional activity controlling lineage fate decisions 
and environmental cues that influence the differentiation pathway during normal 
hematopoiesis. Multicolor flow cytometry, controlled cell cultures, genetic marking 
systems, microarray technologies and xenotransplantation approaches are being 
extensively used to address fundamental questions on this regard. Of special interest is 
the stem cell research with relevance to hierarchy and early events in malignant 
lymphopoiesis, and to new insights into perspectives that may allow progress in means 
to protect and sustain the immune system during chemotherapy, inflammation, 
infection, and following hematopoietic transplantation. In this book chapter, we focus on 
the hierarchical structure of the early lymphoid system, the current knowledge about 
intrinsic and microenvironmental factors regulating the differentiation of lymphoid 
progenitors, and the emerging research to understand malignant lymphoid 
development. 

2. The early steps in the lymphoid development 
Mature blood cells are constantly replaced from a unique cell population of hematopoietic 
stem cells (HSC) residing in specialized niches within the bone marrow (BM), where the 
hematopoietic system is organized as a hierarchy of cell types that gradually lose multiple 
alternate potentials while commit to lineage fates and gain specialized functions (Baba et 
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al., 2004; Seita & Weissman, 2010). HSC possess two major characteristics: they are 
capable of maintaining their constant number by self-renewal and they are in charge of 
producing all mature blood cells through differentiation processes (Figure 1). 
Furthermore, HSC are mitotically inactive (quiescent) and divide very slow and 
intermittently under normal conditions, but are capable of proliferation and 
differentiation during recovery from chemotherapy or stress circumstances (Takizawa et 
al, 2011; Mayani, 2010; Passegue et al., 2005; Pelayo et al., 2006b). Movement into and out 
of a resting state might be crucial for ensuring that the correct number of new 
hematopoietic cells is produced.  

The lymphoid pathway proceeds through critical stages of differentiation of HSC to 
multipotential early progenitors (MPP), which upon progressive loss of self-renewal 
capacity, give rise to oligopotent progenitors. Downstream, the production of lineage-
committed precursors is crucial for cell maturation. Current knowledge about development 
of the lymphoid system is based, in great part, on the work done in animal models, 
demonstrating that lymphoid specification begins in the fraction of lymphoid-primed 
multipotent progenitors (LMPP). A series of studies using the transgenic RAG-GFP mouse 
(Igarashi et al., 2002) permitted us to determine that RAG+ early lymphoid progenitors 
(ELP) are capable of differentiating into T, B, NK and conventional dendritic cells (cDC) 
(Pelayo et al., 2005a; Pelayo et al., 2006a; Welner et al., 2008a). Studies using defined co-
cultures and short-term reconstitution assays have shown that ELP are also good producers 
of plasmacytoid dendritic cells (pDC) and of interferon-producing killer dendritic cells 
(IKDC), both being key components of the innate immune response to infections (Pelayo et 
al., 2005b; Welner et al., 2007). At the same time, ELP give rise to committed oligopotent 
common lymphoid progenitors (CLP), which are responsible for B- and NK- precursor cells 
production. CLP and lineage precursors have substantially lost the possibility of 
differentiating into the rest of the lineages.  

Due to ethical reasons and technical limitations, human hematopoietic stem cell research has 
been slower than it has been in mouse models. In humans, the early hematopoietic 
progenitors are confined in bone marrow to a cellular compartment that expresses CD34 
(Blom & Spits, 2006). The fraction of multipotent stem cells is characterized by the 
phenotype Lin-CD34+CD38-/loCD10-CD45RA-, whereas that of probably the earliest 
lymphoid progenitors is Lin-CD34+CD38-/loCD45RA+CD10+ and has been recently 
designated as multi-lymphoid progenitor (MLP) (Doulatov et al., 2010). According to 
Doulatov’s studies, MLP may be directly derived from HSC. However, a precise precursor-
product relationship needs to be determined (Figure 1). A description that fully matches the 
definition of mouse ELP is still missing, but cells with Lin-

CD34+CD38+CD45RA+CD7+CD10+ phenotype seem to represent good candidates (Blom & 
Spits, 2006; and our unpublished observations). Lin-CD34+CD38+CD45RA+CD10+ B/NK 
cells, which differentiate principally into B & NK cells, are considered the counterparts of 
CLP in mice (Figures 1 & 2) (Doulatov et al., 2010). Of special importance is the fact that 
increasing levels of CD10 correspond to B-lineage specification (Ichii et al., 2010). 
Downstream, the differentiation of fully committed precursors gives rise to B cells that 
eventually are exported to peripheral lymphoid tissues (see B cell development sections 
below).   
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Fig. 1. Early lymphoid development in humans. Within bone marrow (BM), self-renewing 
hematopoietic stem cells (HSC) give rise to multipotent progenitors (MPP), which have the 
ability to differentiate into common myeloid progenitors (CMP) and into multi-lymphoid 
progenitors (MLP). MLP might alternately derive from HSC. NK and B-lymphoid cells are 
produced from B/NK-derived lineage committed precursors. Mature hematopoietic cells 
are exported to peripheral blood (PB). Early progenitor cells may colonize the thymus via 
circulation, and initiate the T-lymphoid development pathway. NKP, natural killer cell 
precursor; BP, B cell precursor; TP, T cell precursor. 

The rigorous purification of human HSC and progenitor cell populations based on their 
surface phenotype has promoted the study of their biology in adult bone marrow, cord 
blood and G-CSF-mobilized peripheral blood (Figure 2). Importantly, some of their 
properties, including cell frequencies, developmental capacities, cell cycle status, 
transcription factors networks and growth factors production, show substantial differences 
between newborns and adults (Mayani, 2010). According to literature, we have found that 
most hematopoietic progenitors are more abundant in cord blood than in the adult tissues 
bone marrow and mobilized peripheral blood (Mayani, 2010). The implications of these 
discrepancies during haematological neoplastic diseases are not as yet clear. 
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Fig. 2. Prospective identification of human myeloid and lymphoid progenitor cells by flow 
cytometry. HSC and early progenitor cells reside in the Lin- CD34+ fraction of adult normal 
bone marrow (NBM), as well as in umbilical cord blood (UCB) and mobilized peripheral 
blood (MPB). Based on the surface expression of CD38, CD123 and CD45RA, multilymphoid 
progenitor cells (MLP) and most of the myeloid progenitors can be recognized (A). Further 
fractionation of Lin-CD34+CD45RA+ cells into CD7 & CD10-expressing cells allows the 
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identification of T-cell progenitors (TP), B/NK progenitors and ELP-like cells (C). Cell 
frequencies for each population from the different sources are shown (B and D panels). 
CMP, common myeloid progenitor; GMP, granulocyte & monocyte progenitor; MEP, 
megakaryocyte & erythrocyte progenitor. The identity and functions of Lin-CD34+CD38-

CD45RA+CD123hi cells still need more investigation. 

During biological contingencies -chemotherapy, infections and transplantation procedures-, 
the replenishment of the innate immune system from hematopoietic stem/progenitor cells 
appears to be critical. Interestingly, these seminal cells can proliferate in response to stress 
conditions and systemic infection by using mechanisms that apparently involve interferons 
and tumor necrosis factors, among others (Baldridge et al., 2011). Moreover, they are 
capable of self/non-self discrimination through Toll-like receptors (TLR), which recognize 
microbial components. Mouse stem cells and early B-cell progenitors express and use TLR, a 
mechanism that facilitates their differentiation to the innate immune system (Nagai et al, 
2006; Welner et al., 2008b; Welner et al., 2009). Recent work suggests that, as in mice, human 
primitive cells, including MLP, also express functional TLR (Kim et al., 2005; Sioud & 
Fløisand, 2007; De Luca et al, 2009; Doulatov et al, 2010). In shape with those findings, we 
have found that BM lymphoid progenitor-enriched fractions display TLR9 (Figure 3) and 
their differentiation potentials bias toward NK and DC production upon TLR9 ligation (RP 
& EV, unpublished observations). Thus, plasticity in primitive cells is vulnerable to extrinsic 
agents that can modify early cell fate decisions during infections or stress, suggesting that 
the stages of lineage restrictions are less abrupt than previously assumed (Welner et al., 
2008a).    

 
Fig. 3. Lymphoid progenitors from human bone marrow express TLR9. Adult bone marrow 
is fractionated according to cell surface expression of lineage markers, CD34, CD45RA and 
CD7/CD10 (A). Lin-CD34+CD45RA- HSC/MPP, Lin-CD34+CD45RA+CD7/CD10- myeloid 
progenitors (MP) and Lin-CD34+CD45RA+CD7/CD10+ lymphoid progenitors (LP) were 
tested for their intracellular expression of TLR9 by flow cytometry using a specific anti-TLR9 
antibody (B).  
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cytometry. HSC and early progenitor cells reside in the Lin- CD34+ fraction of adult normal 
bone marrow (NBM), as well as in umbilical cord blood (UCB) and mobilized peripheral 
blood (MPB). Based on the surface expression of CD38, CD123 and CD45RA, multilymphoid 
progenitor cells (MLP) and most of the myeloid progenitors can be recognized (A). Further 
fractionation of Lin-CD34+CD45RA+ cells into CD7 & CD10-expressing cells allows the 
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identification of T-cell progenitors (TP), B/NK progenitors and ELP-like cells (C). Cell 
frequencies for each population from the different sources are shown (B and D panels). 
CMP, common myeloid progenitor; GMP, granulocyte & monocyte progenitor; MEP, 
megakaryocyte & erythrocyte progenitor. The identity and functions of Lin-CD34+CD38-

CD45RA+CD123hi cells still need more investigation. 

During biological contingencies -chemotherapy, infections and transplantation procedures-, 
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appears to be critical. Interestingly, these seminal cells can proliferate in response to stress 
conditions and systemic infection by using mechanisms that apparently involve interferons 
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capable of self/non-self discrimination through Toll-like receptors (TLR), which recognize 
microbial components. Mouse stem cells and early B-cell progenitors express and use TLR, a 
mechanism that facilitates their differentiation to the innate immune system (Nagai et al, 
2006; Welner et al., 2008b; Welner et al., 2009). Recent work suggests that, as in mice, human 
primitive cells, including MLP, also express functional TLR (Kim et al., 2005; Sioud & 
Fløisand, 2007; De Luca et al, 2009; Doulatov et al, 2010). In shape with those findings, we 
have found that BM lymphoid progenitor-enriched fractions display TLR9 (Figure 3) and 
their differentiation potentials bias toward NK and DC production upon TLR9 ligation (RP 
& EV, unpublished observations). Thus, plasticity in primitive cells is vulnerable to extrinsic 
agents that can modify early cell fate decisions during infections or stress, suggesting that 
the stages of lineage restrictions are less abrupt than previously assumed (Welner et al., 
2008a).    

 
Fig. 3. Lymphoid progenitors from human bone marrow express TLR9. Adult bone marrow 
is fractionated according to cell surface expression of lineage markers, CD34, CD45RA and 
CD7/CD10 (A). Lin-CD34+CD45RA- HSC/MPP, Lin-CD34+CD45RA+CD7/CD10- myeloid 
progenitors (MP) and Lin-CD34+CD45RA+CD7/CD10+ lymphoid progenitors (LP) were 
tested for their intracellular expression of TLR9 by flow cytometry using a specific anti-TLR9 
antibody (B).  
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3. The B cell antigen receptor (BCR) and bone marrow B cell development 
The main function of mature immunocompetent B cells is to make antibodies upon 
recognition of particular new or recurrent antigens by the B cell receptor (BCR). The BCR is 
a membrane-bound complex of proteins, consisting of a heterodimer of identical pairs of 
immunoglobulin (Ig) heavy and light chains, which are responsible for the clonal diversity 
of the B cell repertoire and the antigen identification, but are unable to generate signals and 
trigger biological responses after antigen binding. This function is mediated by the 
disulfide-coupled heterodimer of Ig (CD79a) and Ig (CD79b), which is non-covalently 
associated with the Ig antigen recognition unit (Figure 4A). Ig/Ig signaling is dependent 
on distinct tyrosine-based activation motifs localized in the cytoplasmic tails of these 
proteins. It is the sequential expression and assembly of the BCR components that defines 
each developmental stage of the B cell pathway, and, therefore, each stage is characterized 
by a particular form of BCR, reflecting the progression of receptor assembly (Fuentes-
Pananá et al., 2004a). 

To achieve BCR clonal diversity, the Ig heavy and light chain genes are composed of 
constant and variable regions. The variable region is formed by a series of segments V 
(variable), D (diversity) and J (joining) (Figure 4B), which are brought together by a highly 
ordered process of VDJ recombination accomplished by the products of the recombinase-
associated genes 1 and 2 (RAG1 and RAG2) occurring first in the heavy and then in the light 
chain loci (Thomas et al., 2009). ProB and PreB stages are characterized by rearrangements 
of the Ig heavy and light chains, respectively (Figure 5) (Fuentes-Pananá et al., 2004b), and 
further divided according to the status of the recombination. In mice, ProB-A is the sub-
stage during which the heavy chain is in germ line state, whereas during ProB-B the heavy 
chain D and J fragments are recombined, and in ProB-C, V-DJ is recombined. In large PreB 
cells, the preBCR is already expressed in surface and the light chain V and J fragments are in 
germ line state, while in small PreB cells light chain V-J is recombined (Hardy et al., 1991). 
These stages are better known in humans as Early ProB or Pre-proB (A), ProB (B), PreB I (C), 
large and small PreB II (Figure 5). In the ProB stage Ig and Ig are expressed at cell surface 
in association with chaperon proteins such as calnexin (the proBCR). As soon as the heavy 
chain is successfully recombined, it is assembled with Ig and Ig and the surrogate light 
chains 5 and VpreB to form the preBCR. Surface expression of this receptor marks the 
transition to the preB stage (Figure 5) (Fuentes-Pananá et al., 2004a; 2004b).  

In addition to their VDJ recombination status and pattern of surface marker expression, 
ProB and PreB stages can be recognized by their proliferative state (Hardy et al., 1991). 
RAG-1 and RAG-2 enzymes are tightly regulated during the cell cycle, being highly active in 
G0 and degraded before the cell enters S phase (Li et al., 1996). By assuring that proliferation 
and recombination are mutually exclusive mechanisms, the developing B cell guarantees 
that no events of non-homologous recombination will occur during DNA replication, thus 
avoiding an increase in the mutation rate. 

3.1 Self-recognition and peripheral B cell development 

Once the mature BCR is present in the surface of immature B cells, it is finally able to 
interact with conventional polymorphic ligands, and selection at this stage is designed to 
test the receptor-ligand interaction. Intimate contact between the immature B cell and the 
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stromal cells of the bone marrow allows those receptors capable of recognizing self-antigens 
to be identified and eliminated through a variety of mechanisms collectively termed 
"tolerance". Non-self-reactive B cells exit to the periphery and reach the spleen where they 
are again tested for reactivity against self-antigens before they transition to the mature stage 
(Figure 5) (von Boehmer & Melchers, 2010). Three main mechanisms of B-cell tolerance are 
known: receptor editing, deletion of auto-reactive clones (negative selection) and anergy. 
Only those B cells that carry receptors without self-specificity are allowed to exit the bone 
marrow and become mature B cells in peripheral lymphoid organs.   

 
Fig. 4. The B cell antigen receptor (BCR). A) Heavy and light chains are comprised of 
variable regions where VDJ recombination occurs (shown in dark blue) and constant regions 
(green). The signaling domains are present in the cytoplasmic leaflet of Ig and Ig. B) 
Variable regions are formed by a number of segments termed V (variable), D (diversity) and 
J (joining) within the heavy chain, and by segments V and J within the light chain, which are 
brought together by a VDJ recombination process. Randomly, D and J segments recombine 
at first, followed by V segments joining the DJ fragment (shown in dark blue squares is an 
example of segment choice). This mechanism is responsible for the extensive repertoire of 
BCR specificities. 
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Fig. 5. Normal and leukemic B cell development. B cell stages can be divided according to 
the main processes guiding development: receptor assembly, self-recognition and 
activation (top panel). Receptor assembly occurs in bone marrow (light blue box) by VDJ 
recombination in the Pro-B and Pre-B stages, whereas self-recognition starts in bone 
marrow and ends in periphery, and activation takes place at peripheral level. 
Nomenclature for each sub-stage in mice is shown in black letters while the most common 
nomenclature for their counterparts in humans is shown in red letters. The dashed lines 
separating all stages indicate checkpoints at which signaling from the preBCR and BCR is 
required for positive selection and progression along the B-cell maturation pathway. The 
proBCR, preBCR, and mature receptor are also illustrated in their respective stages. 
Replication and recombination processes are mutually exclusive as denoted by the 
circular arrows and VDJ signs inside the cell. The replication stages are also frequently 
compromised in pediatric B cell acute leukemia. Black lines under IL-7R and preBCR 
indicate the stages where these receptors are most required. The differential thickness in 
the IL-7R line shows the sub-stages where a higher (nanograms) or lower (picograms) 
concentration of the IL-7 is required. Homeostatic and leukemic expression of 
transcription factors along the B cell pathway are shown in the middle and bottom panels. 
Blue bars mark normal gene expression, and the most common modified forms of the 
transcription factors associated with B cell acute lymphoblastic leukemia are revealed. 
HSC, hematopoietic stem cell. 

 
From HSC to B-Lymphoid Cells in Normal and Malignant Hematopoiesis 

 

285 

On the basis of their cell-surface phenotype, peripheral immature B cells are further divided 
into transitional 1 (T1, AA4+IgMhighCD23-) and transitional 2 (T2, AA4+IgMhighCD23+). T1 
cells inhabit the spleen's red pulp and give rise to T2 cells (Allman et al., 2001). There is an 
additional population designated T3, but it is controversial whether this is a population in 
line in the progression to the mature stage or whether it represents a population of anergic 
cells (Merrell et al., 2006). 

3.2 Innate and adaptive mature B cell populations 

Following antigen binding, mature B cells activate pathways that lead to proliferation and 
further differentiation into antibody-producing B cells (plasma cells) or memory B cells. In 
the spleen, mature B cells are sub-divided into follicular (FO, AA4.1-CD21intCD23high) and 
marginal zone (MZ, AA4.1-CD21highCD23-) B cells according to both their location and their 
cell-surface phenotype. A distinct subset of mature B cells is preferentially present in the 
peritoneal cavity; these are known as B1 cells [B220+CD11b+CD5+ (B1a) or CD5- (B1b)]. 
Among them, FO B cells are responsible for adaptive antibody responses, whereas MZ and 
B1 mature populations respond rapidly to antigenic stimulus but do not go through 
germinal-center reactions and thus their response can be independent of T cell help (Martin 
et al., 2001). Therefore, MZ and B1 B cells are thought to be part of an innate–like response. 
The origin of both of these populations is not well understood. While MZ B cells share part 
of FO pathway, the fetal liver was thought to originate a large fraction of the adult B1 B cells 
(Tung et al., 2006). Recently, a novel developmental model suggests that some B1 cell 
progenitors can be produced in bone marrow (Esplin et al., 2009). 

3.3 Regulation of B lineage commitment: The critical role of preBCR tonic signaling, 
IL-7R and transcription factors in context 

Limitation of lineage choice during development is regulated by a combination of signaling 
pathways and transcription factors (TF). In mice, the main receptor controlling the ProB 
stage is the IL-7R, which is composed of a  chain (IL-7R) and the common cytokine 
receptor  chain (c). Deletion of IL-7R or c leads to developmental arrest at the early ProB 
stage (von Freeden-Jeffrey et al., 1995; Cao et al., 1995).  

IL-7 activates the major signaling pathway JAK–STAT, with STAT5 being the essential 
mediator of IL-7 signals in early B cell development (Yao et al., 2006).  

By the other hand, an important characteristic of the developmental process that 
distinguishes B and T lymphocytes from other cell lineages is the continuous selection of 
these lymphoid cells for their ability to express a competent, non-self receptor. B cells that 
fail to express a receptor are eliminated. Thus, BCR and BCR-like receptors must generate 
active permissive signals that allow differentiation through the different developmental 
stages. Because the preBCR lacks of the light chain and therefore of the capacity to bind 
polymorphic ligands, it has been proposed that this receptor is able to signal 
constitutively and independently on ligand, an activity also known as tonic signaling. 
Although there is little understanding of how tonic signals are generated, the view is 
supported by receptor-less B cells able to differentiate into mature B cells by expression of 
a chimeric construct of Ig and Ig positioned in the cell surface membrane (Bannish et 
al., 2001).   
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Once the preBCR is expressed at the end of the proB stage, it can take over many of the 
functions performed by the IL-7 receptor signaling. Both receptors act individually and 
together to allow B cell development (Figure 5). Like IL-7R, the preBCR promotes 
mechanisms of positive selection, survival and proliferation (Ramadani et al., 2010; Yasuda 
et al., 2008). The CCND3 gene, which encodes for cyclin D3, is essential for PreB cell 
expansion and integrates IL-7R and preBCR signals (Cooper et al., 2006). 

Downstream the IL-7 and preBCR receptors, a handful of transcription factors (TF) are critical 
for commitment to the B cell lineage and early development; these include E2A/TCF3 
(immunoglobulin enhancer binding factors E12/E47/transcription factor 3), EBF1 (Early B cell 
Factor 1) and PAX5 (Paired box 5) (Figure 5). Loss of E2A and EBF1 blocks entry into the B cell 
lineage, while loss of PAX5 redirects B cells into other lineages (Nutt et al., 1999; O’Riordan & 
Grosschedl, 1999). Acting together with E2A, EBF1 and STAT5, one of the main molecular 
functions of PAX5 is to allow VDJ recombination (Hsu et al., 2004). Also, E2A, PAX5, IKZF1 
and RUNX1, among other TF, are responsible for RAG expression (Kuo & Schlissel, 2009). 
Moreover, IL-7R signaling fulfills an essential role in early B cell development, with STAT5 
participating in the activation of the B cell regulatory genes E2A, EBF1 and PAX5. E2A 
encodes two TF via alternative splicing, E12 and E47. In mice lacking the E2A gene, the B cell 
lineage is lost, there is no heavy chain recombination, and the expression of the B cell-restricted 
genes EBF1, PAX5, CD79A/B and VPREB1 (CD179A) is also affected.  

Enforced expression of EBF1 and PAX5 is sufficient to overcome the developmental block in 
mice deficient in E2A, IL-7 or IL-7R, further illustrating the transcriptional hierarchy of the 
B cell-specific program triggered by IL-7 receptor signaling (Nutt & Kee, 2007). EBF1 acting 
together with PAX5 drives the expression of many genes critical for early B cell 
development and B cell function, including FOXO1, MYCN, LEF1, BLNK, CD79A (MB-1), 
RAG2, CD19 and CR2 (CD21) (Nutt & Kee, 2007; Smith & Sigvardsson, 2004).  

Although PAX5 is a positive regulator of B-cell specific genes, also functions as a repressor 
of non B-lineage genes such as M-CSFR, NOTCH1 and FLT3 (Cobaleda et al., 2007) so B cell 
development is unidirectional and mostly irreversible in homeostatic conditions. 

Also important for lymphoid development are members of the Ikaros family of TFs, mainly 
IKZF1 (which encodes Ikaros) and IKZF3 (which encodes Aiolos). Ikaros activates B cell 
genes and represses genes that are unrelated to the B lineage. Expression of IKZF1 and 
IKZF3 is regulated by alternative splicing, which produces long isoforms (Ik-1, Ik-2, Ik-3, 
Aio-1, Aio-3, Aio-4 and Aio-6) that efficiently bind to DNA, and short isoforms (Ik-4, Ik-5/7, 
Ik-6, Ik8, Aio-2, Aio-5) that are unable to bind DNA with high affinity and do not activate 
transcription (Liippo et al., 2001). Ikaros is activated in early stages of lymphopoiesis and is 
required for both early and late events in lymphocyte differentiation. Aiolos is not required 
during the early specification of the B and T lineages but is essential during further B cell 
maturation. They also act in concert to promote preB cell cycle exit and transition to small 
PreB stage (Ma et al., 2010). 

3.4 Human B cell development 

Selection processes operating on developing B cells are similar in all mammals. Thus, early B 
cell development in humans is also mainly guided by VDJ recombination and by the 

 
From HSC to B-Lymphoid Cells in Normal and Malignant Hematopoiesis 

 

287 

proliferative expansion of clones that have successfully completed the rearrangement of 
their receptors, whereas late development is led by mechanisms of tolerance to self-antigens. 
All these processes in humans are less well understood than are their counterparts in mice. 
Importantly, human B cells can still be generated in severe combined immunodeficiency 
(SCID) patients with mutations in the IL-7R gene, suggesting that IL-7 signaling is not 
essential for human B cell development (Puel et al., 1998) although a recent study has 
demonstrated that in vitro human B cell production is dependent on IL-7 (Parrish et al., 
2009). The fine regulatory mechanism separating proliferation and differentiation might 
explain why the proliferating ProB and PreB sub-stages are the ones generally found to be 
compromised in human pediatric B-cell acute lymphoblastic leukemia (B-cell ALL) and why 
this disease is characterized by leukemic blast cells that are often unable to progress through 
the differentiation pathway. This tendency to be arrested in proliferative states might result 
in an increased rate of mutations, leading to formation of neoplastic cells. Supporting the 
later, mice expressing B cell mutants in the adaptor protein BLNK are arrested in the large 
PreB stage and often develop B cell malignancies (Flemming et al., 2003). Proliferative stages 
occur in the early ProB, PreB-I and large PreB-II fractions (Figure 5). 

4. Acute lymphoblastic leukemia 
Acute lymphoblastic leukemia (ALL) is a disorder characterized by the monoclonal and/or 
oligoclonal proliferation of hematopoietic precursor cells of the lymphoid series within the 
bone marrow. At present, ALL is the most frequent malignancy in children worldwide and 
a serious problem of public health, constituting 25% of all childhood cancers and 75%-85% 
of the cases of childhood leukemias (Perez-Saldivar et al., 2011). Near to 80% of ALL cases 
have precursor B-cell immunophenotype, while approximately 15% show T-cell 
immunophenotype. Even when a relatively high efficiency of therapeutic agents has been 
demonstrated (Pieters & Carroll, 2010), there has been a slight but gradual increase in the 
incidence of ALL in the past 25 years, and appears to be highest in Hispanic population, 
which also show superior rates of high risk patients (Fajardo-Gutiérrez et al., 2007; 
Abdullaev et al., 2000; Perez-Saldivar et al., 2011; Mejía-Aranguré et al., 2011). Factors such 
as drug resistance, minimal residual disease, cell lineage switch, and the rise of mixed 
lineages often put the success of treatment at risk and change the prognosis of the illness. 
The molecular mechanism involved in these phenomena and the identities of the target 
hematopoietic populations have not been completely defined, due in part, to the fact that 
neither the precise origin of the disease, nor the susceptibility of primitive leukemic cells to 
extrinsic factors, is known. 

4.1 The origin of ALL 

Over the last two decades, cancer stem cells (CSC) have been defined as cells within a tumor 
that possess the capacity to self-renew and to cause heterogeneous lineages of cancer cells 
that comprise the tumor (Clarke et al., 2006). According to MF Greaves, who proposed the 
original hypothesis for leukemogenesis, multiple consecutive carcinogenic hits in 
hematopoietic cells may drive the malignant transformation (Greaves, 1993; Greaves & 
Wiernels, 2003), where the second oncogenic event on pre-leukemic clones could be 
indirectly promoted by delayed infections (Greaves, 2006; Mejía-Aranguré et al., 2011). Our 
general current view suggests the occurring of oncogenic lesions in early development or in 
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proliferative expansion of clones that have successfully completed the rearrangement of 
their receptors, whereas late development is led by mechanisms of tolerance to self-antigens. 
All these processes in humans are less well understood than are their counterparts in mice. 
Importantly, human B cells can still be generated in severe combined immunodeficiency 
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Wiernels, 2003), where the second oncogenic event on pre-leukemic clones could be 
indirectly promoted by delayed infections (Greaves, 2006; Mejía-Aranguré et al., 2011). Our 
general current view suggests the occurring of oncogenic lesions in early development or in 
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a primitive cell that result in the abnormal differentiation of leukemic stem cells. Among the 
various factors that hit the HSC fraction, anomalous microenvironmental cues may 
contribute to trigger and support the leukemic behaviour of precursor cells (Figure 6). 

Although CSC in myeloid leukemias have been strictly depicted as the responsible cells for 
tumour maintenance, which clearly keep the biological hierarchy within the hematopoietic 
structure (Dick, 2008), identification of a rare primitive and malignant cell with intrinsic 
stem cell properties and the ability to recapitulate the acute lymphoblastic leukemia has 
been more complicated (Bomken et al.,2010), particularly due to the genetic diversity of the 
disease and the lack of appropriate in vitro and in vivo models. 

 
Fig. 6. Leukemic stem cell model. Normal hematopoietic stem cells (HSC) give rise to 
progenitors and mature blood cells within a hierarchical structure in the bone marrow. As a 
result of multiple and consecutive oncogenic hits on HSC including genetic and 
microenvironmental alterations, a malignant counterpart (the leukemic stem cell, LSC) 
emerge, which maintains some degree of developmental potential, generating the leukemic 
progenitor and blast cells. 

Cell culture systems revealing alterations in early hematopoiesis, the existence of leukemic 
clones with unrelated DJ rearrangements and cytogenetic abnormalities on cells lacking 
lineage markers, have strongly suggested the participation of primitive cells in ALL. 
Moreover, data showing cells with immature phenotypes capable of engrafting and 
reconstituting leukemia in immunodeficient mice, lead to believe that, as in AML & CML, 
the hierarchy structure of the hematopoietic system is kept in ALL, and infant B cell-
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leukemia initiating cells have undifferentiated characteristics (Espinoza-Hernandez et al., 
2001; Cobaleda et al., 2000; Cox et al., 2004; Cox et al., 2009). To characterize ALL progenitor 
cells, Blair and colleagues have purified by flow cytometry a number of cell fractions based 
on the expression of CD34 and the B-lymphoid marker CD19. Regardless the risk stratum of 
the patient, CD34+CD19- cells, but not committed B precursors, were able to reconstitute the 
disease in NOD/SCID models (Cox et al., 2004). Moreover, CD133+CD38-CD19- primitive 
cells residing in ALL BM are suggested to be the leukemia-initiating cells and responsible of 
drug-resistant residual disease (Cox et al., 2009). However, recent studies have remarkably 
shown that precursor blasts can also reestablish leukemic phenotypes in vivo, conferring 
them stem cell properties (Heidenreich & Vormoor, 2009; Bomken et al., 2010). Using novel 
intrafemoral xenotransplantation strategies, Vormoor’s Lab has found that all differentiation 
stages of B precursor cells within CD34+CD19+ and CD34-CD19+ fractions are able to 
successfully engraft and recapitulate the original patient’s disease in long-term systems, 
suggesting that committed cells in ALL do not lose the self-renewal stem cell property while 
they mature (le Viseur et al., 2008) (Figure 5), though their multi-lineage potential is 
uncertain.  

These discordant results unveil that key questions regarding leukemic stem cells and the 
earliest steps of the lymphoid program in ALL still to be solved. Recently, the combination 
of clonal studies and alterations on genetic copies along with xenotransplant models, 
showed unsuspected genetic diversity, supporting multiclonal evolution of leukemogenesis 
rather than lineal succession (Dick, 2008). Thus, a less rigid structure of CSC models should 
further take account of functional plasticity and clonal evolution to understand CSC biology 
and to develop novel, stem/progenitor cell-directed therapies (Bomken et al., 2010).  

4.2 Genes, cytogenetic alterations and transcription factors in B-cell leukemogenesis 

The leukemogenic program is characterized by arrest of differentiation pathways, increased 
cell proliferation, enhanced self-renewal, decreased apoptosis rates and telomere 
maintenance. It is thought that together these alterations result in production of highly 
proliferative clones of immature leukemic blast cells with intrinsic survival advantage and 
limitless replicative potential (Warner et al., 2004).  

Gain or loss of function of transcription factors such as E2A, EBF1, PAX5 and Ikaros affect 
homeostatic B cell lymphopoiesis in murine models, and are often associated with 
malignant transformation in humans, supporting conserved roles for these TFs and their 
activating signaling pathways (Figure 5) (Pérez-Vera et al., 2011). 

A high frequency of ALL patients has genetic lesions -mostly chromosomal translocations- 
associated with leukemic cells. E2A is often translocated with several partners, including 
PBX1 [t(1;19)(q23;p13)] and HLF [t(17;19)(q22;p13)], which are detected in 5-6% and 1% of 
ALL children, respectively. E2A-PBX1 is a potent transcriptional activator of the WNT16 
oncogene (McWhirter et al., 1999), while E2A-HLF functions as a survival factor of early B 
cells by activating expression of the anti-apoptotic genes SNAI2 (SLUG) and LMO2. 
Accordingly, gene silencing of LMO2 in an E2A-HLFpos cell line induced apoptotic cell death 
(Hirose et al., 2010). RUNX1 is also a frequent target for chromosomal rearrangements and 
mutations in ALL. 25% of children and 2% of adults of ALL patients carry the 
ETV6/RUNX1 fusion as a result of the translocation t(12;21)(p12;q21), which may play a role 
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regulating the B lineage-specific transcriptional program at an early stage (Durst & Hiebert, 
2004). SNP array analysis of ETV6-RUNX1 samples has recently identified multiple 
additional genetic alterations, but the role of these lesions in leukemogenesis remains 
undetermined (van der Weyden et al., 2011). 

Genome-wide analysis has recorded abnormalities in PAX5 and EBF1 in up to 32% of 
children and 30% of adults with B ALL, and in 35% of relapsed cases (Mullighan et al., 
2007). Currently, five PAX5 fusions have been identified with the gene partners LOC392027 
(7p12.1), SLCO1B3 (12p12), ASXL1 (20q11.1), KIF3B (20q11.21) and C20orf112 (20q11.1), 
with the resulting chimeric proteins expressing lower levels of PAX5 and its target genes 
(An et al., 2008). EBF1 alterations are common in patients with poor outcomes and are 
particularly frequent (25%) in relapsed children (Harvey et al., 2010). 

The MLL (mixed lineage leukemia) gene is often rearranged in leukemias with myeloid and 
lymphoid phenotype, probably indicating a very early multipotent progenitor origin. More 
than 50 fusions involving MLL have been documented. Among them, the MLL-AF4 
[t(4;11)(q21;q23)] translocation is present in 80% of infant, 2% of children, and 5-10% of adult 
ALL (McCarthy, 2010).  

The BCR-ABL1 translocation [t(9;22)(q34;q11), also known as Philadelphia chromosome] is 
found in 5% of pediatric and 25% of adult B cell ALL. An important consequence for this 
translocation is the over-expression of STAT5. STAT5 inactivation results in cell cycle arrest 
and apoptosis of BCR-ABLpos malignant B cells and BCR–ABL1pos STAT5 knockout mice do 
not develop leukemia (Malin et al., 2010). Interestingly, genome-wide analysis of B cell ALL 
has identified mutations in the STAT5 upstream regulators JAK1 and JAK2 in up to 10% of 
patients, and patients BCR-ABLpos or with JAK1&2 mutations have a similar gene expression 
profile and prognosis (Malin et al., 2010). JAK2 mutations lead over-expression of CRLF2 (also 
known as thymic stromal lymphopoietin receptor) which forms a heterodimeric complex with 
the IL-7R (Harvey et al., 2010). In a subset of cases, CRLF2 promotes constitutive dimerization 
and cytokine-independent proliferation. Finally, high expression levels of the short Ikaros 
isoforms, particularly the dominant negative Ik-6, are also associated with high risk leukemia 
(Sun et al., 1999). Most of the BCR-ABLpos B ALL patients have deletions in IKZF1 and 
increased levels of the short isoforms; however, Ik-6 has also been found to be elevated in 
BCR-ABLneg patients (Mullighan et al., 2008). It has been proposed that the high level of Ikaros 
short isoform expression is due to genetic lesions. Supporting this idea, IKZF1 somatic 
deletions have been found in a number of recurrences and are strongly associated with 
minimal residual disease (Mullighan et al., 2009). A summary of homeostatic and leukemic 
expression of transcription factors along the B cell pathway is shown in Figure 5. 

Despite these important advances in the definition of genetic abnormalities that are 
prevalent in ALL, the disease is heterogeneous at the molecular level, and possibly it is the 
result of combination of genetic and epigenetic alterations. Furthermore, high frequencies of 
ALL cases seem not to be associated to intrinsic genetic abnormalities, opening the 
possibility of microenvironmental cues leading to disease. 

4.3 Leukemic microenvironmental cues? 

The complexity of leukemogenesis increases when we consider the indubitable influence of the 
bone marrow microenvironment in the hematopoietic development, which is a network of 
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cells (mesenchymal cells, osteoblasts, fibroblasts, adipocytes, endothelial cells, etc) and their 
products (extracellular matrix molecules, cytokines and chemokines) that support 
hematopoiesis. Under physiological conditions, the appropriate production of mature blood 
cells throughout life is sustained by special niches that provide stem and progenitor cells with 
regulatory signals essential for their maintenance, proliferation and differentiation (Nagasawa 
et al., 2011). Among secreted factors, CXCL12, FLT3-L, interleukin 7 and stem cell factor are 
critical for commitment to the lymphoid program and normal B cell development is supported 
by two stage specific cellular niches within central bone marrow: a CXCL12/SDF1 expressing 
niche, and a IL-7 expressing niche. B cell precursors are thought to move from one to another 
as differentiation progresses (Tokoyoda et al., 2004; Nagasawa, 2006). The role of the bone 
marrow microenvironment in carcinogenesis has been conceived through three possible 
mechanisms: competition of tumor cells for normal HSC niches, which may allow their 
maintenance and survival; manipulation of the environment to promote tumor progression 
and disruption of hematopoietic-niche communication that drives oncogenesis (Raaijmakers, 
2011). Although these potential mechanisms are tempting, their contribution to ALL remains 
formally unexplored. It has been proposed by Sipkins and colleagues that the leukemic cells 
derived-tumor microenvironment impairs the behavior of normal hematopoietic cells 
(Colmone et al., 2008). Furthermore, a number of alterations have been recorded in the marrow 
microenvironment of ALL, including chromosomal aberrations in mesenchymal stem cells, 
anomalous expression of adhesion molecules, abnormal levels of CXCR4 and growth factors, 
as well as prevalence of pro-inflammatory cytokines (Menendez et al., 2009; Geijtenbeek et al., 
1999; Juarez et al., 2009; and our unpublished results). Whether an abnormal 
microenvironment anticipates the leukemic stage or is a consequent fact, is still an open issue.   

5. Conclusion 
Much has been learned about identity, function and intercommunication of seminal cells 
within the hematopoietic system from animal models. However, our understanding of the 
hierarchy and regulation of human stem/progenitor cells is still incomplete and the 
hematopoietic charts have been in constant re-construction over the last few years. 
Furthermore, while it has long been recognized that intrinsic abnormalities in primitive 
hematopoietic cells may cause hematological disorders, it has also become clear that changes 
in both cell composition and function of the bone marrow microenvironment might govern 
stem cell activity and lead to disease. Future progress in these areas will be decisive to 
suggest novel classification, prognosis and treatment venues. 
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hematopoietic cells may cause hematological disorders, it has also become clear that changes 
in both cell composition and function of the bone marrow microenvironment might govern 
stem cell activity and lead to disease. Future progress in these areas will be decisive to 
suggest novel classification, prognosis and treatment venues. 
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1. Introduction 
Mobilized peripheral blood stem cells (MPBSC) have nearly replaced bone marrow (BM). 
So, they become the primary source of hematopoietic grafts especially for patients with 
hematological malignancies undergoing aggressive myelosuppressive or myeloablative 
chemotherapy. It allows faster engraftment and equivalent disease-free survival compared 
with bone marrow cells [Siena S et al, 2000; To LB  et al, 1997; Roberto M. Lemoli and 
Alessandra D’Addio, 2008]. 

Some reports suggested that hematopoietic stem cell mobilization involves a complex 
interplay between adhesion molecules, cytokines, proteolytic enzymes such as MMP-9 and 
MMP-2, stromal cells and chemokines among them (e.g,; SDF-1/CXCR4) play a central role 
[Roberto M. Lemoli and Alessandra D’Addio, 2008; Tsevee Lapidot and Isabelle Petit, 2002]. 
It has been reported that increased secretion of SDF-1 downmodulates CXCR4 on CD34+ 
cells, thus preventing the homing of hematopoietic progenitors to the bone marrow 
[Signoret N et al, 1997]. Moreover, Dlubek D et al, have observed a negative correlation 
between mobilization capacity and a reduced expression of CXCR4 on mobilized HPC 
CD34+ in the leukapheresis product [Dlubek D et al, 2006]. 

These data suggested a central role for CXCR4 and SDF-1 on mobilization of hematopoietic 
stem cell as well as their homing to the bone marrow [Dlubek D et al, 2006]. 

The reason for poor mobilization of hematopoietic stem cells that occur in many donors or 
patients is fully recognized and patients’ characteristics (age, BMI, mobilization regimen, 
diagnosis and clinical status or ulterior therapy) did not explain the whole thing. 

Benboubker and his colleagues identified an association of a polymorphism in the SDF-1 
gene, designated as SDF1-3’A, with the rate of mobilization of HPCs CD34+ into peripheral 
blood [Benboubker L et al, 2001]. Hence, we hypothesized that individual genetic factors 
might explain, at least in part, this variability and that polymorphism analysis can be used 
to anticipate CD34+ cells mobilization.   
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So, identifying SNPs predictive of poor or good response to G-CSF or any mobilization 
regimen, in terms of number of CD34+ cells mobilized, might be useful in discussing the 
possibility of using a different mobilizing agent or a different source of CD34+ cells for auto-
HSCT and allo-HSCT.  

In this issue, we proposed to study the distribution of three genetic polymorphisms: SDF1-
3’A, MMP-9 C-1562T and GNB3 C825T in Tunisian patients with malignant hematological 
diseases who underwent stem cell mobilization for autologous transplantation compared to 
a group of healthy allogenic PBPC donors.   

2. Materials and methods 
2.1 Study population 

250 subjects (144 men, 106 women) admitted to the Cellular Immunology and Cytometry 
and Cellular Therapy Laboratory of National Blood Transfusion Center of Tunis –Tunisia, 
for autologous PBPC mobilization were enrolled.  

Our patients can be divided in 4 subgroups distributed as follows: Group 1: 85 Non-
Hodgkin’s Lymphoma (57 men, 28 women) which comprises 80 Diffuse B Cell Lymphoma, 
4 Mantle Cell Lymphoma and a patient with Follicular Lymphoma.  

Group 2: 87 Multiple Myeloma (48 men, 39 women).  

Group 3: 63 Hodgkin’s disease (31 men, 32 women).  

Group 4:  composed of 15 patients with Acute Myeloid Leukemia (9 men, 6 women).  

Besides, a group composed of 41 subjects (24 men, 17 women) with mean age of 32 years 
(range 12-63 years) designated for peripheral blood stem cells (PBSC) mobilization. They 
were visiting the Cellular Immunology and Cytometry and Cellular therapy Laboratory of 
National Blood Transfusion Center of Tunis–Tunisia as allogenic donors for stem cell 
transplantation.  

Then, a group of 165 healthy blood donors visiting the Blood Transfusion Service of 
National Blood Transfusion Center of Tunis -Tunisia served as a control group was enrolled 
in the study. Whole details concerning the subjects will be resumed in Table 1.  

Written informed consent was obtained from all subjects according to a protocol approved 
by the ethical committee for scientific and medical research of the National Blood 
Transfusion Center and National Bone marrow transplantation center of Tunis (Tunisia) in 
accordance with the Declaration of Helsinki.  

Circulating hematopoietic progenitors CD34+ were evaluated daily by flow cytometry and 
PBSC collections or apheresis were begun when peripheral CD34+ cells were ~20 cells/µl. 
Apheresis was usually performed daily using continuous flow blood cell separators COBE 
SPECTRA and MCS+. 

2.2 DNA extraction and genotyping 

Genomic DNA was prepared from EDTA anticoagulated peripheral blood by using a 
common salting-out procedure [Miller SA et al, 1988].  
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 PATIENTS PBSC DONORS 

 Total <2x10e6 
CD34+/kg 

>2x10e6 
CD34+/

kg 
p Total 

<3x106 
CD34/k

g 

≥3x106    
CD34/k

g 
 

Age (years) Median 40.58     
33.25 

(12-63) 
32.25 

(15-57) 
33.5 

(12-63) 

Range 12-64        

Male 144 27 117 NS  24  6                   11 
Female 106 26 80   17 6 6                   18 
Diagnosis         

NHL (non Hodgkin’s 
lymphoma)  25 60      

Diffuse large Cell 
Lymphoma 80        

FL(follicular 
lymphoma) 1        

ML (mantle Cell 
lymphoma) 4        

Hodgkin’s Disease 63 14 49      
Multiple Myeloma 87 12 77      

AML (acute myeloid 
leukemia) 15 7 8      

Prior radiotherapy 62 19 23      
Prior chemotherapy 250        

time from last chemotherapy to 
mobilization         

< 1 month 121 -       
1 to 2 months 20        
2 to 3 months 4        
> 3 months 5        

Chemomobilization         
Rituximab ESHAP/         
rituximab DSHAP 59 -       

rituximab CHOP 2        
ICE/ RICE 21        
Others 168        

Mobilization regimen         
growth factor only         

Lenograstim           
(Granocyte®) 80 -       

filgrastim (Neupogen®) 75 -       
G/C [endoxan+ G-CSF] 95 -       

Table 1. patients and healthy allogenic PBPC donors charachteristics Abbreviations: G-CSF, 
granulocyte colony-stimulating factor; G/C, G-CSF- chemotherapy; ICE, ifosfamide, 
carboplatin, etoposide; ESHAP/DHAP, etoposide, cytarabine, methylprednisolone,  
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2.3 Genotyping 

The reaction mixture consisted of 1µl PCR buffer 10x, 2 mM of MgSo4, 0.2 mM of each 
dNTP, 400mM of each primer, and 0,5units/reaction Taq DNA polymerase (Bio Basic Inc).  

The reaction conditions were: For SDF1–3’A an initial denaturation at 95°C for five minutes, 
then 35 cycles at 94°C for 30 seconds, at 58°C for 30 seconds, at 72°C for 1min, and finally 
extension at 72°C for 7 minutes.  

All specimens were examined for the presence of amplifiable DNA. PCR products were 
digested with 10units HpaII/reaction (Fermentas) at 37°C for overnight [Benboubker L et al, 
2001] (figure 1).  

For, MMP-9 C-1562T, PCR conditions as above, with annealing temperature at 67°C. PCR 
products were digested with 10units Hin1II/reaction (Fermentas) at 37°C for overnight 
[Zhang B et al, 1999; Toru Ogata et al, 2005] (figure 2). 

For GNB3 C825T, the PCR-reaction began with denaturation at 95°C for 5 min, followed by 
35 cycles of denaturation at 94°C (for 30 seconds), annealing at 55°C (30 s), extension at 72°C 
(1min), and a final extension at 72°C (7 min). PCR products were digested with BseDI at 
60°C (4 h), separated on 2% agarose gels, and visualized under UV illumination [Cheng-Ho 
Tsai MD et al, 2000] (figure 3) 

 
 
 
 

 
 
 
 

Fig. 1. SDF-1 genotyping by PCR-RFLP analysis followed by separation on 2% agarose gel as 
described in text. Lane 1, 100pb ladder; lanes 2 and 4, G/G; lanes 3 and 5, G/A; lane 11, A/A 
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Fig. 2. MMP-9 genotyping by PCR-RFLP analysis followed by separation on 2% agarose gel 
as described in text. Lanes 1 and 8, 100 pb ladder; lanes 2 and 6, C/C; lanes 3 and 9, C/T; 
lane 5, T/T. 

 
 

 
 

Fig. 3. GNB3 C825T genotyping by PCR-RFLP analysis followed by separation on 2% 
agarose gel as described in text. Lane 1, 100 pb ladder; lanes 2 and 3, C/T; lane 4, T/T;  
lane 5, C/C. 



 
Advances in Hematopoietic Stem Cell Research 

 

302 

2.3 Genotyping 

The reaction mixture consisted of 1µl PCR buffer 10x, 2 mM of MgSo4, 0.2 mM of each 
dNTP, 400mM of each primer, and 0,5units/reaction Taq DNA polymerase (Bio Basic Inc).  

The reaction conditions were: For SDF1–3’A an initial denaturation at 95°C for five minutes, 
then 35 cycles at 94°C for 30 seconds, at 58°C for 30 seconds, at 72°C for 1min, and finally 
extension at 72°C for 7 minutes.  

All specimens were examined for the presence of amplifiable DNA. PCR products were 
digested with 10units HpaII/reaction (Fermentas) at 37°C for overnight [Benboubker L et al, 
2001] (figure 1).  

For, MMP-9 C-1562T, PCR conditions as above, with annealing temperature at 67°C. PCR 
products were digested with 10units Hin1II/reaction (Fermentas) at 37°C for overnight 
[Zhang B et al, 1999; Toru Ogata et al, 2005] (figure 2). 

For GNB3 C825T, the PCR-reaction began with denaturation at 95°C for 5 min, followed by 
35 cycles of denaturation at 94°C (for 30 seconds), annealing at 55°C (30 s), extension at 72°C 
(1min), and a final extension at 72°C (7 min). PCR products were digested with BseDI at 
60°C (4 h), separated on 2% agarose gels, and visualized under UV illumination [Cheng-Ho 
Tsai MD et al, 2000] (figure 3) 

 
 
 
 

 
 
 
 

Fig. 1. SDF-1 genotyping by PCR-RFLP analysis followed by separation on 2% agarose gel as 
described in text. Lane 1, 100pb ladder; lanes 2 and 4, G/G; lanes 3 and 5, G/A; lane 11, A/A 

Distribution of SDF1-3’A, GNB3 C825T and MMP-9 C-1562T Polymorphisms  
in HSC CD34+ from Peripheral Blood of Patients with Hematological Malignancies 

 

303 

 
 
 

 
 

Fig. 2. MMP-9 genotyping by PCR-RFLP analysis followed by separation on 2% agarose gel 
as described in text. Lanes 1 and 8, 100 pb ladder; lanes 2 and 6, C/C; lanes 3 and 9, C/T; 
lane 5, T/T. 

 
 

 
 

Fig. 3. GNB3 C825T genotyping by PCR-RFLP analysis followed by separation on 2% 
agarose gel as described in text. Lane 1, 100 pb ladder; lanes 2 and 3, C/T; lane 4, T/T;  
lane 5, C/C. 



 
Advances in Hematopoietic Stem Cell Research 

 

304 

 
Table 2. All genotyping Details, corresponding to each polymorphism studied are provided. 
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2.4 Statistical analysis 

Allele and genotype frequencies of the studied polymorphisms in patients and healthy 
controls were formulated by direct counting. Statistical analysis was performed using SPSS 
software (SPSS 16.0 for windows; SPSS Inc., Chicago, IL.).  

The allele frequencies of SDF1-3’A, GNB3 C825T and MMP-9C-1562T polymorphisms were 
tested for the Hardy–Weinberg equilibrium of the whole group or subgroups of patients and 
were compared to the respective frequencies of the control group using the Pearson chi-square 
test or Fisher’s exact test when appropriate. The same test was applied to compare the 
genotype frequency between patients and controls. Association of the allelic frequencies with 
the clinico-pathologic parameters was evaluated by χ2 test. The odds ratios (OR) and 95% 
confidence intervals (CI) were calculated too. P<0.05 was required for statistical significance. 

3. Results 
3.1 Patient‘s distributions according to their CD34+ cell yield and failure rates 

Overall 83% of patients included in this study collected ≥2x106 CD34+ cells/kg after a 
maximum of 4 aphereses, among them 20% collected 2-5x106 CD34cells/kg, and 63% collected 
≥5x106 CD34 cells/kg. Beside, 10% are remobilizers as they did not achieve the threshold of 
CD34+ cell yield of 2x106 CD34/kg within 4 apheresis days and are subjects to another 
mobilization protocol.  Among them, the group of NHL represented the highest rate (40%), the 
lower ones, the group of MM and AML, which represented respectively 19% and 13%.  By 
contrast, others are designed as first mobilizers (90%) since they have already collected 
≥2x106CD34+ cells/kg after a maximum of 4 aphereses days.  Amongst them the group of 
multiple myeloma was the most frequent (40%), thereafter the group of Non-Hodgkin’s 
lymphoma (34%) and Hodgkin’s disease with 26%. For the patients included in this study, 
mobilization failure was defined as <2x106 CD34+ cells/kg obtained within 4 apheresis days. 
So, especially MM patients collected ≥5x106CD34+ cells/kg and contained the highest CD34+ 
cell yield (8,89x106 CD34/kg for MM, and 5,51x106 CD34/kg for the others patients). 
Furthermore, the fact that MM patients had higher yield of CD34+ cells compared to NHL and 
HD is likely since that NHL and HL patients are frequently more heavily pretreated with 
cytotoxic chemotherapy than patients with MM [Iskra Pusic et al, 2008] (figure 4). 

3.2 Analysis of the studied polymorphisms in the 4 subgroups of patients according 
to disease: A comparison between healthy donors of PBSC and patients 

According to this study, SDF1-3’A and MMP-9 C-1562 T polymorphisms were significantly 
different between the patients and healthy controls (table 3).  Particularly, we found 
significant differences in all the allelic and genotypic frequencies of the SDF1-3’A 
polymorphism in the MM group (p<0.05; OR=3.245 CI (95%)  [1.830-5.753] for A allele; p= 
0.017; OR= 3.324 CI (95%)  [1.182-9.348]; p= 0.009; OR= 2.072 CI (95%)  [1.200-3.580] for AA 
and GA genotypes, respectively).  

Concerning the MMP-9 C-1562 T polymorphism its distribution was significantly different 
in the same MM group of patients compared to the control group, significant differences 
were observed exclusively for the T allele (p=0.041; OR=2.295 CI (95%)  [1.020-5.168]) and 
also for the CC and CT genotypes (p= 0.039; p= 0.004; Table 3). 
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Fig. 4. Overview of autologous stem cell transplantation database by disease as well as the 
distribution of good/poor mobilizers of PBSC CD34+ within the study population and by 
sex is already represented 
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Table 3. Allele and genotype frequencies of SDF-1, GNB3 and MMP-9 polymorphisms in the 
groups of patients with MM, NHL, Hodgkin’s’ Disease and AML 
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In table 3 are provided: all genotypic and allelic frequencies according to each polymorphism 
studied and corresponding to all patients. Distribution of genotypic and allelic frequencies by 
each disease included in this study. Then, all frequencies are calculated by statistical software 
SPSS 16.0 as well as p value and odd ratios (OR) are provided. 

For the group of NHL, the distribution of the SDF1-3’A polymorphism was significantly 
different between patients and healthy controls especially for the A allele which seemed to 
be associated to this disease (p=0,019).  Moreover, a decrease in GG genotype frequency 
compared to the control group was observed too reaching a statistically significance 
(p=0.029).  

Concerning the MMP-9 C-1562T polymorphism, like the MM group, high significant 
differences were seen especially for the T allele (P<0.05; OR=4.055; CI (95%) [1.901-8.646]) 
and CT genotypes (P<0.05; OR=6.333; CI (95%) [2.754-14.567]). Similar results were obtained 
concerning the distribution of the MMP-9 C-1562T polymorphism in the group of Hodgkin’s 
disease where significant differences were found in the T allele and CT genotype 
frequencies (p<0.05; Table 3). 

While, the distribution of the SDF1-3’A  polymorphism was not significantly different between 
the group of patients with AML and the control group, MMP-9 C-1562T distribution was 
significantly different essentially for the T allele (p=0.019, OR= 7.298, CI (95%)  [1.511-35.249]) 
and the CT genotypes (p=0.004, OR= 12.444, CI (95%)  [2.485-62.319]) Table 3.  

So the presence of the MMP-9 C-1562T might be associated with this disease. 

When considering the GNB3 C825T polymorphism, we observed that the TT genotype was 
more frequent in patient with MM and NHL with respectively 20.69% and 15.15% compared 
to the Hodgkin’s disease group (only 10.52%). Whereas, the CC genotype was more frequent 
in the NHL group (24.24%) (Table 3).  

3.3 Association of the SDF1-3’A allele with a good mobilizing capacity 

As the clinicians have defined mobilization failure as <2x106 CD34+ cells/kg obtained 
within 4 apheresis days, two mainly group of patients emerged: the subjects with a good 
capacity of mobilization who collected ≥2x106 CD34+ cells/kg obtained within 4 apheresis 
days. Others with a poor mobilizing capacity and didn’t collect 2x106 CD34+ cells/kg 
within 4 apheresis days. For the healthy allogenic PBSC donors, the mobilization failure was 
defined as <3x106 CD34+ cells/kg obtained within 4 apheresis days. 

When considering the SDF1-3’A polymorphism, significant difference was observed in the 
SDF1-3’A allele carriers and GG carriers (p=0.023). A higher concentration of CD34+ cells in 
the leukapheresis products was detected in SDF1-3’A positive patients compared to GG 
homozygous subjects 

Besides, a lower increase in the GG genotypes was observed in the “poor” mobilizer group 
compared to the “good” ones reaching a statistical significance (p=0.023; OR =0.494; CI 
(95%) [0.268-0.912]) (Table 4).  

Thus, the SDF1-3’A allele carriers, especially the SDF1-3’AA homozygous individuals in the 
group of healthy allogenic PBSC donors had a better mobilization potential (table 4). 
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Abbreviations: OR, odds ratio; af, allele frequency; gf, genotype frequency; CI, confidence interval 
(CI=95%); Corrected p value; NS, not significant; *, for SDF-1 polymorphism; ** for MMP-9 
polymorphism, Good mobilizers (>2X106 CD34/kg), Poor mobilizers (<2x106CD34/kg) 
 

Table 4. Allele and genotype frequencies of SDF-1, and MMP-9 polymorphisms in mobilized 
peripheral blood patients and healthy controls 

In this table are provided: 

All genotypic Allelic frequencies designed as “gf” and allelic frequencies designed as “af” of 
SDF1-3’A and MMP-9 C-1562T polymorphisms in all the study populations (all patients), 
then in a group of healthy blood donors (as control group) 

Then when, dividing the whole patients according to their mobilization capacity into: good 
mobilizers (>2X106 CD34/kg), and poor mobilizers (<2x106CD34/kg). 

OR designed as odd radio and p value of all genotypic and allelic frequencies are provided 
in the table by using statistical software (SPSS 16.0) as it was mentioned above in section 
materials and methods-statistical analysis. 

However, when considering the group of remobilizers in our study population we have 
observed that 48% of subjects were GG, 12% were AA and 40% were GA. This led us to 
consider a probable association of the GG genotypes to mobilization failure.  
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For the MMP-9 C-1562T polymorphism, significant difference was obtained with CT 
genotypes between the two groups (p=0.004; OR= 0.297; CI (95%)  [0.125-0.703]).  

For the GNB3 C825T polymorphism, we didn’t observe any difference between the 2 groups 
of poor and good mobilizers. 

This let us consider that there’s no association between GNB3 C825T polymorphism and the 
capacity of mobilization of hematopoietic stem cells. 

For the group of healthy PBSC donors, and with respect to our classification according to 
mobilization failure (<3x106 CD34/kg within 4 apheresis days), we have found an important 
association of SDF1-3’A distribution with higher mobilization yield of hematopoietic stem cells 
CD34+ reaching a higher statistical significance (p=0.001; OR=12.6; table 5).  

Besides, we have observed a similar increase in the SDF1-3’G allele in the intermediate to 
poor mobilizers’ subgroup reaching a statistical significance (p=0.035; OR=1.25; table 4). 
Similarly, the association was already observed when comparing the genotypic frequencies 
between the two subgroups.  

The AA genotype was absent in the poor mobilizer subgroup, then was highly increased in 
the other subgroup reaching a statistical significance (p=0.035; OR=1.25).  

While, the GG genotype was more represented in the poor mobilizers and the differences 
were significant too (p=0.001; OR=0.079; table 4). 
 

Healthy allogenic PBSC Donors 

Good mobilizers  
Poor mobilizers 

 P OR CI 

        
N af  N af    
32 0,55  5 0,208 0,001§ 12,6 [2,407-65,953] 
26 0,45  19 0,792 0,035§ 1,25 [1,045-1,495] 
N gf  N gf    
3 0,10  7 0,583 0,001§ 0,079 [0,015-0,415] 
20 0,69  5 0,417 NS   
6 0,20  0 0 0,035§ 1,25 [1,045-1,495] 

        
N' af  N' af    
7 0,17  6 0,23 0,633 (NS)   
33 0,82  20 0,77 NS   
N' gf  N' gf    
13 0,65  7 0,54 NS   
7 0,35  6 0,46 NS   
0 0  0 0 NS   

Abbreviations: OR, odds ratio; af, allele frequency; gf, genotype frequency; CI, confidence interval 
(CI=95%); Corrected p value; NS, not significant; *, for SDF-1 polymorphism; ** for MMP-9 
polymorphism, for healthy allogenic PBPC donors: Good mobilizers (>3X106 CD34/kg), Poor 
mobilizers (<3x106CD34/kg) 

Table 5. Allele and genotype frequencies of SDF-1, and MMP-9 polymorphisms in  
mobilized peripheral blood of healthy allogenic PBSC donors 
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4. Discussion 
In the present study, we investigated the effect of polymorphisms in the genes SDF-1, GNB3 
and MMP-9 on the outcome of mobilization of peripheral blood stem cells for autologous 
transplantation by using a PCR-RFLP analysis.  

We observed a significant association for SDF-1 and MMP-9 polymorphisms exclusively in 
patients with MM, NHL and Hodgkin’s disease suggesting that these polymorphisms are 
fair candidate gene variants to these 3 hematological diseases.   

In fact, Association of these polymorphisms to cancer has been previously reported by many 
investigators [De Oliveira KB et al, 2009; Rabkin CS et al, 1999].  

Our results were in agreement with other studies suggesting that SDF1-3’A polymorphism 
is a genetic determinant of NHL [Gabriela Gonçavales de Olivera Cavassin et al, 2004]. 
Furthermore; as the SDF1-3’A polymorphism is situated in the mRNAs of 3’UTR region 
(untranslated region) which has been identified as an important regulator of the mRNA 
transcript, as well as the translated product [Catia Andreassi and Antonella Riccio, 2004; 
Marilyn Kozak, 2004; Gavin S. Wilkie  et al, 2003]. 

The second polymorphism studied encoded for MMP-9, J. Arai et al, have reported that SDF-1 
mRNAs abundantly expressed in stromal cells from the lymph nodes of patients with 
malignant lymphoma, so that 3’A carriers NHL are good candidates for presenting proliferation 
of neoplasic cells in the lymph nodes since that SDF-1 variant is associated with an increase of 
SDF-1 levels [J. Arai et al, 2000; Gabriela Gonçavales de Olivera Cavassin et al, 2004]. 

De Oliveira KB et al, when studying distribution of SDF1-3’A polymorphism have reported 
also a significant difference in genotype distribution between NHL patients (GG: 51.4%; GA: 
47.1%; AA: 1.5%) compared to healthy controls (GG: 65.6%; GA: 28.9%; AA: 5.5%). Whereas, 
they didn’t find any significant differences in genotypes distributions with breast cancer and 
Hodgkin’s lymphoma [De Oliveira KB et al, 2009].  

Moreover, previous reports on AIDS related non-Hodgkin’s lymphoma (NHL) 
demonstrated that the CXCL12–3’A chemokine variant was associated with approximate 
doubling of the NHL risk in heterozygotes and an approximately fourfold increase in 
homozygotes [Rabkin CS et al, 1999; A Zafiropoulos et al, 2004]. Hence, this might let us 
suggest the possible role of such variant in the pathogenesis of NHL. 

In this present work, we did not find a significant association between SDF1-3’A 
polymorphism and our group of patients with AML, this could be due to the lower number 
of patients (15 patients).  

However, Dommange et al, have reported the implication of SDF1-3’A polymorphism in the 
clinical representation of acute myeloid leukemia in 86 patients with AML, as an association 
between this polymorphism and the risk of tissue infiltration by malignant cell was 
established by an increased release of the blast from the bone marrow in the blood in the 
SDF1-3’A carriers suggesting that this SDF-1 variant is associated with clinical 
representation of AML [A Zafiropoulos et al, 2004].  

MMP-9 is a zinc-dependent proteinase, which is involved in numerous physiological and 
pathological processes. In the present study, we reported the distribution of the functional 
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MMP-9 polymorphism -1567 C/T in the promoter region of the MMP-9 gene in group of 
patients with some haematological malignancies as well as in patients undergoing stem cell 
mobilization.  

Then, we observed that the T allele was highly associated to the susceptibility to the four 
diseases studied (table 3). We have to investigate either this variant have major influence on 
the circulating levels of MMP-9. 

Concerning the group of MM, we observed a significant association in all allelic and 
genotypic frequencies of SDF1-3’A polymorphism with statistical differences when 
compared to control. Hence, as increased angiogenesis was related to the pathogenesis of 
MM, and because SDF-1 chemokine induces increased VEGF production, which is 
responsible for an angiogenic activity [Florence Dommange et al, 2006], we hypothesize that 
the SDF1-3’A polymorphism might increase SDF-1 protein which would have a role in 
developing angiogenesis and in the pathogenesis of the disease.                       

On the other hand, frequent distribution of the SDF-1 3’A allele in multiple myeloma 
patients confirms the implication of SDF-1 in hematopoietic stem cells. This logical 
consequence of the widely distribution of SDF-1 3’A allele proving that multiple myeloma 
patient’s could be considered as good mobilizers.  

For the GNB3 polymorphism we’ve observed that the TT genotype and the T allele 
frequencies are more frequent especially in patients with MM (0.72 for Tallele frequency) 
and NHL (0.45 for Tallele frequency) compared to healthy donors of PBSC ( peripheral 
blood stem cells) (Table 3) which is far from the others populations [Maggie C.Y et al, 2004] . 
Then, suggesting the possible relation with these diseases.  

Maggie et al when studying the ethnic differences in the linkage disequilibrium and 
distribution of single-nucleotide polymorphisms in 35 candidate genes for cardiovascular 
diseases have reported that the frequency of the T allele of GNB3 polymorphism in Chinese 
population is about 0.545. Then, such frequency is far from those of the French and of the 
Spanish population (0.329 and 0.359) and more closer to our result in Tunisian population 
[Yair Gazitt & Cagla Akai, 2004].  

When interesting to the capacity of mobilization which was largely demonstrated to vary 
from a subject to another, several studies have focused on such phenomena and have 
reported that 10–30% of patients with hematological malignancies fail to mobilize PBSC 
[Ingrid G. Winkler & Jean-Pierre Levesque, 2006] and either a small proportion of normal 
donors (1–5%) fail to mobilize sufficient CD34+ cells.   

Besides, many reports suggest that numerous factors are related to poorer mobilization 
including age, gender, type of growth factor, dose of the growth factor and in the 
autologous setting patient’s diagnosis, chemotherapy regimen and number of previous 
chemotherapy cycles or radiation [Sugrue MW et al, 2001].  

In our study we were interested in the possible implication of some genetic factors in 
mobilization and as we’ve found an association with the SDF-1 3’A variant only, then we 
supposed that this polymorphism is the only predictor of mobilization capacity of PBSC 
CD34+. 
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In fact, when analyzing the distribution of the two functional polymorphisms SDF-1 G801A 
and MMP-9 C-1562T considering the two groups of “good” and “poor” mobilizers, we’ve 
found an association only with SDF1-3’A polymorphism. While no association with capacity 
of mobilization was observed with GNB3 C825T and MMP-9 C-1562T polymorphisms.   

When observing the distribution of the two polymorphisms not only when considering the 
mobilization capacity but also in relation to each studied disease enrolled in this work we’ve 
found that the good mobilizer group was mainly composed of MM patients. Whereas the 
poor mobilizer group contains Hodgkin’s disease who are considered in previous studies as 
hard-to-mobilize patients [Benboubker L et al, 2001; Patrick J Stiff, 1999].  

The fact that multiple myeloma patients mobilized better PBSC CD34+ (peripheral blood 
stem cells) than the others groups seem to be related to their ulterior chemotherapy 
(dexamethasone + thalidomide) and didn’t receive any radiation therapy unlike the HD and 
NHL groups.  

In the good mobilizer group composed of patients needing fewer apheresis than the other 
group, genotypes frequencies for the GG,GA, AA represented  respectively 30.6%, 58% and 
11.4%, and corresponded respectively to 45.5%, 47% and 7.6%  in the poor mobilizer’s 
group,  and significant differences were found for GG genotype (p=0.007) and for A allele 
(p=0.009).  

This confirms on the one hand that the SDF1-3’A allele was associated with good mobilizing 
capacity not only in the group of patients but for instance in the group of healthy allogenic 
PBSC donors (see table 5). Thus, our results regarding patients undergoing autologous 
transplantation of haematopoietic stem cells concur with those reported by Benboubker et al 
[Bogunia-Kubik K et al, 2009].  

Moreover this deduction is already found in the group of healthy allogenic transplantation 
donors as it was reported in the present study and by Bogunia-Kubik K et al who have 
suggested that the SDF1-3’A allele was associated with a higher yield of CD34+ cells from 
healthy donors of PBPC for allogeneic haematopoietic SCT (stem cell transplantation) 
compared to GG homozygotes [Patrick J Stiff, 1999].  

Recent studies by the same group underlined an association of the SDF1-3’A allele with 
faster granulocyte and platelet recovery after transplantation. Therefore they suggested that 
the SDF-1 gene polymorphism could be a useful tool of prognostic value for recipients of 
autologous haematopoietic stem cells [A. Gieryng et al, 2010]. The allelic variant SDF1-3’A is 
a result of the SNP rs1801157, which is located in a highly demethylated area of the 3’UTR 
region. This SNP confers a G to A transition in the nucleotide position 801, resulting in a loss 
of a methylation site, which could affect the methylating effect of G-CSF [Nagler A et al, 
2004], and leading to a more decreased SDF-1 expression in healthy individuals carrying the 
polymorphism. 

So, it’s of interest to investigate either this variant have major influence on the circulating 
levels of SDF-1 and its mRNA expression, one of our future’s interests.  

Further studies examining how these three polymorphisms interact with disease risk factors 
are needed.  
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Interestingly, the possible implication of others genes involved of homing and migration 
process of CD34+ cells and for instance VCAM-1 to higher or lower mobilization yield of 
PBPC might emphasize new strategies for poor mobilizers subjects and lead to the 
identication of new biomarkers and/or therapeutic targets.  

5. Conclusion 
In the present study, we observed a significant association for CXCL12 and MMP-9 
polymorphisms exclusively in patients with MM, NHL and Hodgkin's disease suggesting 
that these polymorphisms are fair candidate gene variants to these 3 hematological diseases.  

Furthermore we've confirmed that the SDF1-3'A allele was highly associated to a good 
mobilizing capacity especially in the group of healthy allogenic PBSC donors where the 
analysis not biased by background disease or chemotherapy.  

Besides, we suggested a possible association of GG genotypes to poorer mobilization is 
already deduced. 
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1. Introduction 
Fibrocytes constitute a unique population of mesenchymal progenitor cells from hematopoietic 
origin. They display a unique spectrum of immune and molecular characteristics such as the 
simultaneous expression of mesenchymal (collagen types I and III, fibronectin), leukocyte 
(CD45), monocyte (CD14), and hematopoietic stem cell (CD34) markers. Fibrocytes were 
initially described in the context of wound repair and since their original description in 1994, 
our understanding and knowledge of this novel cell population has grown considerably. They 
have the potential to differentiate into fibroblasts and myofibroblasts among other 
mesenchymal cells such adipocytes, osteoblasts, and chondrocytes. Fibrocytes are a rich source 
of inflammatory cytokines, growth factors, and chemokines that provide important intercellular 
signals within the local tissue microenvironment. Moreover, fibrocytes possess the 
immunological features typical of an antigen-presenting cell (APC), and they have the capacity 
for the presentation of antigens to naïve T-cells. 

The aim of this chapter is to present a comprehensive overview over the history and recent 
findings on the biology of fibrocytes as well as their putative participation in fibrotic disorders. 

2. History 
After an injury occurs, a number of extracellular and intercellular responses are initiated 
and coordinated in order to restore the tissue integrity and homeostasis. Wound healing is a 
dynamic, interactive process in which cellular components of the immune system, the blood 
coagulation cascade and the inflammatory pathways are activated. The cells involved 
including neutrophils, monocytes, lymphocytes, dendritic cells, endothelial cells, 
keratinocytes and fibroblasts undergo marked changes in gene expression and phenotype, 
leading to cell proliferation, differentiation and migration (Singer & Clark 1999; Arabi et al., 
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of inflammatory cytokines, growth factors, and chemokines that provide important intercellular 
signals within the local tissue microenvironment. Moreover, fibrocytes possess the 
immunological features typical of an antigen-presenting cell (APC), and they have the capacity 
for the presentation of antigens to naïve T-cells. 
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dynamic, interactive process in which cellular components of the immune system, the blood 
coagulation cascade and the inflammatory pathways are activated. The cells involved 
including neutrophils, monocytes, lymphocytes, dendritic cells, endothelial cells, 
keratinocytes and fibroblasts undergo marked changes in gene expression and phenotype, 
leading to cell proliferation, differentiation and migration (Singer & Clark 1999; Arabi et al., 
2007; Gurtner et al., 2008) 

Tissue fibroblasts play a key role not only in normal reparative processes, but also in 
pathological fibrotic processes.  In the past decade it has been established that 
fibroblasts/myofibroblasts, which participate in repair and fibrosis have their origin not only 
in the fibroblasts already present in the injured tissues, but also may derive from other sources 
such as mesenchymal and hematopoietic stem cells (Hinz et al., 2007). The notion of a 
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monocytic fibroblast precursor was first proposed more than a hundred years ago by James 
Paget, and probably represents the first observations of cells with the molecular features of 
circulating fibrocytes (Herzog & Bucala 2010). Afterward in the early 1960´s the hypothesis of 
the blood borne origin of fibroblast appeared again in the literature; of particular significance 
are the observations of Petrakis and co-workers who reported the in vivo differentiation of 
human leukocytes into fibroblasts, histiocytes and adipocytes in subcutaneous diffusion 
chambers (Petrakis et al., 1961). More recently, it was demonstrated that bone-marrow (BM) 
contributes to the expansion of the broblast population in multiple organs and tissues, 
including skin, stomach and esophagus using mouse transplantation models, and in human 
liver fibrosis (Direkze et al 2003, 2004 and Forbes et al 2004). Regarding the lung, a pioneer 
work published in 2004 described that the collagen-producing broblasts in experimental 
pulmonary brosis are derived from BM progenitor cells (Hashimoto et al., 2004). While these 
studies documented the BM origin of at least part of the tissue broblasts during injury, they 
did not resolve whether these BM derived broblasts were from hematopoietic stem cells 
(HSCs) or mesenchymal stem cells. Later, through a model of transplantation of clones of cells 
derived from a single HSC from transgenic enhanced green uorescent protein (EGFP) mice, it 
was clearly demonstrated that brocytes are derived from HSCs (Ebihara et al., 2006).  

The circulating fibrocyte was first described in 1994 by Bucala, in a model of wound healing 
response, with the surgical implantation of wound chambers into the subcutaneous tissues 
of mice. The implantation resulted in a rapid influx of peripheral blood cells such as 
neutrophils, monocytes, and lymphocyte subpopulations within 24 hr. They noticed that 
10% of the cells present in the wound chamber, were spindle shaped cells and expressed 
collagen I, and CD34, (Bucala et al., 1994). The idea that these cells were of circulating origin 
arose from the observation that their arrival in to the wound chamber was much faster than 
would be expected by entry of fibroblasts from the surrounding tissue, since the fibroblasts 
would have to migrate across the permeable plastic layer, enter the wound chamber, and 
begin matrix deposition, (Bucala, 2008). Hence, the entrance of large numbers of fibroblast-
like cells simultaneously with circulating inflammatory cells suggested that this cell 
population was from peripheral blood origin and not exclusively by slow migration from 
adjacent connective tissue (Bucala et al., 1994). This new leukocyte sub-population was 
termed “brocytes”, which combines the greek “kytos” referring to cell, and “bro”, which 
is from the latin denoting ber. This nomenclature may lead to some overlap as the term 
“brocyte” is also used in histopathologic literature as a synonym for “mature” broblasts, 
and to name a cell constituent of the inner ear spiral ligament, (Quan et al., 2004).  

Now it is known that fibrocytes are a hematopoietic stem cell source of 
fibroblasts/myofibroblasts that participate in the mechanisms of wound healing and fibrosis 
in many organs (Schmidt et al., 2003; Mori et al., 2005; Ebihara et al., 2006; Andersson-
Sjöland et al., 2008; El-Asrar et al., 2008; Strieter et al., 2009).  

3. Purification and culture 
The current methods and techniques employed for the isolation and characterization of 
peripheral blood fibrocytes are based mainly in the derivation of these cells from the buffy 
coat of peripheral blood obtained from human or animal sources. Circulating fibrocytes 
comprise the ~0.1-0.5% of the non-erythrocytic cells in the peripheral blood and they can be 
quantified and analyzed by flow cytometry (Bucala et al., 1994, Moeller et al., 2009). 
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Fibrocytes can be obtained and/or differentiated in vitro from the complete peripheral 
blood mononuclear cell (PBMC) population as well as from an enriched CD14+ population 
(Abe et al., 2001, Pilling et al., 2009, García-de-Alba et al., 2010). Accordingly, fibrocytes 
represent one of the variety of cell types that can differentiate from monocytes, including 
macrophages, osteoclasts and dendritic cells (Wu  & Madri  2010; Seta et al., 2010; Castiello 
et al., 2011).  

The fibrocytes obtained from human or mouse blood, either from PBMCs or CD14+ 
enriched cells, are grown commonly in Dubelcco´s Modified Eagle Medium (DMEM) 
supplemented with 20% human AB serum (HAB) or fetal calf or bovine serum without the 
addition of any other growth factors. Some authors have reported the use of RPMI instead 
of DMEM with good results (Curnow et al., 2010). The resulting fibrocyte population (≥95% 
pure) is then characterized based on the combined expression of extracellular surface 
markers including cluster of differentiation (CD) antigens, major histocompatibility complex 
(MHC)-like molecules, extracellular matrix protein (ECM) markers, and chemokines 
receptors expression patterns (Metz, 2003) (table 1).  

 
Table 1. Human fibrocytes surface and intracellular phenotype. Reviewed in Bucala et al., 
1994, Chesney et al., 1998, Abe et al., 2001, Hartlapp et al., 2001 
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It was previously reported that the differentiation of fibrocytes is inhibited by serum 
amyloid P (SAP), a major constituent of serum, (Pilling et al., 2003) and more recently it was 
described that in the absence of serum the process of differentiation of fibrocytes can be 
accelerated with cells with the spindle-shaped morphology appearing in culture after only 
~2-5 days, compared to ~8-14 days when fibrocytes are cultured with serum supplemented 
medium (Curnow et al., 2010).  They also reported a difference in the ability of serum free 
and serum complemented fibrocytes to differentiate from PBMC and CD14+ peripheral 
blood cells, with more efficient generation of fibrocytes from PBMC cultured without serum, 
and from CD14+ cells when these were cultured in the presence of serum complemented 
medium (Curnow et al., 2010).  

Cell population obtained regardless of the initial method for enrichment (PBMC or 
CD14+ enriched cell culture) are cells expressing a combination of CD45 or other 
haematopoietic markers (CD34, CD11b), as well as collagen I and III, with an elongated 
spindle-shaped morphology, making clear that the cells differentiated under both 
conditions can be classified as fibrocytes, based on the current definition: spindle-shaped 
cell that expresses both haematopoietic and mesenchymal cell markers, (Bucalla et al., 
1994, C. Metz 2003), 

Human leukopheresis packs or fresh blood
by gradient centrifugation over Ficoll-Paque

Culture resultant PBMCs
in DMEM 20% HAB 

(FCS or FBS) 10-14 days

Deplete contaminant leukocyte
subsets by positive or negative CD14+ 

immunomagnetic selection
(one step)

Culture CD14+ monocytes
in DMEM 20% HAB 

(FCS or FBS) 8- 10days.

Deplete contaminant leukocyte subsets by 
immunomagnetic selection  using  

anti-CD3 (T  lymphocytes);
anti-CD19 (B lymphocytes); 

and anti-CD14 (monocytes)  beads.
(3 steps) 

The final  fibrocyte enrichment
is routinely  ≥95%, as determined by 

flow cytometry  with one of the different  combinations 
of fibrocyte markers 

(ie, Col I+, CD45+ , CXCR4+)  
Fig. 1. Schematic description of the two most common methods for fibrocytes culture and 
enrichment. 
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3.1 Flow cytometry analysis 

Flow cytometry is a critical technique for the characterization and quantification of 
circulating fibrocytes after their enrichment and in vitro differentiation as well as for 
fibrocytes obtained directly from fresh blood samples. 

Cell preparation.  Flow analysis requires a single cells suspension. Ice cold 0.05% EDTA 
in PBS or trypsin-EDTA 0.05% are recommended to detach the cells from the plastic 
surface, just covering it for 1-2 min at 37° C. Since trypsin is toxic for the cells, they must 
be observed closely to adjust and change the timing of the trypsin digestion. Immediately, 
media complemented with 10% serum is added to neutralize the enzymatic activity of the 
trypsin present in the buffer (normal human AB serum, FCS or FBS). Horizontal shear 
force can be applied, or cells can be gently scraped if needed for harvesting and they are 
immediately washed in cold PBS. The number of dead cells should be estimated by trypan 
blue exclusion. 

Number of cells required for staining. Approximately 2.5-5 x 105 cells with a minimum 
volume of 300ul of staining buffer (1% BSA-PBS) in polystrene tubes 12X75 are needed for 
the analysis of the in vitro cultured fibrocytes; fewer cells mean longer collection time and 
potentially more background noise. For the analysis of circulating fibrocytes from fresh 
blood samples, ~ 0.5- 1 × 106 cells in 300ul of staining buffer (1% BSA-PBS) in polystrene 
tubes 12X75 are needed, since the normal percentage of  this cells in the circulation is 0.1-
0.5% of the total leukocytes it is better to analyze at least 50,000 events, the use of high 
performance flow cytometers is recommended. 

Protocol for staining cell surface and intracellular antigens for fibrocytes analysis. The 
following steps are the same for both cell types (fresh PBMC´s or cultured cells). 

Cells are centrifuged and resuspended in staining buffer (1% BSA-PBS). The optimum amount 
of buffer to incubate depends on the protocol suggested by the antibody´s manufacturer 
technical data sheet, commonly 100μl is an adequate volume. Cells are incubated with the 
corresponding fluorochrome-labeled antibodies for surface markers (i. e., CD45, CD34, CD11b, 
and CXCR4) and then fixed and permeabilized with a commercial kit recommended for this 
purpose (i.e., BD Cytofix/Cytoperm™ Fixation/Permeabilization Solution Kit, BD 
Biosciences) prior to staining with the anti-collagen antibody or its corresponding isotype 
control. It is important to consider that isotype controls are critical in the analysis of these cells, 
since they have to be permeabilized and fixed and a high percentage of nonspecific binding 
can occur. Also  non-stained  cells treated with the same process are required as control to 
discriminate collagen fibers autofluorescence. The number of markers that can be analyzed 
depend on the capacity (i.e., lasers, filters) of the cytometer to be used, at least 2- 3 fibrocyte 
markers (i.e., CD45+/Collagen I or CD45+/CXCR4+/Collagen I) are needed to meet the 
minimum criteria of the fibrocytes definition. 

3.2 Fibrocyte to myofibroblast differentiation  

Fibrocytes increase the expression of α-smooth muscle actin (α-SMA) spontaneously in 
culture, and gradually loose the expression of CD34 and CD45 over time, which likely 
reflects terminal differentiation or other phenomena related specifically to a particular tissue 
microenviroment (Schmidt et al., 2003, Mori et al., 2005, Bucala, 2008). The differentiation of 
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brocytes into myobroblasts can be enhanced by transforming growth factor (TGF)-β or 
endothelin-1, which results in an increment in the synthesis of collagen and the 
myobroblast marker α–SMA (Schmidt et al., 2003; Bucala, 2008). 

For myofibroblast differentiation as described in the literature (Hong et al., 2007): a 
population of enriched fibrocytes has to be previously obtained with one of the techniques 
described above. The percentage of enrichment needs to be verified by flow cytometry in 
each culture to ensure reproducibility of the results.  

Fibrocytes are treated with serum-free DMEM with 10 ng/ml TGF-β1 for 3 weeks, 
refreshing TGF-β1 supplemented medium every 48-72hs. If the objective is to analyze 
changes in the pattern of gene and protein expression, time curves should be performed 
previously since these effects might be different depending on the gene or protein of 
interest.  

The signaling pathways that are activated by TGF-β1 to induce α-SMA transcription and thus 
brocyte differentiation to myobroblast-like cells include Smad2/3 and stress-activated 
protein kinase (SAPK)/c-Jun N-terminal kinase (JNK) - mitogen-activated protein kinase 
(MAPK). Interestingly, it was reported that treatment with troglitazone (TGZ, a synthetic 
agonist of peroxisome proliferator-activated receptor gamma: PPARγ),  inhibits TGF-β1 
induced α-SMA expression and this effect is modulated through attenuation of the SAPK/JNK 
activity leading to decreased Smad2/3 levels and transactivation activity, (Hong et al., 2007). 

3.3 Adipocyte differentiation  

Hong et al., demonstrated in a model of differentiation of human circulating adipogenic 
progenitors to adipocytes in SCID mice, that brocytes, in the presence of specic 
environmental characteristics can give rise to adipocytes. By gene microarray analysis they 
found a signicant up-regulation of specic mature adipocyte genes and proteins after 
brocyte differentiation to adipocyte, including fatty acid binding protein 4 (FABP4), leptin, 
and PPARγ; remarkably certain genes, such as those involved in cell motility, chemotaxis, or 
metalloproteinase activity where also upregulated in the process of differentiation to 
adipocytes. These findings indicate that fibrocytes may retain unique functions for motility 
and chemoattractive activity that might allow them to participate in migration and 
trafcking despite their differentiation into adipocytes (Hong et al., 2005). Differentiation of 
fibrocytes into adipocytes appears to be mediated by PPARγ that leads to lipid 
accumulation and induction of aP2 gene expression (Rival et al., 2004). By contrast, this 
process is inhibited by TGF-β through SAPK/JNK pathway activation (Hong et al., 2007). 

For adipocyte differentiation: fibrocytes are treated with PBM culture media (Cambrex Bio 
Science) supplemented with 10 M troglitazone. Culture media has to be changed every 48 h 
for 21 days. Following 21 days in culture, the cells accumulate lipids in intracellular 
vacuoles. Oil Red O Staining can be used to confirm fibrocytes differentiation to adipocytes 
(Hong et al., 2007). 

3.4 Osteoblast and chondrocyte differentiation  

Osteoblasts and chondrocytes, which are derived from a common mesenchymal precursor 
cell, are critical in bone and cartilage formation respectively (Knothe et al., 2010). It has 
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recently been reported that fibrocytes possess the ability to differentiate into chondrocytes 
and osteoblasts in vitro when the appropriate combination of cytokines and growth factors 
are used (Choi et al., 2010). These ndings, taken together with their capacity to differentiate 
into myofibroblasts and adipocytes, indicate that fibrocyte may differentiate toward several 
types of mesenchymal cell types and that this process is inuenced by a complex prole of 
cytokines within the local microenvironment of the host tissue or tissue injury. 

Induction of the differentiation of fibrocytes to osteoblasts: Puried brocytes are seeded 
at a concentration of 1×105 cells/well in a bronectin-coated 12 well plate, they are treated 
with osteogenic basal media (this media is commercially available) supplemented with 
dexamethasone, ascorbate, mesenchymal cell growth supplement (MCGS), l-glutamine, 1× 
Penicillin/Streptomycin, and β-glycerophosphate. β-glycerophosphate is critical to 
stimulate calcied matrix formation in combination with the effects of dexamethasone and 
ascorbate. Cells are cultured during 21 days with media replacement every 3 days (Choi et 
al., 2010). 

Induction of the differentiation of fibrocytes to chondrocytes: Puried brocytes are 
seeded at the concentration of 5×104 cells/tube in 15ml sterile polypropylene tubes, 
followed by centrifugation at ∼300×g for 10min to form pellets. Supernatant has to be 
carefully removed in order not to disrupt the brocyte micromass pellet. Fibrocytes are 
additioned with chondrogenic differentiation cocktail: basal chondrogenic media (also 
commercially available) supplemented with 1 x 10-7M dexamethasone, 0.1 M ascorbate, l-
glutamine, Penicillin/Streptomycin, 1 M sodium pyruvate, proline and 10 ng/ml of TGF-β3. 
Cells are cultured for 21 days with media replacement every 2 - 3 days (Barry et al., 2001; 
Choi et al., 2010). Fig. 2. 

4. Fibrocytes participation in repair processes 
Wound repair is a complex process that results from the coordinated release of cytokines, 
chemokines, and growth factors, leading successively to the recruitment and activation of 
different cells into the injured site from the very initial phases of repair (Gurtner GC et al., 
2008). Fibrocytes have been postulated as important players of the tissue repair process 
since they have the ability to rapidly home to sites of tissue together with the infiltrating 
inflammatory cells that act to prevent infection and degrade damaged connective tissue 
components (Bucala et al., 1994).  

Fibrocytes secrete proinammatory cytokines such as tumor necrosis factor alpha (TNFα), 
interleukin (IL)-6, IL-8, IL-10, macrophage inammatory protein-1α/β (MIP-1α/β) CC-
chemokine ligands (CCL) -3 and -4 in response to IL-1β which is an important mediator of 
wound healing response (Chesney et al., 1998). The fibrocyte products MIP-1α , MIP-1β, and 
monocyte chemotactic protein-1 (MCP-1) are potent T cell chemoattractants and may act to 
specifically recruit CD4+ T cells into the tissue repair microenvironment; moreover, the 
fibrocytes increase the cell surface expression of leukocyte adhesion molecules, such as 
intercellular adhesion molecule 1 (ICAM1), which would enhance leukocyte trafficking 
(Chesney et al., 1998). Interestingly, in addition to these functions, fibrocytes may play an 
early and important role in the initiation of antigen-specific immunity. Thus, it has been 
demonstrated that peripheral blood fibrocytes: express the surface proteins required for 
antigen presentation, including class II major histocompatability complex molecules: HLA-
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brocytes into myobroblasts can be enhanced by transforming growth factor (TGF)-β or 
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recently been reported that fibrocytes possess the ability to differentiate into chondrocytes 
and osteoblasts in vitro when the appropriate combination of cytokines and growth factors 
are used (Choi et al., 2010). These ndings, taken together with their capacity to differentiate 
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ascorbate. Cells are cultured during 21 days with media replacement every 3 days (Choi et 
al., 2010). 

Induction of the differentiation of fibrocytes to chondrocytes: Puried brocytes are 
seeded at the concentration of 5×104 cells/tube in 15ml sterile polypropylene tubes, 
followed by centrifugation at ∼300×g for 10min to form pellets. Supernatant has to be 
carefully removed in order not to disrupt the brocyte micromass pellet. Fibrocytes are 
additioned with chondrogenic differentiation cocktail: basal chondrogenic media (also 
commercially available) supplemented with 1 x 10-7M dexamethasone, 0.1 M ascorbate, l-
glutamine, Penicillin/Streptomycin, 1 M sodium pyruvate, proline and 10 ng/ml of TGF-β3. 
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DP, -DQ, and –DR; the costimulatory molecules CD80 and CD86, and the adhesion 
molecules CD11a, CD54, and CD58. Fibrocytes are potent stimulators of antigen-specific T 
cells in vitro, and migrate to lymph nodes and sensitize naïve T cells in situ (Chesney et al., 
1997). Likewise, brocytes may also participate in the development of the innate immune 
response; in porcine models, specic in vitro stimulation of fibrocytes for TLR 2, 4, 7 or TLR3 
leads rapidly to the translocation of the NF-kB transcription factor and the production of 
high levels of IL-6 (Balmelli et al., 2007); on the other hand, exposure to innate immune 
stimulation in the form of TLR agonists induces an increased expression of MHC class I and 
II molecules and of the co-stimulatory proteins CD80 and CD86 on fibrocytes, which enables 
these cells to function as antigen-presenting cells for the activation of cytotoxic CD8+ T cells. 
All these findings indicate that brocytes may recognize a large variety of pathogens such as 
viruses or bacteria and could be part of the initiation of innate immune responses (Balmelli 
et al., 2005 and 2007).   

Blood vessel formation during normal physiological processes, such as wound healing, is 
highly regulated by a delicate balance between pro- and antiangiogenic factors. As 
mentioned, circulating brocytes have been shown to migrate to early wound sites where 
angiogenesis occurs, fibrocytes produce and secrete active matrix metalloproteinase 9 and 2 
(MMP-9: gelatinase B; MMP-2: gelatinase A) (Hartlapp I et al., 2001, García-de-Alba et al., 
2010),  which are implicated in the proteolysis of the basement membrane early during the 
invasion stage of angiogenesis. In addition, cultured brocytes constitutively secrete 
vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), platelet 
derived growth factor (PDGF), insulin growth factor (IGF-I) and hematopoietic factors as 
granulocyte monocyte-colony stimulating factor (GM-CSF) that induce endothelial cell 
migration, proliferation, and alignment of endothelial cells into tubular-like structures in 
vitro. In like manner cultured brocytes (and brocyte-conditioned media) showed the 
ability to promote angiogenesis in vivo using a Matrigel implant model, (Hartlapp I et al., 
2001). 

Interestingly, it has been reported that Th2 cytokines (IL-4 and IL-13) induce, whereas Th1 
cytokines (IFN-γ and IL-12) inhibit the CD14+ monocyte to brocyte differentiation. When 
added together the probrocyte activities of IL-4 and IL-13 and the brocyte-inhibitory 
activities of IFN-γ and IL-12 counteract each other in a concentration-dependent form. By 
contrast, the brocyte-inhibitory activity of the plasma protein serum amyloid P (SAP) 
dominates over the probrocyte activities of IL-4 and IL-13. These results might indicate that 
the complex mix of cytokines and plasma proteins present in inammatory lesions, wounds, 
and brosis will inuence brocyte differentiation (Shao et al., 2008).  Consistent with this 
data, it was recently reported that CD14+ monocytes can differentiate in vitro into two 
different subtypes of fibrocytes depending on the presence or absence of serum in the 
culture media, which could resemble the changes in serum protein concentrations that occur 
during tissue repair, inflammation and its resolution (Curnow et al., 2010).  

Fibrocytes also contribute to normal wound healing by serving as the contractile force of 
wound closure via α-smooth muscle actin expression (Abe et al., 2001; Metz, 2003), and 
secreting components of the extracellular matrix (collagen I, collagen III, fibronectin) (Abe et 
al., 2001; Bucala et al., 1994). Interestingly, it has been reported that the capacity to produce 
collagen of fibrocytes from normal subjects or from burn patients is less than that of 
fibroblasts (dermal and lung fibroblasts) (Wang et al., 2007; García-de-Alba et al., 2010), 
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which raises the question if fibrocytes main contribution to the process of tissue repair is 
only a direct participation in the production of ECM components. In this context, it is 
important to emphasize that fibrocytes secrete paracrine growth factors such as connective 
tissue growth factor (CTGF), PDGF, FGF and TGF-β1 that induce proliferation, migration 
and differentiation of fibroblasts to myofibroblasts in culture (Chesney et al., 1998, Wang et 
al., 2007). These findings suggest that the predominant role of brocytes in scarring could be 
the regulation of the functions of local broblasts. 
 

Proteins secreted by fibrocytes  Pattern of Expression  

Growth factors   

Platelet-Derived Growth Factor A (PDGF-α)  

Constitutive 

Fibroblast Growth Factor basic (bFGF)  
Granulocyte-Monocyte Colony Stimulating 
Factor (GM-CSF)  
Insulin Growth Factor 1 (IGF1)  
Vascular Endothelial Cell Growth Factor 
(VEGF)  
Transforming Growth Factor-beta1 (TGF-β1)  

Connective Tissue Growth Factor (CTGF)  

Hepatocyte Growth Factor (HGF)  

Cytokines   

Tumoral Necrosis Factor-alpha (TNF-α) Induced by  IL-1β  stimulation 

IL-6 Induced by IL-1β or TNF-α stimulation 

IL-10 Induced by IL-1β or TNF-α stimulation 

IL-1α  Constitutive 

Chemokines   

IL-8  

Constitutive; ↑ with TGF-β1 or  IL-1β 

GROα  

MIP-1α  

MIP-1β  

MCP-1  

MMPs   
MMP-2 
MMP-9 Constitutive; ↑ with TGF-β1 

MMP-7 
MMP-8 Constitutive; ↓ with TGF-β1 

Table 2. Fibrocytes pattern of expression for diverse proteins.  
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4.1 Migration and homing 

Fibrocytes trafficking from the bone marrow and circulation to the organs or site of 
lesion is given through several chemokines. Human brocytes express diverse 
chemokine receptors, including CCR3, CCR5, CCR7, and CXCR4; whereas mouse 
brocytes express CXCR4, CCR7, and CCR2 (Abe et al., 2001; Phillips et al., 2004; Moore 
et al., 2005; Mehrad et al., 2009). Secondary lymphoid tissue chemokine (SLC/CCL21) 
and its receptor CCR7 was the first chemokine-chemokine receptor system described to 
induce the recruitment of brocytes as a mechanism of migration to wound sites (Abe et 
al., 2001). In humans as in mice CCL21 is constitutively abundant in lymphoid tissues, 
particularly in the lymph nodes and spleen but it is also expressed at lower levels in 
some non-lymphoid tissues, including the kidneys and lungs (Gunn et al., 1998; Abe et 
al., 2001; Sakai N et al., 2006).  

CXCR4 is an important chemokine receptor for stem and immune cell migration, high levels 
of CXCL12, which is the only known ligand for CXCR4, were found in the lungs and plasma 
of patients with IPF and these levels correlated with circulating brocyte concentrations 
(Mehrad B et al., 2007; Andersson-Sjöland A et al., 2008).  

Recently (Mehrad et al., 2009) reported that most (but not all) freshly isolated human 
brocytes expressed CXCR4, whereas 46% expressed CCR2 and 9% expressed CCR7. 
Approximately 30% were CCR2/CXCR4+ and most CCR7+ cells also expressed CCR2, but 
there was no overlap between CXCR4+ and CCR7+ receptors.  

It has been reported an association between serum concentration of MCP-1 and high levels 
of CD45/pro-Col-I+ brocytes in the circulation of scleroderma patients with interstitial 
lung disease (ILD) or in healthy aging subjects, suggesting that MCP-1 may be also involved 
in mobilization of brocytes into the peripheral blood. (S. Mathai et al., as cited in Herzog & 
Bucala , 2010), 

Thus, fibrocytes can use different chemokine–chemokine receptor axis for tissue homing 
and this might be related to the type of process (acute or chronic) or to the organs 
involved; however, the mechanisms implicated in the migration through basement 
membranes and extracellular matrix and subsequent tissue homing remain unclear. In 
this context, it was recently reported that fibrocytes express several MMP’s (MMP- 2, 7, 8 
and 9) (Fig 3) that may facilitate the process of migration of fibrocytes from the 
circulation to the tissues in response to chemokine gradients (Garcia-de-Alba et al., 2010). 
In this work it was showed that fibrocytes transmigration towards CXCL12 or PDGF 
through collagen I coated migration chambers, was highly associated with the 
collagenase MMP8, while migration through a combination of proteins of basal 
membrane was facilitated by gelatinases MMP2 and MMP9. Thus, these MMPs may ease 
cell migration by breaking down matrix barriers or affecting the state of cell-matrix 
interactions and also may play an important role in the remodelling of ECM. 
Interestingly, PDGF showed to be a more potent chemotactic agent when migration was 
given through collagen I coated chambers, possibly indicating that when fibrocytes have 
arrived to lung interstitium, PDGF plays an important role as a chemoattractant through 
lung parenchyma.  
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Fig. 2. Schematic summary of the mediators  and inhibitors of CD14+monocyte to fibrocyte 
differentiation, and fibrocytes differentiation to other mesenchymal cells. TGZ: 
trogliotazone. A crosstalk between PPARγ and TGF-β1 exists, where they can strongly 
inhibit each other signaling, making clear that a complex and critical balance exists between 
both of them. It is noteworthy that the expression of hematopoietic markers decrease as 
fibrocytes differentiate into other mesenchymal cells, while specific markers for that given 
cell increase their expression during differentiation.  
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Fig. 3. Fluorescent  immunocytochemistry showing a group of fibrocytes positive for 
collagen I and MMP-8 staining. 
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5. Role of fibrocytes in the pathogenesis of fibrotic disorders 
In contrast to acute inammatory reactions, which are characterized by rapidly resolving 
events; brosis typically results from chronic unsolved inammation or aberrant epithelial 
activation (King, Pardo & Selman, 2011). Despite having distinct etiological and clinical 
manifestations, fibrotic remodelling is characterized by fibroblast/myofibroblast activation, 
and excessive extracellular matrix accumulation leading to scarring formation and 
progressive dysfunction of a given organ.  

Fibrocytes have become the focus of research of a wide variety of focal and diffuse fibrosing 
disorders in diverse organs including lung, heart, liver, and kidney (Barth et al., 2005; Sakai 
et al., 2006, 2008, 2010;  Andersson-Sjöland et al., 2008; Scholten et al., 2011); primarily 
because of their ability to home into tissues and secret extracellular matrix components. 
More recently however, a large and varied amount of new knowledge about fibrocytes 
biology has emerged, rising new hypothesis that have enriched the understanding of these 
cells and their participation in fibrotic diseases. 

5.1 Pulmonary fibrosis 

Pulmonary fibrosis is the final result of a numerous and heterogeneous group of disorders 
known as interstitial lung diseases (ILD). Lung fibrotic remodeling is characterized by 
fibroblast/myofibroblast activation, and excessive extracellular matrix accumulation 
leading to progressive destruction of the lung architecture and usually terminal outcome 
(Pardo & Selman, 2002). Idiopathic pulmonary brosis (IPF), the most common form of 
the idiopathic interstitial pneumonias, is a chronic, progressive, irreversible, and usually 
lethal lung disease of unknown cause (King, Pardo & Selman 2011). IPF is characterized 
by the presence of clusters of fibroblasts and myofibroblasts circumscribed from 
surrounding cells (fibroblastic foci), which represent sites of active fibrogenesis (Selman, 
King & Pardo, 2001).  

During a long time, proliferation of local (resident) fibroblasts and differentiation to 
myofibroblasts were considered the main source of extracellular matrix deposition in 
pulmonary fibrosis. The first report of the possible participation of mesenchymal stem cells 
in the pathogenesis of pulmonary fibrosis, described that collagen-producing cells with 
broblast characteristics were derived from BM progenitor cells, in a model of bleomycin 
induced pulmonary fibrosis (Hashimoto et al., 2004). The mice in this model were engrafted 
with BM from GFP transgenic mice that allow to easily follow the fate of these BM-derived 
cells. Though this group did not prove that these cells were actually fibrocytes, they 
recognize the possibility of this premise. Not much later, a work that showed that human 
CD45+Col I+CXCR4+ circulating fibrocytes were able to migrate to the lung of mice treated 
with bleomycin was published (Phillips et al., 2004). These authors also described that 
maximal intrapulmonary recruitment of CD45+Col I+CXCR4+ fibrocytes directly correlated 
with increased collagen deposition in the lungs. Likewise, they identified a second fibrocyte 
population that is CD45+Col I+CCR7+ and also traffics to the lungs of bleomycin-treated 
mice; interestingly the absolute number of CCR7+ fibrocytes found in the fibrotic lung was 
two to three fold lower than the number of CXCR4+ fibrocytes present under similar 
conditions, indicating that CXCR4 predominates for the recruitment of fibrocytes to injured 
lungs (Phillips et al., 2004).  
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Fibrocyte recruitment to damaged lungs has been proved to be mediated by several 
chemokine/chemokine receptor interactions. Thus, in a model of fluorescein isothiocyanate 
(FITC)-induced lung fibrosis, it was demonstrated that significantly higher numbers of 
fibrocytes are present in the airspaces of fluorescein isothiocyanate-injured CCR2+/+ mice 
compared to CCR2-/- mice (Moore et al., 2005; 2006). Fibrocytes isolated from the lung 
expressed CCR2 and migrated toward CCL2 and CCL12 ligands. Interestingly, CCL2 
stimulated collagen secretion by lung fibrocytes, which differentiated towards a 
myofibroblast phenotype, transition that was associated with loss of CCR2 expression 
(Moore et al 2005).  

Importantly, interruption of the chemokine axis attenuated both brocyte accumulation and 
pulmonary brosis (Phillips et al., 2004; Moore et al., 2006), strengthening the notion that 
these chemokine/chemokine receptor axis are the main responsible of fibrocytes trafficking 
to the lungs; however, under which biological/pathological conditions one or other 
chemokine/chemokine receptor system is activated, or if they represent redundant 
mechanisms, yet remains to be elucidated. 

Recently several independent research groups have identied brocytes in different forms 
of brotic human lung disease. In an initial study, it was reported that circulating brocytes 
expressing CXCR4 and both lung and plasma levels of CXCL12 were elevated in IPF 
patients (Mehrad 2007). CXCL12 levels showed a positive correlation with higher number of 
circulating brocytes in the peripheral blood of these patients. Later, Andersson-Sjöland et 
al., evaluated the presence of brocytes in the lung of patients with idiopathic pulmonary 
brosis by immunouorescence and confocal microscopy. Fibrocytes were identied with 
different combinations of markers in most brotic lungs; interestingly, no brocytes were 
identied in normal lungs. They also found a positive correlation between the abundance of 
broblastic foci and the amount of lung brocytes and a negative correlation between 
plasma levels of CXCL12 with lung function tests (lung diffusing capacity for carbon 
monoxide and oxygen saturation on exercise) (Andersson-Sjöland et al., 2008). These 
ndings indicate that circulating brocytes may contribute to the expansion of the 
broblast/myobroblast population in idiopathic pulmonary brosis.  

On the other hand, as mentioned earlier in this chapter, fibrocytes constitutively synthesize 
and release to the medium important amounts of MMP-2, MMP-7, MMP-8, and MMP-9 
(García-de-Alba et al., 2010).  

MMPs consist of a large family of zinc endoproteases, collectively capable of degrading all 
ECM components (Pardo et al., 2006). However, ECM represents only a fraction of their 
proteolytic targets, and moreover, a given MMP can act on various proteins and, in turn, 
affect a variety of processes. Gelatinases (MMP-2 and MMP-9) have been found up-
regulated in human pulmonary brosis and animal models of lung brosis (Swiderski et al., 
1998; Selman et al., 2000; Oikonomidi et al., 2009). The overexpression of MMP-2 and MMP-
9 has been mainly associated with their capacity to provoke disruption of alveolar epithelial 
basement membrane and enhanced broblast invasion into the alveolar spaces (Ruiz et al., 
2003; Pardo et al., 2006). In the case of fibrocytes, these MMPs may facilitate the process of 
migration from the circulation to the interstitial and alveolar spaces in response to SDF-
1/CXCL12 synthesized by alveolar epithelial cells (Andersson-Sjöland et al., 2008; García-
de-Alba et al., 2010). TGF-β1–stimulated brocytes signicantly increase gene and protein 
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5. Role of fibrocytes in the pathogenesis of fibrotic disorders 
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because of their ability to home into tissues and secret extracellular matrix components. 
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biology has emerged, rising new hypothesis that have enriched the understanding of these 
cells and their participation in fibrotic diseases. 
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Pulmonary fibrosis is the final result of a numerous and heterogeneous group of disorders 
known as interstitial lung diseases (ILD). Lung fibrotic remodeling is characterized by 
fibroblast/myofibroblast activation, and excessive extracellular matrix accumulation 
leading to progressive destruction of the lung architecture and usually terminal outcome 
(Pardo & Selman, 2002). Idiopathic pulmonary brosis (IPF), the most common form of 
the idiopathic interstitial pneumonias, is a chronic, progressive, irreversible, and usually 
lethal lung disease of unknown cause (King, Pardo & Selman 2011). IPF is characterized 
by the presence of clusters of fibroblasts and myofibroblasts circumscribed from 
surrounding cells (fibroblastic foci), which represent sites of active fibrogenesis (Selman, 
King & Pardo, 2001).  

During a long time, proliferation of local (resident) fibroblasts and differentiation to 
myofibroblasts were considered the main source of extracellular matrix deposition in 
pulmonary fibrosis. The first report of the possible participation of mesenchymal stem cells 
in the pathogenesis of pulmonary fibrosis, described that collagen-producing cells with 
broblast characteristics were derived from BM progenitor cells, in a model of bleomycin 
induced pulmonary fibrosis (Hashimoto et al., 2004). The mice in this model were engrafted 
with BM from GFP transgenic mice that allow to easily follow the fate of these BM-derived 
cells. Though this group did not prove that these cells were actually fibrocytes, they 
recognize the possibility of this premise. Not much later, a work that showed that human 
CD45+Col I+CXCR4+ circulating fibrocytes were able to migrate to the lung of mice treated 
with bleomycin was published (Phillips et al., 2004). These authors also described that 
maximal intrapulmonary recruitment of CD45+Col I+CXCR4+ fibrocytes directly correlated 
with increased collagen deposition in the lungs. Likewise, they identified a second fibrocyte 
population that is CD45+Col I+CCR7+ and also traffics to the lungs of bleomycin-treated 
mice; interestingly the absolute number of CCR7+ fibrocytes found in the fibrotic lung was 
two to three fold lower than the number of CXCR4+ fibrocytes present under similar 
conditions, indicating that CXCR4 predominates for the recruitment of fibrocytes to injured 
lungs (Phillips et al., 2004).  
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compared to CCR2-/- mice (Moore et al., 2005; 2006). Fibrocytes isolated from the lung 
expressed CCR2 and migrated toward CCL2 and CCL12 ligands. Interestingly, CCL2 
stimulated collagen secretion by lung fibrocytes, which differentiated towards a 
myofibroblast phenotype, transition that was associated with loss of CCR2 expression 
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Importantly, interruption of the chemokine axis attenuated both brocyte accumulation and 
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these chemokine/chemokine receptor axis are the main responsible of fibrocytes trafficking 
to the lungs; however, under which biological/pathological conditions one or other 
chemokine/chemokine receptor system is activated, or if they represent redundant 
mechanisms, yet remains to be elucidated. 

Recently several independent research groups have identied brocytes in different forms 
of brotic human lung disease. In an initial study, it was reported that circulating brocytes 
expressing CXCR4 and both lung and plasma levels of CXCL12 were elevated in IPF 
patients (Mehrad 2007). CXCL12 levels showed a positive correlation with higher number of 
circulating brocytes in the peripheral blood of these patients. Later, Andersson-Sjöland et 
al., evaluated the presence of brocytes in the lung of patients with idiopathic pulmonary 
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ndings indicate that circulating brocytes may contribute to the expansion of the 
broblast/myobroblast population in idiopathic pulmonary brosis.  
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MMPs consist of a large family of zinc endoproteases, collectively capable of degrading all 
ECM components (Pardo et al., 2006). However, ECM represents only a fraction of their 
proteolytic targets, and moreover, a given MMP can act on various proteins and, in turn, 
affect a variety of processes. Gelatinases (MMP-2 and MMP-9) have been found up-
regulated in human pulmonary brosis and animal models of lung brosis (Swiderski et al., 
1998; Selman et al., 2000; Oikonomidi et al., 2009). The overexpression of MMP-2 and MMP-
9 has been mainly associated with their capacity to provoke disruption of alveolar epithelial 
basement membrane and enhanced broblast invasion into the alveolar spaces (Ruiz et al., 
2003; Pardo et al., 2006). In the case of fibrocytes, these MMPs may facilitate the process of 
migration from the circulation to the interstitial and alveolar spaces in response to SDF-
1/CXCL12 synthesized by alveolar epithelial cells (Andersson-Sjöland et al., 2008; García-
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expression of both MMP-2 and MMP-9 in vitro. Another putative pathogenic role of these 
two enzymes is that cell surface localized MMP-2 and MMP-9 can activate latent TGF-β, and 
this constitutes a mechanism that may operate in normal tissue remodeling as well as in 
brosis, tumor growth, and invasion (Yu et al., 2000). Fibrocytes also synthesize MMP-7 and 
MMP-8; the presence of MMP-7 is interesting because this metalloproteinase has been 
associated with pulmonary brosis since is one of the most up-regulated genes in IPF and 
display several profibrotic activities (Zuo et al., 2002, Pardo et al., 2005). Moreover, MMP-7 
and MMP-1 have been related to alveolar and bronchiolar cell migration over different 
matrices during IPF lung remodeling (Oikonomidi, 2009). In addition, MMP-7 cleave E-
cadherin, which may inuence several aspects of cell behavior, such as epithelial-to-
mesenchymal transition, which is a well-recognized event that recently has gained 
importance as a mechanism in the pathogenesis of brosis (Lochter et al.,1997;  Noe et al., 
2001; Hinz et al., 2007). MMP-8 or collagenase-2 specically degrades brillar collagen types 
I, II and III, and is known to play an important regulatory role in both acute and chronic 
inammation (Prikk et al., 2001). In the context of fibrocytes it seems to have an important 
role in the transmigration of these cells through collagen I (García-de-Alba et al., 2010).  

Recently it has been suggested that circulating fibrocytes could have a role as biomarkers for 
disease severity in IPF; Moeller and coworkers quantified circulating fibrocytes from 
patients with IPF and found that high percentages of these cells in blood were predictive of 
poor clinical outcomes; they compared fibrocyte levels in peripheral blood from patients 
with idiopathic pulmonary fibrosis (stable and during an exacerbation), patients with acute 
respiratory distress syndrome, and normal controls. Fibrocytes were significantly elevated 
in patients with stable idiopathic pulmonary fibrosis compared with normal controls, but 
showed a prominent increase during acute exacerbations of the disease. The number of 
fibrocytes in patients with acute respiratory distress syndrome was not significantly 
different from patients with stable idiopathic pulmonary fibrosis or normal controls 
(Moeller et al., 2009). These data suggest that serial measurements of brocyte percentages 
may predict acute exacerbations (Moore, 2009). This work was the first to bring up the 
notion that fibrocytes measurements may be a useful biomarker in this disease but larger 
studies are needed to confirm this hypothesis. 

Finally, a recently published work exploring senescence-accelerated prone mice found 
increased levels of CXCR4 expressing brocytes in the blood of these mice when compared 
to wild type controls. The senescence-prone mice also displayed increased lung brosis 
when exposed to intratracheal bleomycin, suggesting the possibility that the increased 
number of brocytes contributed to disease. This is an interesting observation since IPF is 
considered an age related disease (Selman M et al., 2010). Actually, unpublished data from 
Mathai et al (Mathai et al., as cited in Herzog & Bucala 2010) indicates that the blood of 
healthy aged individuals contain increased concentrations of CD45+/Col-1+ brocytes and 
high circulating levels of MCP-1 and IL-13, suggesting that brocytes may be associated 
with certain aging processes. 

5.2 Asthma 

Asthma is an inammatory disorder of the conducting airways which undergo distinct 
structural and functional changes, leading to non-specic bronchial hyper-responsiveness 
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(BHR) and airow obstruction. It is among the commonest chronic conditions in Western 
countries affecting 1 from 7 children and 1 from 12 adults (Holgate et al., 2009).  

It has long been known that architectural and structural remodeling occur in the airways of 
asthmatic patients. These changes include increased collagen (type III and IV) and bronectin 
deposition, increased thickness of subepithelial basement membrane, angiogenesis, and 
brosis. All these processes collectively contribute to severe alterations of the normal bronchial 
architecture in response to the inammatory tissue injury, leading to progressive airway 
obstruction and a permanent impairment in respiratory function (Holgate et al., 2009, Hamid 
& Tulic 2009).  Pathologic examination of these tissues demonstrates subepithelial brosis and 
myobroblast accumulation. Fibrocytes have been identified in the airways of patients with 
asthma, and it has been reported that allergen exposure induced an increment of brocyte-like 
cells in the bronchial mucosa of patients with allergic asthma (Shmidt et al., 2003).  In a mouse 
model of allergic asthma, fibrocytes were recruited into the bronchial tissue following allergen 
exposure and differentiated into myobroblasts providing evidence for the first time that these 
cells might be a source of myofibroblasts in allergic asthma (Shmidt et al., 2003). Nihlberg and 
his group showed that fibrocytes in patients with mild asthma were primarily localized, either 
individually or in clusters, close to the epithelium and to blood vessels. Fibrocyte numbers 
correlated to the thickness of the basement membrane, supporting that these cells may 
participate in airway wall remodeling. The increase number of fibrocytes expressing α-SMA 
seen in patients with increment in the basement membrane thickness may indicate a more 
differentiated phenotype (Nihilberg et al., 2006). More recently, in two different works, 
fibrocytes percentages in peripheral blood were shown to be increased in patients with asthma 
with chronic airway obstruction and severe refractory asthma (Saunders et al., 2008; Chun-
Hua et al., 2009). Additionally, a yearly decline in lung function has been significantly 
associated with the percentage of circulating fibrocytes in patients with chronic obstructive 
asthma (Saunders et al., 2008). 

5.3 Renal fibrosis 

Renal tubulo-interstitial fibrosis is a non-specific process, representing the common end-stage 
for kidney diseases, regardless of their etiology. The histological characteristics include the 
presence of tubular atrophy and dilation, interstitial leukocyte inltration, accumulation of 
broblasts, and increased interstitial matrix deposition (Strutz et al., 2006). Fibrocytes have also 
been implicated in the pathogenesis of renal fibrosis in diverse models. For example, in an 
experimental model of unilateral ureteral obstruction, brocytes appeared in injured 
parenchyma in a time dependent fashion. Thus, a remarkable number of brocytes dual-
positive for CD45 or CD34 and type I collagen inltrated the interstitium, reaching a peak at 
day 7. Morphological interstitial brosis and collagen content were reduced by almost 50% in 
mice treated with anti-CCL21 antibodies 7 days after ureteral ligation. A similar reduction was 
observed in CCR7-null mice (Sakai et al., 2006). Interestingly, most brocytes were positive for 
CCR7 and CCL21, and the blockade of CCR7 reduced the number of inltrating brocytes 
indicating that for this organ, CCR7/CCL21 might be the main recruitment axis. The same 
investigators showed later that fibrocytes might contribute to brosis by an angiotensin II 
dependent pathway (Sakai et al., 2008). Using two models of renal brosis (unilateral ureteral 
obstruction and chronic angiotensin II infusion), angiotensin II type 2 receptor (AT2R)-
decient mice developed increased renal brosis and brocyte inltration and a concomitant 
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expression of both MMP-2 and MMP-9 in vitro. Another putative pathogenic role of these 
two enzymes is that cell surface localized MMP-2 and MMP-9 can activate latent TGF-β, and 
this constitutes a mechanism that may operate in normal tissue remodeling as well as in 
brosis, tumor growth, and invasion (Yu et al., 2000). Fibrocytes also synthesize MMP-7 and 
MMP-8; the presence of MMP-7 is interesting because this metalloproteinase has been 
associated with pulmonary brosis since is one of the most up-regulated genes in IPF and 
display several profibrotic activities (Zuo et al., 2002, Pardo et al., 2005). Moreover, MMP-7 
and MMP-1 have been related to alveolar and bronchiolar cell migration over different 
matrices during IPF lung remodeling (Oikonomidi, 2009). In addition, MMP-7 cleave E-
cadherin, which may inuence several aspects of cell behavior, such as epithelial-to-
mesenchymal transition, which is a well-recognized event that recently has gained 
importance as a mechanism in the pathogenesis of brosis (Lochter et al.,1997;  Noe et al., 
2001; Hinz et al., 2007). MMP-8 or collagenase-2 specically degrades brillar collagen types 
I, II and III, and is known to play an important regulatory role in both acute and chronic 
inammation (Prikk et al., 2001). In the context of fibrocytes it seems to have an important 
role in the transmigration of these cells through collagen I (García-de-Alba et al., 2010).  

Recently it has been suggested that circulating fibrocytes could have a role as biomarkers for 
disease severity in IPF; Moeller and coworkers quantified circulating fibrocytes from 
patients with IPF and found that high percentages of these cells in blood were predictive of 
poor clinical outcomes; they compared fibrocyte levels in peripheral blood from patients 
with idiopathic pulmonary fibrosis (stable and during an exacerbation), patients with acute 
respiratory distress syndrome, and normal controls. Fibrocytes were significantly elevated 
in patients with stable idiopathic pulmonary fibrosis compared with normal controls, but 
showed a prominent increase during acute exacerbations of the disease. The number of 
fibrocytes in patients with acute respiratory distress syndrome was not significantly 
different from patients with stable idiopathic pulmonary fibrosis or normal controls 
(Moeller et al., 2009). These data suggest that serial measurements of brocyte percentages 
may predict acute exacerbations (Moore, 2009). This work was the first to bring up the 
notion that fibrocytes measurements may be a useful biomarker in this disease but larger 
studies are needed to confirm this hypothesis. 

Finally, a recently published work exploring senescence-accelerated prone mice found 
increased levels of CXCR4 expressing brocytes in the blood of these mice when compared 
to wild type controls. The senescence-prone mice also displayed increased lung brosis 
when exposed to intratracheal bleomycin, suggesting the possibility that the increased 
number of brocytes contributed to disease. This is an interesting observation since IPF is 
considered an age related disease (Selman M et al., 2010). Actually, unpublished data from 
Mathai et al (Mathai et al., as cited in Herzog & Bucala 2010) indicates that the blood of 
healthy aged individuals contain increased concentrations of CD45+/Col-1+ brocytes and 
high circulating levels of MCP-1 and IL-13, suggesting that brocytes may be associated 
with certain aging processes. 

5.2 Asthma 

Asthma is an inammatory disorder of the conducting airways which undergo distinct 
structural and functional changes, leading to non-specic bronchial hyper-responsiveness 
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(BHR) and airow obstruction. It is among the commonest chronic conditions in Western 
countries affecting 1 from 7 children and 1 from 12 adults (Holgate et al., 2009).  

It has long been known that architectural and structural remodeling occur in the airways of 
asthmatic patients. These changes include increased collagen (type III and IV) and bronectin 
deposition, increased thickness of subepithelial basement membrane, angiogenesis, and 
brosis. All these processes collectively contribute to severe alterations of the normal bronchial 
architecture in response to the inammatory tissue injury, leading to progressive airway 
obstruction and a permanent impairment in respiratory function (Holgate et al., 2009, Hamid 
& Tulic 2009).  Pathologic examination of these tissues demonstrates subepithelial brosis and 
myobroblast accumulation. Fibrocytes have been identified in the airways of patients with 
asthma, and it has been reported that allergen exposure induced an increment of brocyte-like 
cells in the bronchial mucosa of patients with allergic asthma (Shmidt et al., 2003).  In a mouse 
model of allergic asthma, fibrocytes were recruited into the bronchial tissue following allergen 
exposure and differentiated into myobroblasts providing evidence for the first time that these 
cells might be a source of myofibroblasts in allergic asthma (Shmidt et al., 2003). Nihlberg and 
his group showed that fibrocytes in patients with mild asthma were primarily localized, either 
individually or in clusters, close to the epithelium and to blood vessels. Fibrocyte numbers 
correlated to the thickness of the basement membrane, supporting that these cells may 
participate in airway wall remodeling. The increase number of fibrocytes expressing α-SMA 
seen in patients with increment in the basement membrane thickness may indicate a more 
differentiated phenotype (Nihilberg et al., 2006). More recently, in two different works, 
fibrocytes percentages in peripheral blood were shown to be increased in patients with asthma 
with chronic airway obstruction and severe refractory asthma (Saunders et al., 2008; Chun-
Hua et al., 2009). Additionally, a yearly decline in lung function has been significantly 
associated with the percentage of circulating fibrocytes in patients with chronic obstructive 
asthma (Saunders et al., 2008). 

5.3 Renal fibrosis 

Renal tubulo-interstitial fibrosis is a non-specific process, representing the common end-stage 
for kidney diseases, regardless of their etiology. The histological characteristics include the 
presence of tubular atrophy and dilation, interstitial leukocyte inltration, accumulation of 
broblasts, and increased interstitial matrix deposition (Strutz et al., 2006). Fibrocytes have also 
been implicated in the pathogenesis of renal fibrosis in diverse models. For example, in an 
experimental model of unilateral ureteral obstruction, brocytes appeared in injured 
parenchyma in a time dependent fashion. Thus, a remarkable number of brocytes dual-
positive for CD45 or CD34 and type I collagen inltrated the interstitium, reaching a peak at 
day 7. Morphological interstitial brosis and collagen content were reduced by almost 50% in 
mice treated with anti-CCL21 antibodies 7 days after ureteral ligation. A similar reduction was 
observed in CCR7-null mice (Sakai et al., 2006). Interestingly, most brocytes were positive for 
CCR7 and CCL21, and the blockade of CCR7 reduced the number of inltrating brocytes 
indicating that for this organ, CCR7/CCL21 might be the main recruitment axis. The same 
investigators showed later that fibrocytes might contribute to brosis by an angiotensin II 
dependent pathway (Sakai et al., 2008). Using two models of renal brosis (unilateral ureteral 
obstruction and chronic angiotensin II infusion), angiotensin II type 2 receptor (AT2R)-
decient mice developed increased renal brosis and brocyte inltration and a concomitant 
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upregulation of procollagen type I compared with wild-type mice. Pharmacologic inhibition of 
angiotensin II type 1 receptor (AT1R) with valsartan reduced the degree of renal brosis and 
the number of brocytes in both the kidney and the bone marrow. In isolated human 
brocytes, inhibition of AT2R signalling increased the angiotensin II-stimulated expression of 
type I collagen, whereas inhibition of AT1R decreased collagen synthesis. These results 
suggest that AT1R/AT2R signalling may contribute to the pathogenesis of renal brosis by at 
least two fibrocytes-related mechanisms: by regulating the number of brocytes in the bone 
marrow, and by activation of these cells in the tissues (Sakai et al. 2008).   

More recently, the presence of fibrocytes was investigated by immunohistochemistry in 
kidney biopsy specimens from 100 patients with chronic disease; in addition 6 patients with 
thin basement membrane disease were studied as a disease control. In patients with chronic 
kidney disease, the infiltration of fibrocytes was observed mainly in the interstitium and 
their numbers were higher than that in patients with thin basement membrane disease. 
Moreover, there was an inverse correlation between the number of interstitial fibrocytes and 
kidney function at the time of biopsy (Sakai et al., 2010). These results suggest that fibrocytes 
may be involved in the pathogenesis of human chronic kidney disease though the 
mechanisms involved in their participation are yet to be studied. 

CD34+spindle-shaped cells have also been detected in tubulointerstitial lesions in patients 
with renal interstitial fibrosis. Although in this work the complete phenotype corresponding 
to fibrocytes was not documented, it is possible that the described CD34+ cells were actually 
fibrocytes (Okona et al., 2003).  

5.4 Liver fibrosis 

Hepatic brogenesis represents a wound-healing response of liver to a variety of insults. 
The net accumulation of extracellular matrix (ECM) in liver injury arises from increased 
synthesis by activated hepatic stellate cells and other hepatic brogenic cell types, as well as 
from bone marrow and circulating brocytes (Guo & Friedman, 2007). 

Fibrocytes participation in liver fibrosis is a growing field of research and has been assessed 
in different models. In a murine model of bile duct ligation-induced liver brosis, 
investigators found bone marrow derived collagen-expressing GFP+ cells in the liver of 
chimeric mice (Kisseleva et al., 2006). The majority of these bone marrow derived cells co-
expressed collagen-GFP+ and CD45+, suggesting that collagen-producing brocytes were 
recruited from the bone marrow to the damaged liver (Kisseleva et al., 2006). Later, fibrocyte 
migration in response to liver injury was investigated using bone marrow (BM) from 
chimeric mice expressing luciferase (Col-Luc-wt) or green fluorescent protein (Col-GFP-wt) 
under control of the α1(I) collagen promoter and enhancer, respectively. Migration of 
CD45+Col I+ fibrocytes was regulated by chemokine receptors CCR2 and CCR1. In addition 
to CCR2 and CCR1, egress of BM CD45+Col I+ cells was regulated by TGF-β and 
liposaccharide in vitro and in vivo. Interestingly, development of liver fibrosis was also 
increased in aged mice and correlated with high numbers of liver fibrocytes (Kisseleva et al., 
2011). However, it is unknown what proportion of tissue myobroblasts/brocytes are 
derived from bone marrow or circulating brocytes, whether myobroblasts of these origins 
transition through a stellate cell phenotype, and what happens to activated myobroblasts 
from various sources when liver injury resolves (Guo & Friedman, 2007). 
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5.5 Cardiovascular disease 

Deposition and remodeling of connective tissue in the heart plays a critical role in cardiac 
repair and response to injury. Fibrosis also occurs on a reactive basis around coronary 
vessels (perivascular fibrosis) and in the interstitial space (Haudek et al., 2006). It is 
generally considered that both reactive and reparative fibrosis may contribute to adverse 
remodeling. A number of studies have supported the contribution of bone marrow 
progenitor cells or fibrocytes to remodeling in diverse areas of the cardiovascular system 
where fibrotic response seems to be a common feature.  

In a mouse model of brotic ischemia/reperfusion cardiomyopathy (I/RC) it was 
observed a prolonged elevation of MCP-1, and concomitantly a population of small 
spindle-shaped broblasts with a distinct phenotype appeared in the sites of lesion. These 
cells were highly proliferative and expressed collagen I and α-smooth muscle actin as well 
as CD34, and CD45; these cells represented 3% of all non myocyte live cells. Haudek and 
coworkers confirmed the bone marrow origin of these cells creating a chimeric mice 
expressing lacZ; I/RC injury resulted in a large population of spindle-shaped broblasts 
containing lacZ. Interestingly, the administration of SAP in vivo markedly reduced the 
number of proliferative spindle-shaped broblasts and completely prevented I/RC-
induced brosis and global ventricular dysfunction (Haudek et al., 2006). Similar results 
were reported later, in a model induced by Ang-II. Ang-II infusion resulted in the 
appearance of bone marrow-derived CD34+/CD45+ broblasts that expressed collagen 
type I and the cardiac broblast marker DDR2 while local broblasts were 
CD34−/CD45−. Genetic deletion of MCP-1 (MCP-1-deficient mice) prevented the Ang-II-
induced cardiac brosis and the appearance of CD34+/CD45+ broblasts. Interestingly, 
Ang-II-treated hearts showed induction of types I and III collagens, TGF-β1, and TNF 
mRNA expression. Apparently the differentiation of a CD34+/CD45+ broblast precursor 
population in the heart is induced by Ang-II and mediated by MCP-1 (Haudek et al., 
2010). 

Neointimal hyperplasia is a common feature of various cardiovascular diseases such as 
atherosclerosis, postangioplasty restenosis and transplant arteriopathy. Neointima usually 
consists of smooth muscle cells and deposited extracellular matrix. In an in vivo ovine 
model of carotid artery synthetic patch graft, circulating leukocytes were shown to express 
collagen and α-SMA. Importantly, these cells also expressed markers unique to fibrocytes 
(CD34, CD45, vimentin; Varcoe et al., 2006), suggesting an association between intimal 
hyperplasia and fibrocyte migration. In other work performed in a rat model of transplant 
vasculopathy, accelerated transplant vasculopathy was associated with increased levels of 
host-endothelial chimerism and increased neointimal smooth muscle cell proliferation; 
moreover, accelerated transplant vasculopathy was associated with increased frequency of 
circulating CD45+vimentin+ brocytes (Onauta et al., 2009).  

CD34+ brocyte-like cells are detectable in normal mitral valves. In cases of myxomatous 
degeneration CD34+ brocytes make up the majority of mitral valve stromal cells (Barth et 
al., 2005). Since major factors in the development of myxomatous valve degeneration are the  
MMP-9 and collagen I and III, which are secreted by CD34+ brocytes, they propose that 
these cells might be involved in the pathogenesis of myxomatous mitral valve (Barth et al., 
2005). 
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5.5 Cardiovascular disease 
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5.6 Skin disease 

Fibrocytes are thought to play a role in skin repair by several mechanisms such as the 
secretion of ECM, antigen presentation, cytokine production, angiogenesis, and wound 
closure (Metz, 2003). After the original work by Bucala, several groups examined the 
participation of fibrocytes in the wound healing process. Mori and coworkers examined the 
phenotype of fibrocytes and myofibroblasts present in the wounded skin of BALB/c mice 
and observed that during wound healing, between 4 and 7 days post-wounding, more than 
50% of the cells present at the site of injury were CD13+/collagen I+ fibrocytes that could be 
isolated at an early stage of the healing process from digested fragments of wounded tissue 
by fluorescence-activated cell sorting (Mori et al., 2005). Fibrocytes have been identified in 
postburn hypertrophic scar tissue but were absent from normal skin, moreover, the number 
of fibrocytes was higher in hypertrophic than in mature scar tissue (Yang et al., 2005). It is 
noteworthy that over time the expression of CD34 on brocytes present in these wounds 
decreases, whereas the expression of proline-4-hydroxylase (an enzyme involved in collagen 
synthesis) increases in both hypertrophic or keloid scars (Aiba and Tagami, 1997). This 
finding has been corroborated by other authors (Abe et al., 2001; Phillips et al., 2004) and it’s 
an important feature to be considered for the analysis of these cells in organ fibrosis. In other 
words, it seems that fibrocytes, once in the tissues, progressively lose their typical markers 
and can be difficult to identify.  

Also, the participation of fibrocytes in wound healing of human skin has been postulated as 
a useful marker for wound age determination in the legal pathology area. In an interesting 
study (Ishida et al., 2009) a double-color immunofluorescence analysis was carried out using 
anti-CD45 and anti-collagen type I antibodies to examine the time-dependent appearance of 
fibrocytes in 53 human skin wounds with different wound ages. Fibrocytes were initially 
observed in wounds aged 4 days, and their number increased in lesions proportionally with 
advances in wound age. These findings imply that human skin wounds containing 
fibrocytes are at least 4 days old. Moreover, a fibrocyte number of over 10 indicates a wound 
age between 9 and 14 days. Fibrocytes numbers, evaluated with these markers (CD45+/Col 
I+) showed a marked decrease from day 17 to 21 which was the longest time of evaluation, 
exposing the need to use other parameters to confirm the wound ages since fibrocytes 
numbers in day 4 were similar to numbers in day 17-21.  

Yang and his group reported high percentages of brocytes present in the cultures of  
peripheral blood mononuclear cells obtained from burn patients compared with controls 
(89.7 +/- 7.9% versus 69.9 +/- 14.7%, p < 0.001) and this percentages were consistently 
higher in patients with more than 30% extent of burn; moreover, they found a positive 
correlation between the levels of serum TGF-1 and the percentage of fibrocytes developed 
in the cultures of PBMC derived from these patients (Yang et al., 2002). Interestingly, it has 
been postulated that the principal role of fibrocytes in burn injury as well as in hypertrophic 
scars is the regulation of the function of local fibroblasts. Thus, dermal broblasts treated 
with conditioned medium obtained from burn patient brocytes, but not by those derived 
from normal subjects, showed an increase in cell proliferation and migration (Wang et al., 
2007). Furthemore, it has been suggested that fibrocytes can be reprogrammed by changes in 
the culture media, and that this reprogrammed fibrocytes have the ability to increase cell 
proliferation and MMP-1 expression in dermal broblasts (Medina, A & Ghahar, A. 2010). 
These findings have opened a new research line worthy of follow up.  
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5.7 Nephrogenic systemic fibrosis 

Fibrocytes have been also identied in the skin of patients with cutaneous brosing 
diseases, such as nephrogenic systemic brosis. Nephrogenic systemic brosis (NSF) is a 
recently described cutaneous brosing disorder that exhibits pathologic similarities with 
scleroderma but occurs exclusively in patients with renal insufficiency who have received 
gadolinium containing magnetic resonance contrast agents. The onset of the disease varies 
from days to several months following exposure to gadolinium-based contrast. It is a 
debilitating disease characterized by the development of discolored plaques on the skin of 
the extremities and trunk. Over time, contractures develop and complete loss of range of 
motion can occur (Cowper & Bucala, 2003; Cowper et al., 2008). Skin biopsies from patients 
with this disease have revealed an important accumulation of CD34, pro-Col-I+ brocytes in 
the dermis with abundant connective tissue matrix production; it is noteworthy that in vitro 
studies revealed that gadolinium may decrease the ability of endogenous mediators, such as 
SAP and IL-12, to inhibit brocyte outgrowth (Vakil et al., 2009). The reason for why 
brocytes are present in high numbers and are such a prominent feature of the 
dermatopathology of NSF remains unclear, but may be due to the acute and abrupt 
development of skin brosis (Bucala, 2008). 

6. Opportunities for research and therapeutic targets 
The study of fibrocytes and their participation in the pathogenesis of chronic inflammation 
and fibroproliferative diseases presents both important challenges and opportunities for 
researchers. To advance this eld, detailed molecular characterization of these cells and 
establishment of dened experimental strategies in animals and humans will be necessary to 
catalyze progress in this area of investigation. Recent studies and emerging concepts have 
significantly improved our understanding of the participation of fibrocytes in health and 
disease and so have opened the door to new hypotheses and approaches aimed at 
therapeutic targets and strategies.  

One of the main therapeutic targets, suggested since the initial works on fibrocyte biology 
research, was the serum amyloid P (SAP), a member of the pentraxin family of proteins. In 
this context, it was first demonstrated that SAP could inhibit the differentiation of 
monocytes into fibrocytes (Pilling et al., 2003).  SAP binds to Fcγ receptors through which 
apparently mediates its anti-fibrotic activities affecting peripheral blood monocyte 
differentiation and activation states (Lu et al., 2008). In a rat model of bleomycin-induced 
lung injury it was shown that purified rat SAP could suppress development of lung fibrosis 
which correlated with reduced fibrocyte numbers within the lung tissue (Pilling et al., 2007). 
More recently, SAP ability to reduce fibrosis was tested in models of renal and lung fibrosis 
where this therapeutic potential was confirmed. In both models, the mechanisms through 
which SAP exerts its antifibrotic effect seemed to be independent of monocyte to fibrocyte 
differentiation (Casraño et al., 2009; Murray 2010). Further analysis of this molecule and its 
potential as antifibrogenic therapy is needed to identify all the mechanisms involved in its 
effect as well as the feasibility of its use in human disease. 

Several chemokines are abundantly expressed in experimental models of fibrosis and in the 
human disease (Agostini & Gurrieri 2006). Regarding fibrocytes, several studies have focused 
on the role of chemokines in recruiting these cells to the injured lung. In human IPF, the 
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CXCL12/CXCR4 axis may be of particular significance (Andersson-Sjoland et al., 2008). As 
mentioned human circulating fibrocytes express CXCR4 and α-SMA, and can traffic toward 
the unique CXCR4 ligand, CXCL12 (Mehrad et al., 2007; Andersson-Sjoland et al., 2008). 
Supporting a major role of this axis in the lung disease, it was demonstrated that the 
administration of neutralizing anti-CXCL12 antibodies to bleomycin-treated mice resulted in a 
signicant reduction of brocyte lung homing and collagen deposition, but interestingly 
without affecting the numbers of other leukocyte populations in the lungs (Phillips et al., 
2004). These data suggest that blocking or interfering with chemokine/chemokine receptor 
networks may help to diminish or stop fibrocyte recruitment in fibrotic lung disorders. 
Recently, two groups have explored this hypothesis. Xu et al., 2007 used an antagonist of the 
receptor CXCR4 (TN14003) in a model of bleomycin-induced pulmonary fibrosis. 
Intraperitoneal treatment of mice with TN14003 attenuated the development of lung fibrosis 
and blocked in vitro migration of bone marrow derived stem cells towards CXCL12 or lung 
homogenates of bleomycin treated mice. Likewise, Song and coworkers showed that 
intraperitoneal treatment of mice with AMD3100 (Plerixafor, which is a small synthetic specific 
inhibitor of CXCR4), resulted in decreased levels of CXCL12 in the bronchoalveolar fluid and 
decreased numbers of fibrocytes in the lungs of mice treated with bleomycin (Song et al 2010). 
Collagen deposition and pulmonary fibrosis were also attenuated by treatment with AMD3100 
(Song et al., 2010). Though the initial results seem to be optimistic, this is still an area of active 
research, and further studies are needed to elucidate whether pharmacologic inhibition of the 
CXCR4/CXCL12 axis could modify the lung fibrotic process in human disease. 

The potential use of circulating fibrocytes as biomarkers in fibrosing diseases is a window of 
opportunity that has to be explored; diverse groups have reported differences in the 
percentages of circulating fibrocytes between healthy controls and patients (Mehard et al., 
2007; Moeller et al., 2008; Chun-Hua et al., 2008).  An increase in the percentages of 
circulating brocytes was demonstrated in a cohort of 51 patients with stable IPF, compared 
to healthy controls, but more important, a huge increase was observed during an acute 
exacerbation, a highly lethal process in IPF. Moreover, the number of fibrocytes returned to 
the values of stable IPF in the few patients that recovered. In general, fibrocyte numbers 
were an independent predictor of early mortality (Moeller et al., 2008).  

However, higher number of patients should be evaluated and larger longitudinal studies 
should be done in order to establish if differences in percentages of circulating fibrocytes as 
well as changes in the percentages of circulating fibrocytes in a given patient with a given 
disease may predict outcome. The possibility of using differences in the percentages of 
circulating fibrocytes as biomarkers for disease diagnostic, outcome, or therapeutic response 
is an important biomedical area of research that needs attention.  

Fibrocytes are progenitor cells capable to differentiate not only into myobroblasts but also 
in other mesenchymal cells (Hong et al., 2005 and 2007; Choi et al., 2010).  The ability of 
fibrocytes to undergo differentiation to osteoblasts and chondrocytes like cells when treated 
with specic cytokines and dened media raises the opportunity of their use for 
regenerative therapy related to bone or articular cartilage repair. Hypothetically, circulating 
brocytes could be isolated from the patient’s own blood, processed for differentiation into 
osteoblasts or chondrocytes, followed by transplantation into the damaged tissue. Tissue 
engineering is a growing field in the biomedical sciences, and the role of brocytes in 
regenerative therapy has to be assessed with future studies in the area.  
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Recently, two groups have explored this hypothesis. Xu et al., 2007 used an antagonist of the 
receptor CXCR4 (TN14003) in a model of bleomycin-induced pulmonary fibrosis. 
Intraperitoneal treatment of mice with TN14003 attenuated the development of lung fibrosis 
and blocked in vitro migration of bone marrow derived stem cells towards CXCL12 or lung 
homogenates of bleomycin treated mice. Likewise, Song and coworkers showed that 
intraperitoneal treatment of mice with AMD3100 (Plerixafor, which is a small synthetic specific 
inhibitor of CXCR4), resulted in decreased levels of CXCL12 in the bronchoalveolar fluid and 
decreased numbers of fibrocytes in the lungs of mice treated with bleomycin (Song et al 2010). 
Collagen deposition and pulmonary fibrosis were also attenuated by treatment with AMD3100 
(Song et al., 2010). Though the initial results seem to be optimistic, this is still an area of active 
research, and further studies are needed to elucidate whether pharmacologic inhibition of the 
CXCR4/CXCL12 axis could modify the lung fibrotic process in human disease. 

The potential use of circulating fibrocytes as biomarkers in fibrosing diseases is a window of 
opportunity that has to be explored; diverse groups have reported differences in the 
percentages of circulating fibrocytes between healthy controls and patients (Mehard et al., 
2007; Moeller et al., 2008; Chun-Hua et al., 2008).  An increase in the percentages of 
circulating brocytes was demonstrated in a cohort of 51 patients with stable IPF, compared 
to healthy controls, but more important, a huge increase was observed during an acute 
exacerbation, a highly lethal process in IPF. Moreover, the number of fibrocytes returned to 
the values of stable IPF in the few patients that recovered. In general, fibrocyte numbers 
were an independent predictor of early mortality (Moeller et al., 2008).  

However, higher number of patients should be evaluated and larger longitudinal studies 
should be done in order to establish if differences in percentages of circulating fibrocytes as 
well as changes in the percentages of circulating fibrocytes in a given patient with a given 
disease may predict outcome. The possibility of using differences in the percentages of 
circulating fibrocytes as biomarkers for disease diagnostic, outcome, or therapeutic response 
is an important biomedical area of research that needs attention.  

Fibrocytes are progenitor cells capable to differentiate not only into myobroblasts but also 
in other mesenchymal cells (Hong et al., 2005 and 2007; Choi et al., 2010).  The ability of 
fibrocytes to undergo differentiation to osteoblasts and chondrocytes like cells when treated 
with specic cytokines and dened media raises the opportunity of their use for 
regenerative therapy related to bone or articular cartilage repair. Hypothetically, circulating 
brocytes could be isolated from the patient’s own blood, processed for differentiation into 
osteoblasts or chondrocytes, followed by transplantation into the damaged tissue. Tissue 
engineering is a growing field in the biomedical sciences, and the role of brocytes in 
regenerative therapy has to be assessed with future studies in the area.  
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1. Introduction 
Hematopoietic stem cell transplantation (HSCT) has become an established treatment for 
malignant hematological diseases, solid malignancies and non-malignant diseases (figure 1). 
Newer indications for HSCT have emerged because of better understanding of human 
immunology, tumor biology and immunotherapy (table 1). Novel approaches have resulted 
in increase number of transplants as well as significant reductions in the morbidity and 
mortality associated with HSCT. These include more suitable donors with the addition of 
unrelated cord blood units (single & double) and partially matched family members; and 
novel conditioning regimens (reduced & non-myeloablative) that allow patients with 
significant co-morbidities to undergo transplantation. On the other hand, the introduction of 
alternative therapies, such as imatinib (tyrosine kinase inhibitor) for chronic myelogenous 
leukemia (CML), has challenged well established indications. This chapter summarizes the 
current indications for HSCT in pediatrics and address recent clinical developments in the 
field of HSCT. 

 
 

 
 
 

Fig. 1. Indications for HSCT 
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ALL 
 In CR 1a 
 In CR 2 
 In CR 3 or further 
AML in CR I or further 
CML 
Myelodysplastic syndromes 
Hodgkin and non-Hodgkin lymphoma 
Selected types of solid tumorsb 
Bone marrow failure syndromes (acquired 
& congenital) 
Thalassemia major 
Sickle cell disease 
Infantile malignant osteopetrosis 
SCID 

Immunodeficiency with hyper IgM 
Leukocyte adhesion deficiency 
Omenn syndrome 
Chediak-Higashi syndrome 
X-linked lymphoproliferative disease 
Kostmann syndrome 
Chronic granulomatosis disease 
Glanzmann thromboasthenia 
Bernard-Soulier syndrome 
Familial hemophagocytic lymphohistiocytosis 
Selected types of mucopolysaccharidoses,  
Selected types of peroxisomal and lysosomal 
disorders 
Selected types of life-threatening autoimmune 
disorders resistant to conventional treatments 

Abbreviations: ALL= acute lymphoblastic leukemia; AML= acute myeloblastic leukemia;  
CML= chronic myeloid leukemia; CR1, 2, 3= first, second and third complete remission;  
SCID= severe combined immunodeficiency.  
aPatients at high risk of recurrence (that is, t (9; 22) or t (4; 11); T-ALL with poor prednisone response, 
high levels of minimal residual disease). 
bStage IV neuroblastoma, renal cell carcinoma, very high risk Ewing sarcoma. 

Table 1. Main Indications to allogeneic hematopoietic SCT in childhood 

2. Indications for hematopoietic stem cell transplantation (HSCT) in 
pediatrics 
There are two types of HSCT: autologous and allogeneic. Autologous HSCT consists of 
removal, storage and reinfusion of patients own hematopoietic stem cells as a way to restore 
the patient’s depleted bone marrow after high dose myeloablative therapy (figure 2). 
Allogeneic HSCT consists of transferring both immature and mature blood cells to a patient 
from the bone marrow, peripheral blood or umbilical cord blood of a sibling, relative or an 
unrelated donor (figure 2) as a way to restore the patients bone marrow with a new immune 
system  after a conditioning regimen (non-myeloablative or myeloablative chemotherapy).  
The success of an allo-HSCT is limited by the toxicity associated with the conditioning 
regimens, graft versus host disease (GVHD) and the development of opportunistic 
infections. New concepts and interventions over the last two decades have resulted in 
reduction of the morbidity and mortality associated with allo-HSCT. These include the 
utilization of reduced intensity regimens, more effective GVHD prophylaxis, new sources of 
progenitor hematopoietic stem cells, donor lymphocyte infusions and better prophylaxis 
and treatment for infectious diseases.  

The decision to transplant or not to transplant should be determined on individual basis and 
several factors should be considered including the disease status, age, prior treatments and 
responses, donor availability and evolving alternative therapies. 
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Fig. 2. Major Key Steps of HSCT.   

2.1 Leukemias 

2.1.1 Acute myeloid leukemia (AML) 

Despite intensive chemotherapy, less than half of all patients with AML will survive in the long 
term (Creutzin, 2005; Gibson, 2005). Treatment outcome of pediatric AML is not as favorable as 
in ALL. AML treatment failure is due primarily to disease recurrence, although treatment-
related mortality remains an important cause of treatment failure. Improvement in AML 
outcomes have been due primarily to intensification of therapy and improved supportive care 
guidelines.  In AML, treatment intensity is an important determinator of outcome, and many 
studies have focused on the role of HSCT as post-remission intensification, utilizing both 
autologous as well as allogeneic HSCT. Allogeneic HSCT may provide a graft versus leukemia 
effect in pediatric AML. This is supported by a study from Bader et al that showed that 
preemptive immunotherapy following HSCT in patients with increasing (mixed chimerism) 
may lead to improved outcome. In another study Neudorf et al reported that children treated 
with allogeneic-HSCT in the children’s cancer group 2891 study who developed acute graft 
versus host disease (GVHD) had fewer relapses (Bader, 2004; Neudorf et al., 2004). 

The American society of bone marrow transplant position statement for the treatment of AML 
in children indicates that allogeneic HSCT should be recommended in the first complete 
remission because transplant has better overall survival and leukemia-free survival compared 
with chemotherapy alone (ASBMT, 2007; Oliansky, 2007). However, the role of allogeneic-
HSCT in complete remission one (CR1) is declining because of the better outcome with 
modern multiagent chemotherapy and better methods of identifying patients that have  low 
risk features at diagnosis and therefore are more likely  to be cured  with conventional 
chemotherapy.  Recent AML trials (MRC-AML-12 & AML 0531) have shown that prognostic 
factors like cytogenetic and response to induction therapy are highly predictive of determining 
patients that are high risk at diagnosis and therefore would benefit from allogeneic-HSCT in 
CR1, while sparing lower risk patients the potential toxicities associated with an allogeneic-
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HSCT (Ljungman, 2009). Recent analysis by several cooperative groups has now identified 
relapse risk group parameters based on cytogenetics abnormalities and early response to  
treatment : Low risk is defined as  inversion (16)/t(16;16) or  t(8,21). Down syndrome patients 
are also included in this low risk group; High risk is defined as monosomy 7, monosomy 5,5q 
deletions, or  greater than 15% blasts at the end of induction I but who achieve complete 
remission after induction II, or  high FLT3-ITD alleic ratio; Intermediate risk includes all other 
patients with no cytogenetic information available. This risk group is used to determine which 
patients should receive a HSCT in CR1. 

Currently, HSCT is not recommended as frontline therapy for low-risk patients with AML 
in CR1, as they have an overall survival of 60% with conventional chemotherapy and HSCT 
has not been demonstrated to improve outcome for patients in CR1 (Gibson, 2005). HSCT is 
also not indicated for Myeloid Leukemia of Down Syndrome because HSCT is associated 
with excess toxicity with or without therapeutic gain (Lange et al., 1998). In addition, HSCT 
is also not indicated for acute promyelocytic leukemia (APL) due to excellent cure rates with 
conventional chemotherapy. However, for the few patients with APL who relapse or have 
persistent minimal residual disease, the prognosis is less favorable and HSCT might be a 
recommended choice (Oliansky et al., 2007).  Allogeneic-HSCT from an HLA-identical 
sibling is an option for patients defined as intermediate risk.  Allogeneic-HSCT from an 
HLA-identical sibling or an unrelated donor  in CR1 is indicated  for children with  high risk 
AML including infant AML, therapy-related AML and children with M0 or M7 as it was 
proven to be more efficient than chemotherapy in some comparative studies with an event 
free survival ranging from 55 to 72% (Gibson, 2005). Regarding the use of haploidentical 
HSCT for AML, results in children with AML undergoing haploidentical HSCT have shown 
some effect of natural killer alloreactivity, suggesting that haploidentical HSCT may have a 
role in early phase very high AML patients (Marks et al., 2006). 

HSCT also has an important role in the treatment of relapsed AML because outcome is poor 
with chemotherapy alone. Marrow transplantation in early first untreated relapse or CR2 
results in a two-year EFS rate of 30-40%(Besinger,1995; Schimitz, 1998). Analyzes that 
attempt to compare outcome based on treatment have shown a survival advantage for 
patients who receive marrow transplants compared with chemotherapy alone, particularly 
for patients with longer first remission (Besinger, 1996).Therefore, allogeneic-HSCT from an 
unrelated or related donor is indicated in children with relapse AML in CR2, as it may 
provide long-term survival, particularly those in first relapse that are in remission. 

Autologous HSCT has been used as consolidation in children with AML in CR1 after 
induction therapy and represents a valid alternative for high-risk children lacking a matched 
sibling donor. Nevertheless, results of pediatric studies comparing autologous HSCT with 
chemotherapy are conflicting. The use of peripheral blood stem cells in children with AML 
given autologous HSCT is infrequent. Further prospective clinical trials are needed to address 
the pivotal clinical question of whether autologous HSCT is better than chemotherapy or 
allograft as consolidation treatment for childhood AML in first CR (Miano et al., 2007). 

2.1.2 Acute lymphoblastic leukemia (ALL) 

ALL is not a uniform disease, but consists of different subtypes with different clinical 
prognostic and cytogenetic features. The prognosis of childhood ALL has improved 
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dramatically over the past quarter of a century. Currently, over 2500 children in the United 
States are diagnosed each year with ALL and almost 95% attain a clinical remission after 
three or four drug induction chemotherapy (Clavell, 1986; Pui, 1998; Reiter, et al., 1994; 
Rivera, 1993). Over 83% of children with newly diagnosed ALL treated with multi-agent 
chemotherapy with or without clinical radiotherapy are alive and disease free at 5 years 
(Gaynon, 2000; Silverman, 2001; Vilmer, 2000). 

Despite recent advances in the diagnosis and treatment of childhood ALL, there are several 
subpopulations of patients that have molecular biological markers or chromosomal 
abnormalities and biological factors that include poor prednisone response and resistance to 
initial chemotherapy including persistence minimal residual disease, that makes them very 
high risk of failing current multi-agent chemotherapy regimens. These very high risk 
patients require alternative treatment strategies to prevent progression and/or relapse of 
their disease (Kersey, 1997; Pui,1995). Table 2 defines the very high risk ALL patients.   

The indication for HSCT from a match sibling or an unrelated donor  for children with ALL 
in CR1 is limited to the subpopulation of patients that have clinical and biological features 
that identifies them as very high risk of relapse, as most  studies quote an event-free survival 
(EFS) of  less than 50% and a relapse rate of up to 50% (Reiter et al., 1994; Rivera, 1993). 
Children’s oncology group conducted a clinical research study from 1993 to 1996 to 
investigate the toxicity and efficacy of HSCT in newly diagnosed children with very high 
risk features of ALL at diagnosis and/or during initial induction chemotherapy and their 
findings support the current indication of HSCT for very high risk ALL in CR1, especially 
patients with primary induction failure and Philadelphia chromosome positive ALL 
(Satwani, 2007). 

HSCT should also be considered as an option for relapse ALL. The decision to perform an 
allogeneic matched related or unrelated donor HSCT for patients with relapse ALL depends 
on many factors which can be considered strong predictors of outcome as suggested from a 
number of literature reports. Different sites of relapse and the duration of first remission 
may be the most important factors predicting outcome after a first relapse. Patients with late 
relapse (over 6 months from therapy withdrawal) may have relatively good outcome with 
conventional chemotherapy alone (Borgmann et al., 1995; Ritchey, 1999; Uderzo et al., 1990). 
In contrast, children who relapse (isolated/combined medullary) during therapy or within 
30 months of diagnosis seem to benefit more from HSCT than chemotherapy with an event-
free survival rates of 40-50% reported for patients in CR2 who underwent a HSCT 
(Kawakami et al.,1990). 

It has been difficult to compare outcomes of patients treated with chemotherapy or HSCT, 
since patient populations are not necessarily equivalent. Patients with aggressive disease die 
earlier and may not be included in studies of marrow transplantation, resulting in selection 
bias (Tichelli et al., 1999). To address this question, matched-pair analyses have been 
performed for ALL CR2 patients treated with chemotherapy or HSCT (Dreger et al., 1997; 
Novotny et al., 1998). For patients with early first relapse, HSCT resulted in significantly 
better EFS rates at 5 years compared with chemotherapy alone (40% vs 17%; p<0.001) 
(Novotny et al., 1998). Marrow transplantation was associated with a reduced risk of relapse 
that was not negated by increased treatment related deaths. The difference between 
chemotherapy and HSCT for patients who experienced a late marrow relapse (45% DFS vs 



 
Advances in Hematopoietic Stem Cell Research 

 

350 

HSCT (Ljungman, 2009). Recent analysis by several cooperative groups has now identified 
relapse risk group parameters based on cytogenetics abnormalities and early response to  
treatment : Low risk is defined as  inversion (16)/t(16;16) or  t(8,21). Down syndrome patients 
are also included in this low risk group; High risk is defined as monosomy 7, monosomy 5,5q 
deletions, or  greater than 15% blasts at the end of induction I but who achieve complete 
remission after induction II, or  high FLT3-ITD alleic ratio; Intermediate risk includes all other 
patients with no cytogenetic information available. This risk group is used to determine which 
patients should receive a HSCT in CR1. 

Currently, HSCT is not recommended as frontline therapy for low-risk patients with AML 
in CR1, as they have an overall survival of 60% with conventional chemotherapy and HSCT 
has not been demonstrated to improve outcome for patients in CR1 (Gibson, 2005). HSCT is 
also not indicated for Myeloid Leukemia of Down Syndrome because HSCT is associated 
with excess toxicity with or without therapeutic gain (Lange et al., 1998). In addition, HSCT 
is also not indicated for acute promyelocytic leukemia (APL) due to excellent cure rates with 
conventional chemotherapy. However, for the few patients with APL who relapse or have 
persistent minimal residual disease, the prognosis is less favorable and HSCT might be a 
recommended choice (Oliansky et al., 2007).  Allogeneic-HSCT from an HLA-identical 
sibling is an option for patients defined as intermediate risk.  Allogeneic-HSCT from an 
HLA-identical sibling or an unrelated donor  in CR1 is indicated  for children with  high risk 
AML including infant AML, therapy-related AML and children with M0 or M7 as it was 
proven to be more efficient than chemotherapy in some comparative studies with an event 
free survival ranging from 55 to 72% (Gibson, 2005). Regarding the use of haploidentical 
HSCT for AML, results in children with AML undergoing haploidentical HSCT have shown 
some effect of natural killer alloreactivity, suggesting that haploidentical HSCT may have a 
role in early phase very high AML patients (Marks et al., 2006). 

HSCT also has an important role in the treatment of relapsed AML because outcome is poor 
with chemotherapy alone. Marrow transplantation in early first untreated relapse or CR2 
results in a two-year EFS rate of 30-40%(Besinger,1995; Schimitz, 1998). Analyzes that 
attempt to compare outcome based on treatment have shown a survival advantage for 
patients who receive marrow transplants compared with chemotherapy alone, particularly 
for patients with longer first remission (Besinger, 1996).Therefore, allogeneic-HSCT from an 
unrelated or related donor is indicated in children with relapse AML in CR2, as it may 
provide long-term survival, particularly those in first relapse that are in remission. 

Autologous HSCT has been used as consolidation in children with AML in CR1 after 
induction therapy and represents a valid alternative for high-risk children lacking a matched 
sibling donor. Nevertheless, results of pediatric studies comparing autologous HSCT with 
chemotherapy are conflicting. The use of peripheral blood stem cells in children with AML 
given autologous HSCT is infrequent. Further prospective clinical trials are needed to address 
the pivotal clinical question of whether autologous HSCT is better than chemotherapy or 
allograft as consolidation treatment for childhood AML in first CR (Miano et al., 2007). 

2.1.2 Acute lymphoblastic leukemia (ALL) 

ALL is not a uniform disease, but consists of different subtypes with different clinical 
prognostic and cytogenetic features. The prognosis of childhood ALL has improved 

 
Hematopoietic Stem Cells Therapeutic Applications 

 

351 

dramatically over the past quarter of a century. Currently, over 2500 children in the United 
States are diagnosed each year with ALL and almost 95% attain a clinical remission after 
three or four drug induction chemotherapy (Clavell, 1986; Pui, 1998; Reiter, et al., 1994; 
Rivera, 1993). Over 83% of children with newly diagnosed ALL treated with multi-agent 
chemotherapy with or without clinical radiotherapy are alive and disease free at 5 years 
(Gaynon, 2000; Silverman, 2001; Vilmer, 2000). 

Despite recent advances in the diagnosis and treatment of childhood ALL, there are several 
subpopulations of patients that have molecular biological markers or chromosomal 
abnormalities and biological factors that include poor prednisone response and resistance to 
initial chemotherapy including persistence minimal residual disease, that makes them very 
high risk of failing current multi-agent chemotherapy regimens. These very high risk 
patients require alternative treatment strategies to prevent progression and/or relapse of 
their disease (Kersey, 1997; Pui,1995). Table 2 defines the very high risk ALL patients.   

The indication for HSCT from a match sibling or an unrelated donor  for children with ALL 
in CR1 is limited to the subpopulation of patients that have clinical and biological features 
that identifies them as very high risk of relapse, as most  studies quote an event-free survival 
(EFS) of  less than 50% and a relapse rate of up to 50% (Reiter et al., 1994; Rivera, 1993). 
Children’s oncology group conducted a clinical research study from 1993 to 1996 to 
investigate the toxicity and efficacy of HSCT in newly diagnosed children with very high 
risk features of ALL at diagnosis and/or during initial induction chemotherapy and their 
findings support the current indication of HSCT for very high risk ALL in CR1, especially 
patients with primary induction failure and Philadelphia chromosome positive ALL 
(Satwani, 2007). 

HSCT should also be considered as an option for relapse ALL. The decision to perform an 
allogeneic matched related or unrelated donor HSCT for patients with relapse ALL depends 
on many factors which can be considered strong predictors of outcome as suggested from a 
number of literature reports. Different sites of relapse and the duration of first remission 
may be the most important factors predicting outcome after a first relapse. Patients with late 
relapse (over 6 months from therapy withdrawal) may have relatively good outcome with 
conventional chemotherapy alone (Borgmann et al., 1995; Ritchey, 1999; Uderzo et al., 1990). 
In contrast, children who relapse (isolated/combined medullary) during therapy or within 
30 months of diagnosis seem to benefit more from HSCT than chemotherapy with an event-
free survival rates of 40-50% reported for patients in CR2 who underwent a HSCT 
(Kawakami et al.,1990). 

It has been difficult to compare outcomes of patients treated with chemotherapy or HSCT, 
since patient populations are not necessarily equivalent. Patients with aggressive disease die 
earlier and may not be included in studies of marrow transplantation, resulting in selection 
bias (Tichelli et al., 1999). To address this question, matched-pair analyses have been 
performed for ALL CR2 patients treated with chemotherapy or HSCT (Dreger et al., 1997; 
Novotny et al., 1998). For patients with early first relapse, HSCT resulted in significantly 
better EFS rates at 5 years compared with chemotherapy alone (40% vs 17%; p<0.001) 
(Novotny et al., 1998). Marrow transplantation was associated with a reduced risk of relapse 
that was not negated by increased treatment related deaths. The difference between 
chemotherapy and HSCT for patients who experienced a late marrow relapse (45% DFS vs 



 
Advances in Hematopoietic Stem Cell Research 

 

352 

65%) (Chessells et al., 1986; Hoogerbrugge et al., 1995) was evident but not statistically 
significant. 

Another factor to consider when deciding whether HSCT is an option for relapse ALL is the 
phase of leukemia at the time of transplant because it is also highly predictive for the risk of 
leukemia relapse and death from non-relapse causes. In particular, patients transplanted in 
relapse with over 30% circulating blast, have very poor survival following HSCT (Kessinger, 
1989). Patients transplanted in remission compared to those in relapse have a two to five 
fold reduction in risk of relapse (p=0.0001) (36). 

In summary the current opinion is that the earlier the relapse the more difficult is to obtain 
and maintain a second complete remission, so HSCT should be consider as an elective 
therapeutic option in order to eradicate a resistant disease. Relapse patients who fail to 
achieve remission prior to transplant have very poor outcome, so HSCT should not be 
undertaken. 
 

Any one or more of the following: 
 
- Cytogenetics 

t(9;22) (q34, q11) or BCR-ABL molecular rearrangement 
t(4;11) (q21, q23) or 11q23 molecular rearrangement 
Hypodiploidy (≤44 chromosomes) 

-  Age ≥10 years and WBC ≥200 x109 /L 
- Induction failure (day 28 M2 or M3 BM) 
- Infant ALL (2-12 months) with any one or more of the following: 

CD10 negative (CALLA) ALL phenotype 
WBC ≥100 x109 /L at diagnosis 
Day 14 M2 or M3 BM 

Table 2. Ultra High-Risk Criteria of Childhood ALL in CR1. 

2.1.3 Chronic myelogenous leukemia (CML)     

CML is rare in childhood and accounts for less than 10% of all childhood leukemia. The 
treatment of CML has undergone dramatic changes in recent years. Before introduction of 
HSCT, the standard treatment approach for chronic phase CML was single-agent 
chemotherapy such as busulfan, hydroxyurea and interferon-alpha, however, treatment 
rarely produced a true complete remission. After 1980’s, allogenic-HSCT was introduced as 
the only curative therapy for patients with CML. Five large multi-institutional retrospective 
studies have shown a high rate of long-term disease free survival (55-75% after 
myeloablative allogeneic HSCT), but survival was accompanied by significant treatment-
related mortality, especially when unrelated donor allografts were used (Creutzig, 1996; 
Cwynarski et al., 2003; Millot et al., 2003; Weisdorf et al., 2002). From the 1980’s to 2000, 
allogeneic HSCT was the treatment of choice for younger patients in first chronic phase if an 
HLA-matched donor was available. Before 1999, CML was the most frequent indication for 
allogeneic HSCT worldwide. With the approval of imatinib by the FDA in 2001, this tyrosine 
kinase inhibitor soon became the frontline therapy for newly diagnosed CML patients and 
transplant rates in CML dropped quickly worldwide (Muramatsu et al., 2010).  
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Dramatic responses to oral imatinib administration were observed in adult patients with 
CML (Druker et al., 2001; Hughes et al., 2003). However, clinical experience with imatinib 
in the pediatric population is limited. Several studies have shown that treatment with 
imatinib has resulted in prolonged molecular response with limited drug toxicity with 
comparable results with those in adult patients (Millot et al., 2006). Imatinib is now 
implemented in the primary treatment regimen for children, but the paucity of evidence 
on its ability to result in permanent cure and the potential complications that may arise 
from long-term treatment with imatinib have prevented imatinib from superseding HSCT 
as the primary means of curative treatment in children. The results of allogeneic HSCT in 
children with CML are similar to those observed in adults; HSCT-related complications 
such as transplant-related mortality and graft versus host disease remain significant 
challenges.  

There is a general consensus for the need for HSCT in patients with imatinib resistance or 
those with advance-phase (accelerated and blast phase). (Table 3). However, issues such as 
when to undertake HSCT in chronic-phase CML pediatric patients or how best to treat 
patients who have relapsed after HSCT are still controversial. When considering HSCT vs 
imatinib in pediatric CML patients in early chronic phase, one must consider that the 
objective for treatment of childhood CML is not palliation, but cure. Hence, the possible 
adverse effects that stem from long-term tyrosine kinase weigh more heavily in the 
childhood CML population. HSCT still remains an important treatment option especially for 
younger patients with CML depending on physician and patient preferences. As a result of 
multiple clinical trials in adults that have documented great results with the use of imatinib 
in CML in chronic phase (87% of patients treated with imatinib showed complete 
cytogenetic response at 18 months with 3.3% disease progression) (O’Brian et al., 2003), this 
results have been applied to children, and imatinib is now also the front-line treatment for 
childhood CML. 

 
 

 
Adapted from Swerdlow, 2008; Speck, 1984. 
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65%) (Chessells et al., 1986; Hoogerbrugge et al., 1995) was evident but not statistically 
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The evaluation of the response to tyrosine kinase treatment is made through hematologic, 
cytogenetic and molecular testing (table 4). The overall evaluation should lead to a 
classification of treatment response as optimal, suboptimal or failure (table 5).  For patients 
in early chronic phase who achieve an optimal response, the drug should be continued until 
allogeneic HSCT is undertaken. In those patients who fail to respond, second-generation 
tyrosine kinase inhibitors and HSCT need to be considered. In suboptimal responders, 
imatinib may be continued, possibly at a higher dosage, or second-generation tyrosine 
kinase inhibitors may be introduced (Lee & Chung, 2011) Prospective cooperative studies 
are needed to address this complex issue in young patients with CML. 

 
 
 
 
 
Complete hematologic response 
 
1. Complete normalization of peripheral blood counts with leukocyte count <10x109/L 
2. Platelet count <450x109/L 
3. No immature cells, such as blasts, promyelocytes, metamyelocyte  
4. No signs or symptoms of disease with disappearance of palpable splenomegaly 
 
Partial hematologic response 
- Same as those for complete hematologic response, except for 
 
1. persistence of immature cells or 
2. platelet count <50% of the pretreatment count but >450xx109/L 
3. persistent splenomegaly but <50% of the pretreatment extent 
 
Cytogenetic response (in patients with complete hematologic response) 
 
1. Complete response; No Ph-positive metaphase cells 
2. Major response; 0-35% Ph-positive metaphase cells (complete+partial) 
3. Partial response; 1-34% Ph-positive metaphase cells 
4. Minor response; 35-90% Ph-positive metaphase cells 
 
Molecular response 
 
1. Complete molecular response; bcr-abl mRNA undetectable by RT-PCR 
2. Major molecular response; > 3-log reduction of bcr-abl mRNA 

Adapted from Faderls, et al, 1999. 

 
 

 
 
 

Table 4. Criteria for Cytogenetic and Hematologic Remission in CML.  
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Table 5. Recommendation for Definitions of Treatment Response to Imatinib Used in Early 
Chronic Phase. Modified from Suttorp M, et al, 2011 and Baccarani M et al, 2009. 

2.2 Lymphomas 

2.2.1 Non hodgkin’s lymphoma (NHL) 

Children suffering from NHL(Burkitt, lymphoblastic, diffuse large B cell and anaplastic 
large cell lymphoma) even with stages III/IV   have excellent results when treated with first-
line chemotherapy and radiation therapy. Long term  EFS is between  60-90%(Cairo et al., 
2007; Gerrad et al., 2008; Link, 1997; Patte et al., 2007). However, for refractory or recurrent 
Burkitt’s, diffuse large cell and lymphoblastic lymphoma, the long term survival is only 10-
20% (Atr, 2001; Cairo, 2003) In contrast, for refractory or recurrent anaplastic large 
lymphoma, up to 60% of patients may achieve long-term survival (53). 

Several studies have shown that patients with chemosensitive recurrent diseases can achieve 
long-term disease free survival after HSCT. In a recent study by Thomas Gross published in 
2010, he examined the role of HSCT  for patients less than 18 years with the four different 
histologic subtypes receiving autologous or allogeneic HSCT (sibling & unrelated) from 
1990-2005. To date this is the largest study done for refractory/relapse NHL. He concluded 
that EFS rates were lower for patients not in complete remission at HSCT, regardless of 
donor type. After adjusting for disease status, 5-year EFS were similar after allogeneic and 
autologous HSCT for diffuse large B cell (50% vs 52%), Burkitt’s (31% vs 27% and anaplastic 
large cell lymphoma (46% vs 35%). However, EFS was higher for lymphoblastic lymphoma 
after allogeneic HSCT (40% vs 4% p<0.01). Predictors of EFS for progressive or recurrent 
disease after HSCT included disease status at HSCT and use of allogeneic donor for 
lymphoblastic lymphoma. 

HSCT (auto & allo) can be effective in salvaging children and adolescents with refractory or 
recurrent NHL and results are superior if complete remission can be achieved prior to 
HSCT. Allogeneic donor is preferred for patients with lymphoblastic lymphoma. 
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2007; Gerrad et al., 2008; Link, 1997; Patte et al., 2007). However, for refractory or recurrent 
Burkitt’s, diffuse large cell and lymphoblastic lymphoma, the long term survival is only 10-
20% (Atr, 2001; Cairo, 2003) In contrast, for refractory or recurrent anaplastic large 
lymphoma, up to 60% of patients may achieve long-term survival (53). 

Several studies have shown that patients with chemosensitive recurrent diseases can achieve 
long-term disease free survival after HSCT. In a recent study by Thomas Gross published in 
2010, he examined the role of HSCT  for patients less than 18 years with the four different 
histologic subtypes receiving autologous or allogeneic HSCT (sibling & unrelated) from 
1990-2005. To date this is the largest study done for refractory/relapse NHL. He concluded 
that EFS rates were lower for patients not in complete remission at HSCT, regardless of 
donor type. After adjusting for disease status, 5-year EFS were similar after allogeneic and 
autologous HSCT for diffuse large B cell (50% vs 52%), Burkitt’s (31% vs 27% and anaplastic 
large cell lymphoma (46% vs 35%). However, EFS was higher for lymphoblastic lymphoma 
after allogeneic HSCT (40% vs 4% p<0.01). Predictors of EFS for progressive or recurrent 
disease after HSCT included disease status at HSCT and use of allogeneic donor for 
lymphoblastic lymphoma. 

HSCT (auto & allo) can be effective in salvaging children and adolescents with refractory or 
recurrent NHL and results are superior if complete remission can be achieved prior to 
HSCT. Allogeneic donor is preferred for patients with lymphoblastic lymphoma. 
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2.2.2 Hodgkin’s disease (HD)  

Autologous HSCT is the standard therapy for patients with HD in first chemosensitive 
relapse or second complete remission (CR) as shown by two prospective randomized 
clinical trials (Linch et al., 1993; Schmitz et al., 2002) 

Currently, there is no indication for autologous HSCT in first CR, even in patients with bad 
prognostic features at diagnosis (Federico et al., 2003; Proctor et al., 2002). 

For primary refractory patients or for patients in chemorefractory relapse, autologous HSCT 
has only a small chance of inducing long-term remission (Lazarus et al., 1999; Sweetenham 
et al., 1999). As part of a clinical protocol for patients with resistant HD, autologous HSCT 
might be considered as an initial debulking therapy to be followed by an allogeneic HSCT as 
consolidation therapy (Carella et al., 2000). 

Allogeneic HSCT has mainly been used as salvage therapy for multiply relapsed or 
refractory HD. A retrospective analysis indicates that reduced intensity conditioning 
allogeneic HSCT can improve the outcome of HD patients that relapse after an autologous 
HSCT (Thomson et al., 2008). Its impact in the long term outcome of these patients has still 
to be prospectively evaluated. HSCTs from HLA-identical sibling donors and well-matched 
unrelated donors give a similar outcome (Anderlini et al., 2008). 

2.3 Myelodysplastic syndrome (MDS) 

MDS is rare in children an allogeneic HSCT from a sibling donor or a well-matched 
unrelated donor is currently the only curative therapy that is available for children with de 
novo MDS, JMML or secondary MDS. MDS is a heterogeneous disorder, characterized by a 
clonal stem cell disease with ineffective hematopoiesis which is morphologically abnormal. 
MDS in children differs from MDS in adults, as children more frequently suffer from 
hypocellular MDS. De novo MDS can be further classified as refractory cytopenia (RC; 
previously known as refractory anemia or RA), RA with excess of blast (RAEB) and RAEB in 
transformation (RAEBt).  

The European working party on myelodysplastic syndrome (EWOG-MDS) reported their 
retrospective results on 63 children with RC (Kardos et al., 2003). Over 40% of patients had 
hypocellular marrows. Almost 50% of children with monosomy 7 progressed to advanced 
MDS within 2 years from diagnosis. By contrast, patients with hypocellular RC with a 
normal karyotype, may experience a long stable course before progression to generalized 
marrow failure occurs. Therefore, in patients with monosomy 7, HSCT should be performed 
soon after the diagnosis has been established. This is also advised for patients with 
advanced MDS (RAEB or RAEBt), and for patients with hypercellular RC, or with other 
clonal aberrations. In some patients the differentiation between hypocellular RC with a 
normal karyotype and aplastic anemia may be difficult, and in such patients a “watch and 
wait” strategy may be considered with repeated bone marrow evaluation before a final 
decision on diagnosis and therapy is made. 

After the introduction of the new WHO definition of acute myeloid leukemia, which 
lowered the threshold to diagnose AML from 30 to 20% blasts, there has been a debate 
whether RAEBt should be classified and treated as MDS or AML (VArdiman, 2002). One 
approach is to build in some observation time to assess progression, and to look for signs 
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indicative of AML, such as organomegaly or non-random chromosomal aberrations such as 
t(8;21) or inversion(16). 

Another relevant question in this respect is whether patients with advanced MDS benefit 
from pre-HSCT chemotherapy or not. Current results indicate this is not the case, as 
outcome did not differ according to blast percentage <5%, 5-19% or >20% in directly 
transplanted patients (Stary, 2005). 

In summary, patients diagnosed with advanced MDS should be treated with allogeneic-
HSCT, which may even include less suitable donors such as mismatched or haploidentical 
donors if this is the only available choice for a particular patient. 

2.4 Solid tumors 

Neuroblastoma (stage IV beyond the age of 1 year, or high risk factors in lower stage) is still 
the only indication where the benefit of high-dose therapy with autologous HSCT has been 
shown by randomized trials (Ladenstein et al., 2008; Matthay et al., 2009). 

Although to date the published results do not show an unequivocal benefit for consolidation 
with high-dose therapy, children and adolescents with solid tumors might undergo 
autologous HSCT after high-dose chemotherapy within clinical research trial, preferably as 
part of first –line treatment strategies in the following situations: 

 Neuroblastoma ( high risk, >CR1) 
 Ewing’s sarcoma (high risk or >CR1). 
 Brain tumors: children with medulloblastoma and high-grade gliomas responsive to 

chemotherapy in an attempt to avoid  or postpone radiotherapy. 
 Soft tissue sarcoma: stage IV or in responding relapse. 
 Germ cell tumors: after a relapse or with progressive disease. 
 Wilm’s tumor: relapse. 
 Osteogenic sarcoma: the value of HSCT is not yet clear. 

In general, allogeneic HSCT cannot be recommended in children with solid tumors. 
Allogeneic HSCT may be undertaken in the context of a clinical protocol in specialized 
centers. 

2.5 Bone marrow failure (BMF) 

BMF syndromes include a broad group of diseases of varying etiologies in which 
hematopoiesis is abnormal or completely arrested in one or more cell lines. BMF can be 
acquired aplastic anemia (AA) or can be congenital, as part of such syndromes as Fanconi 
anemia (FA), Diamond Blackfan anemia (DBA), and Shwachman Diamond syndrome (SDS). 
The estimated incidence of BMF is 2 per million in Europe, with higher rates in Asia, 
perhaps resulting from environmental factors. 

2.5.1 Acquired severe aplastic anemia (AA) 

HSCT using an HLA-matched related donor is the treatment of choice for severe acquired 
aplastic anemia, resulting in long-term survival rates of over 90%  If an HLA-compatible 
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indicative of AML, such as organomegaly or non-random chromosomal aberrations such as 
t(8;21) or inversion(16). 

Another relevant question in this respect is whether patients with advanced MDS benefit 
from pre-HSCT chemotherapy or not. Current results indicate this is not the case, as 
outcome did not differ according to blast percentage <5%, 5-19% or >20% in directly 
transplanted patients (Stary, 2005). 

In summary, patients diagnosed with advanced MDS should be treated with allogeneic-
HSCT, which may even include less suitable donors such as mismatched or haploidentical 
donors if this is the only available choice for a particular patient. 

2.4 Solid tumors 

Neuroblastoma (stage IV beyond the age of 1 year, or high risk factors in lower stage) is still 
the only indication where the benefit of high-dose therapy with autologous HSCT has been 
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BMF syndromes include a broad group of diseases of varying etiologies in which 
hematopoiesis is abnormal or completely arrested in one or more cell lines. BMF can be 
acquired aplastic anemia (AA) or can be congenital, as part of such syndromes as Fanconi 
anemia (FA), Diamond Blackfan anemia (DBA), and Shwachman Diamond syndrome (SDS). 
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2.5.1 Acquired severe aplastic anemia (AA) 

HSCT using an HLA-matched related donor is the treatment of choice for severe acquired 
aplastic anemia, resulting in long-term survival rates of over 90%  If an HLA-compatible 
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family donor is not available, most patients are treated with high-dose immunosuppression, 
using antithymocyte globulin (ATG) plus cyclosporine, with or without granulocyte colony-
stimulating factor (G-CSF). Approximately 70-80% of patients respond to 
immunosuppression, although the actuarial 10-year survival rate is about 40%. Marrow 
transplantation from unrelated donors is reserved for those patients who do not respond to 
or who relapse after immunosuppressive therapy. 

2.5.2 Inherited bone marrow failure syndromes (IBMFS) 

IBMFS should be considered for all patients presenting with AA, regardless of the presence 
or absence of characteristic physical findings.  IBMFS require specific approaches to 
management.  Sensitive and specific diagnostic tests, including identification of mutations in 
specific genes, are available for many disorders. 

2.5.2.1 Fanconi anemia (FA) 

FA is the most common IBMFS and consists of a complex disorder of increased sensitivity to 
DNA damage characterized by congenital anomalies, progressive BMF, and high risk of 
MDS, malignant transformation to acute leukemia and solid tumors. Significantly, a large 
percentage of affected persons (25% to 40%) have no visible anomalies, and FA cannot be 
excluded without specific testing for mutagen sensitivity. BMF in FA typically presents 
between the ages of 5 and 10 years, with an actuarial risk of developing bone marrow failure 
of 50% to 90% by age 40 years (Kutler et al., 2003; Rosenberg, 2008). The median age of 
patients who develop AML is 14 years (Alter, 2003), and cumulative incidence of 
hematologic malignancy by age 40 years is 22% to 33% (Kutler et al., 2003; Rosenberg, 2008).  
Symptomatic transfusion, G-CSF, and androgens can be used to treat cytopenias; however, 
HSCT is the only current definitive therapy to restore normal hematopoiesis. 

Commonly agreed-upon indications for HSCT in these patients include evidence of severe 
marrow failure as manifested by an ANC less then 1000 x 109/L with or without G-CSF 
support, or hemoglobin of less than 8 g/dl or platelet count less than 50,000 x 109/L or 
requirement of blood transfusion on regular basis. HSCT is also indicated for FA patients 
with evidence of progression to MDS or AML. Patients with FA who have an HLA-identical 
related donor, early HSCT is now the first-line treatment of choice for BMF, and preferably 
before transfusion dependence develops, to limit the risk of graft failure. 

Preparative regimens for HSCT in FA patients are modified from standard approaches 
because of the chromosomal instability present in all FA cells, including nonhematopoietic 
tissues. In vitro studies have shown that FA cells are hypersensitive to DNA cross-linking 
agents, such as cytoxan (Berger, 1980). In addition, patients with FA are at increased risk of 
severe GVHD compared with patients with severe AA because of defective DNA repair 
mechanisms, leading to prolonged tissue damage after targeting by an alloreactive response 
(Guardiola et al., 2004). 

Elaine Gluckman’s group at St Louis, Paris investigated the use of reduced-dose cytoxan (20 
to 40mg/kg) and reduced-dose thoracoabdominal irradiation or total body irradiation (TBI) 
(400-450 cGy) and reported a long-term survival of 58.5% after sibling donor 
transplantation, although with high incidences of aGVHD (55%) and cGVHD (70%). Later 
series modified the Gluckman regimen with the addition of ATG, resulting in less aGVHD 
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and cGVHD and improved survival (Ayas et al., 2001). A recent series of 35 FA patients 
undergoing matched-related HSCT using this regimen along with peri transplantation ATG 
reported an excellent 10-year actuarial survival of 89%, with aGVHD in 23% of cases and 
cGVHD in 12% of cases (Farzin et al., 2007). 

These studies have used low dose radiation because patients with FA have an increased risk 
of posttransplantation malignancy, but what about avoiding radiation altogether? A recent 
retrospective review of experience with matched related HSCT in FA patients in Saudi 
Arabia by Ayas et al (Ayas et al., 2008) found significantly greater OS in patients receiving 
non radiation, low dose cytoxan and ATG regimens compared with those undergoing 
preparative regimens with cytoxan and additional thoracoabdominal radiation (72.5% vs 
96.9%; p=0.013). The availability of fludarabine, a highly immunosuppressive nucleoside 
analog that is well tolerated by patients with FA, has allowed the elimination of radiation 
with good results. Tan et al in 2006, recently reported an actual OS of 82%, transplant related 
mortality of 9% and minimal GVHD in a cohort of 11 patients who underwent 
transplantation with low dose cytoxan, fludarabine and ATG with T cell-depleted bone 
marrow or umbilical cord cells. 

HSCT from an unrelated donor for patients with FA remains a key treatment strategy. 
Historically, outcomes of alternative donor transplantation in FA have been discouraging, 
with high incidences of graft failure, aGVHD and cGVHD and organ toxicity related to 
preparative regimens. Many regimens have been looked at over the years for unrelated 
transplants including increasing the dose of radiation, adding ATG without significant 
improvement in overall survival. The advent of fludarabine based preparative regimens has 
resulted in considerable progress, improving engraftment without significant toxicity 
attributable to the drug. However,  although fludarabine regimens have had some success in 
treating FA, concerns regarding reduced intensity conditioning (RIC) regimens persist; 
residual FA cells that survive the preparative regimen may present as AML as much as 10 
years later (Ayas et al., 2001).Despite these data, (Chaudhury et al., 2008), in a  study of 18 
high-risk patients with transfusion dependent AA, MDS and AML receiving either related 
mismatched or unrelated matched or mismatched HSCT using fludarabine, TBI and cytoxan 
for preparative regimens with T-cell depleted stem cell sources, found 100% engraftment, 
OS 72.2% and DFS of 66.6% with a median follow up of 4.2 years, suggesting that a RIC 
preparative regimen might be sufficient to control malignancy in FA. Cord blood is an 
alternative stem cells source for patients with FA who lack an HLA-matched unrelated bone 
marrow donor, as umbilical cord blood transplant has decreased incidence of GVHD.  

Despite the improved survival, identifying the ideal time for HSCT in FA patients requiring 
alternative donor transplantations remains challenging, given the still-significant peri 
transplantation mortality and the possibility of long lasting androgen response or survival 
with AA for a significant period without progression to MDS/AML. Referral and 
transplantation before exposure to large amounts of blood products or prolonged periods of 
severe neutropenia are likely to lead to the best outcomes. 

2.5.2.2 Shwachman-diamond syndrome (SDS) 

SDS is a rare autosomal recessive disorder characterized by exocrine pancreatic 
insufficiency, skeletal abnormalities and BMF with a predisposition to MDS and leukemia, 
especially AML. Although most patients with SDS have some hematologic abnormalities, 
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family donor is not available, most patients are treated with high-dose immunosuppression, 
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patients who develop AML is 14 years (Alter, 2003), and cumulative incidence of 
hematologic malignancy by age 40 years is 22% to 33% (Kutler et al., 2003; Rosenberg, 2008).  
Symptomatic transfusion, G-CSF, and androgens can be used to treat cytopenias; however, 
HSCT is the only current definitive therapy to restore normal hematopoiesis. 

Commonly agreed-upon indications for HSCT in these patients include evidence of severe 
marrow failure as manifested by an ANC less then 1000 x 109/L with or without G-CSF 
support, or hemoglobin of less than 8 g/dl or platelet count less than 50,000 x 109/L or 
requirement of blood transfusion on regular basis. HSCT is also indicated for FA patients 
with evidence of progression to MDS or AML. Patients with FA who have an HLA-identical 
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transplantation, although with high incidences of aGVHD (55%) and cGVHD (70%). Later 
series modified the Gluckman regimen with the addition of ATG, resulting in less aGVHD 
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most of them do not require HSCT. In the largest reported series, 20% of cases developed 
pancytopenia and 6% progressed to MDS (Ginzberg et al., 1999). 

HSCT is the only curative treatment for bone marrow dysfunction associated with SDS. 
However, the timing of HSCT remains a subject of controversy, and the apparent lack of 
genotype-phenotype correlation makes selection of patients for early preemptive HSCT 
difficult at present. In addition, SDS patients, like FA patients, have increased toxicity with 
intensive conditioning regimens. Overall, the available literature on HSCT in SDS patients is 
limited and consists mainly of case reports (Cesaro et al., 2001; Fleitz et al., 2002). 
Preliminary data indicates that HSCT with reduced intensity conditioning is feasible in 
patients with SDS and is associated with excellent donor cell engraftment and modest 
morbidity. 

2.5.2.3 Dyskeratosis congenita (DS) 

DC is a disorder of diverse inheritance  with chromosomal instability related to a defect in 
telomere maintenance, characterized by a triad of reticulate skin pigmentation, mucosal 
leukoplakia and nail dystrophy, along with BMF. Between 80% and 90% of persons with DC 
will develop hematopoietic abnormalities by age 30 years, and BMF is the leading cause of 
early mortality in this population (Dokal, 2000). In addition, DC patients are at increased 
risk for MDS/AML and solid tumors, especially squamous cell carcinomas, as well as 
progressive pulmonary fibrosis (Dokal, 2000). 

Allogeneic HSCT remains the only curative approach for marrow failure in patients with 
DC; however outcomes have been poor due to early and late complications. Initial attempts 
at HSCT in DC patients with myeloablative regimens had poor results, with significant 
morbidity and mortality, including increased incidences of chronic pulmonary and vascular 
complications, likely related to these patients underlying tendency to develop restrictive 
pulmonary disease. Non-myeloablative transplants using low-dose Cytoxan and 
fludarabine and ATG have produced successful engraftment and good short term outcomes, 
largely in case reports (de laFuente, 2007). Regardless of the potential reduction in toxicity 
associated with non-myeloablative regimens, preexisting conditions characteristic of DC 
(e.g. pulmonary disease) may ultimately limit the effectiveness of HSCT in DC patients. 

2.5.2.4 Diamond-blackfan anemia (DBA)  

DBA is a rare inherited form of pure red blood cell aplasia that presents early in infancy. 
Mutations in one of a number of ribosomal proteins have been identified in approximately 
50% of DBA patients, implicating ribosomal biogenesis or function in the disorder. Clinically, 
DBA is associated with macrocytosis, reticulocytopenia, and normal marrow cellularity with 
erythroblastopenia. Characteristically, these patients have elevated fetal hemoglobin and 
erythrocyte adenosine deaminase activity, and up to 35% have an associated congenital 
anomaly, with craniofacial and thumb abnormalities the most common. 

Corticosteroids remain the mainstay of initial therapy in DBA, with 80% response rate. Only 
20% of patients achieve remission; 40% require continued therapy with steroids, which can 
have significant side effects, and another 40% remain transfusion and chelation dependent 
(Vlachos et al., 2008). Steroid-intolerant or transfusion-dependent patients may be 
considered for HSCT, which although curative for DBA, remains controversial, because 
most of these patients can achieve long-term survival with supportive therapy alone. 
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A series of 36 patients from the DBA registry who underwent HSCT (main indication 
transfusion dependence) yielded 5-year survival rates of 72.7% in matched sibling donor 
recipients and 19% in alternative donor recipients (p=0.01) (Lipton et al., 2006). Similar 
results were reported in  an international bone marrow transplant registry series of 61 
patients with DBA undergoing HSCT with conventional cytoxan containing preparative 
regimens; 3-year survival was 76% after sibling donor transplantation compared with 39% 
after alternative donor transplantation (Roy et al., 2005). In both studies, the alternative 
donor recipients were more likely to have received a TBI-containing regimen or to have a 
longer time from diagnosis to transplantation, suggesting that TBI should be avoided. In 
addition,  patients with DBA have an increased risk of malignancy compared to the general 
population, another reason why TBI-containing regimens should be avoided in this 
population. There also are encouraging case reports of successful HSCT in DBA with RIC 
fludarabine containing preparative regimens; however, the data are scanty and reflect short 
follow-up times; further study is needed in this area (Berndt, 2004; Ostronoff, 2004). 

2.5.2.5 Congenital Amegakaryocytic Thrombocytopenia (CAMT) 

CAMT is a rare autosomal recessive disorder caused by mutations in the thrombopoietin 
receptor. It is usually diagnosed early in childhood, presenting with isolated nonimmune 
thrombocytopenia with decreased marrow megakaryocytes. Approximately 50% of CAMT 
patients develop marrow aplasia, and some develop MDS or leukemia. 

Although transient responses to steroids, cyclosporine and growth factors in CAMT have 
been documented, HSCT remains the only curative treatment. Good short-term survival has 
been reported after matched related donor HSCT in small case series. Reports of unrelated 
donor HSCT are largely case reports and describe significant engraftment challenges. 

2.6 Immunodeficiencies 

Primary cellular immunodeficiencies are a group of inherited disorders characterized by 
severe impairment of the innate or adaptive immune systems, which generally leads to 
early death from infectious complications. These disorders can be further categorized by 
the cell lineage primarily affected (table 6). Supportive care can extend the life span of 
patients affected by these diseases, definitive cure is generally only achieved by allogeneic 
hematopoietic stem cell transplantation, though recent advances in gene therapy hold 
significant promise that this may soon be a viable alternative. Allogeneic HSCT is 
indicated for severe primary immunodeficiencies from both HLA-identical and 
alternative donors. 
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2.6.1 Severe combined immunodeficiency (SCID) 

SCID is a rare disorder caused by a group of genetic disorders with a shared phenotype of 
deficient T and B lymphocyte infunction (with or without abnormal natural killer (NK) 
cell development) that leads to early death from recurrent infections in affected children 
(table 7). Except for those patients with SCID due to deficiency of adenosine deaminase 
(ADA), for which replacement enzyme exists, the only curative therapy for SCIS is 
allogeneic HSCT. However, early results with gene insertion into autologous 
hematopoietic stem cells for children with x-linked SCID and ADA deficiency 
(Cavazzana-Calco, 2007) suggest that eventually this will become a more common form of 
curative treatment for many primary immunodeficiency diseases. 
 

 
Table 7. Genetic Sub-Types of Severe Combined Immunodeficiency. 

HSCT should be done as soon as the diagnosis is confirmed because these patients are at 
risk of developing a life-threatening infection, particularly pulmonary infections. For all 
stem cell sources, successful outcomes are more likely to be achieved when the patient is 
still very young, preferably less than 6 months of age.( Buckley et al., 1999), demonstrated 
that infants transplanted less than 3.5 months of age had a 95% overall survival compared to 
only 76% overall survival in older children. The preferred choice of stem cell donor for a 
patient with SCID is an HLA-identical sibling, in which the overall survival now exceeds 
90%, if the transplant is performed promptly. In patients without a matched sibling, the 
choice is whether to use an immediately available T cell depleted haplocompatible family 
member or to perform a search for an HLA matched unrelated donor or cord blood unit. 
Table 8 lists the reports on transplantation with different stem cell sources. 

2.6.2 Wiskott-Aldrich syndrome (WAS) 

WAS is characterized by a trial of thrombocytopenia with small platelets, eczema and 
recurrent infections. The T cell immunodeficiency predisposes to the development of 
autoimmune phenomena and lymphoma. Affected males rarely survive past the second 
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decade of life. The only curative strategy is allogeneic HSCT. The international bone marrow 
registry and national marrow donor program demonstrated in 170 patients that while the 5-
year OS of patients transplanted from HLA-identical siblings was 87%, the results for 
unrelated HSCT were significantly related to the age at transplant (Filipovich et al., 2001). 
Unrelated donors less than 5 years of age had an 85% 5-year OS, while all 15 patients greater 
than 5 years of age died (Filipovich et al., 2001). Haploidentical related transplants have 
been less successful with an OS of 45-52%. 

 
Table 8. Survival Following HSCT For SCID Based on Stem Cell Source and Conditioning 
Regimen. 

2.6.3 Familial hemophagocytic lymphohistiocytosis (HLH) 

Familial HLH is characterized by episodes of fever, hepatosplenomegaly and cytopenias. An 
autosomal recessive defect in one of the several genes including those encoding perforin or 
Munc 13, causes reduced NK and T cell cytotoxicity. This leads to a widespread 
accumulation of lymphocytes and mature macrophages with hypercytokinemia. Familial 
HLH is invariably fatal.  The only curative strategy for treatment of familial HLH is 
allogeneic HSCT. A report from a multicenter prospective trial, HLH-94, demonstrated a 
62% 3-year EFS in 65 children undergoing allogeneic HSCT with a variety of stem cell 
sources (Henter et al., 2002).  

2.6.4 Chronic granulomatous disease (CGD) 

CGD is characterized by recurrent pyogenic infections in patients with normal neutrophil 
numbers.  A defect in one of the four genes encoding subunits of the nicotinamide adenine 
dinucleotide phosphate-oxidase complex leads to insufficient production of free protons 
from which to make hydrogen peroxide. With good supportive care, including therapy with 
interferon gamma, affected individuals can live up to the fourth decade of life, but suffer 
early mortality from recurrent pulmonary infections. 

Allogeneic HSCT is the only curative strategy. A report from the European group for Blood 
and Marrow Transplantation demonstrated in 23 patients that myeloablative conditioning 
prior to matched sibling HSCT can be safely performed (85%OS), especially if the patient 
were free of infection at the time of HSCT (100% OS) (Seger et al., 2002). Given the current 
success rates, some favor transplantation in all patients with CGD who have an appropriate 
donor at the earliest opportunity. 

Recent data, (Kuhn’s et al., 2010) showed that patients with very low superoxide production 
had worse long-term survival than those with higher levels of NADPH oxidase activity 
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suggesting that these patients should be considered appropriate candidates for early HSCT, 
particularly if a sibling matched donor is available. An increased alkaline phosphatase level, 
a history of liver abscesses, and a decrease in platelet count reflecting portal hypertension 
are adverse prognostic indicators (Feld et al., 2008). These patients might also be considered 
for early transplantation. Even with improved survival and longevity caused by better 
infection and inflammation management, complications and their consequences can 
accumulate over time. However, HSCT is probably better before infections and 
inflammatory damage accumulates. Transplantation has aloes reversed some of the 
inflammatory and autoimmune complications associated with CGD and might prevent their 
development (Seger et al., 2002). Allogeneic HSCT has improved dramatically over the last 
decade because of improved conditioning regimens and GVHD prophylaxis, high-
resolution sequence-based matching and improved pre transplantation, peri transplantation 
and post transplantation management  and as a result it has become a successful and 
sensible option for many patients with CGD. 

2.7 Inherited metabolic diseases (IMD) 

IMD is a diverse group of diseases arising from genetic defects in lysosomal enzymes or 
peroxisomal function. The lysosome is an intracellular sorting, recycling and digestion of 
organic molecules. Loss of functional activity of lysosomal enzymes results in accumulation 
of substrates, such as glycoprotein or mucopolysaccharides (MPS). The clinical 
manifestations vary depending on the specific enzymatic deficiency, level of residual 
activity, and site of substrate accumulation. 

Allogeneic HSCT can prolong life and improve its quality in patients with IMD. HSCT offers 
a permanent source of enzyme replacement therapy and also might mediate 
nonhematopoietic cell regeneration or repair. The likely processes responsible for the 
effectiveness of HSCT for IMD includes cytoreduction to ablate myeloid and immune 
elements, engraftment of donor-derived hematopoietic and immune system, donor 
leukocytes production of enzyme, distribution of enzyme through blood circulation, 
migration of cells to brain, cross blood-brain barrier, many develop microglia, replacement 
of enzyme in the brain by cross-correction and nonhematopoietic cell engraftment (Prasad 
and Kurtzberg, 2008).HSCT has been performed in almost 20 of the 40 known lysosomal 
storage disorders and peroxisomal storage disorders. However, the majority of transplant 
experience to date is in patients with MPS I (Hurler Syndrome), other MPS syndromes 
(MPSII, MPSIII, A & B, MPSVI), adrenal leukodystrophy (ALD), metachromic 
leukodystrophy (MLD), and globoid leukodystrophy (Krabbe disease), accounting for more 
than 80% of the cases. Table 9 identifies the IMD for which allogeneic HSCT is currently 
indicated or under investigation. The response to HSCT varies from disease to disease, 
within patients with same disease, and within different organ systems in the same patient. 

2.7.1 Hurler syndrome (MPS IH) 

MPS IH, the most sever phenotype of alpha-l-iduronidase deficiency, is an autosomal 
recessive disorder characterized by progressive accumulation of stored glycosaminoglycans 
(GAGs). Hurler and other phenotypes of MPS I are a broad continuous clinical spectrum. 
Accumulation of GAGs results in progressive, multisystem dysfunction that includes 
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psychomotor retardation, severe skeletal malformations, life-threatening cardiopulmonary 
complications, and early death.  

 

 
Table 9. IMD for which HSCT may be indicated 

Data from the CIBMTR and EBMT indicate that more than 500 allogeneic HSCTs have been 
performed worldwide for children with MPS IH since 1980, making it the most commonly 
transplanted IMD. HSCT is effective, resulting in increased life expectancy and 
improvement of clinical parameters if performed early in the disease course before the onset 
of irreversible damage. Donor engraftment after HSCT has resulted in improvement of the 
following clinical symptoms: rapid reduction of obstructive airway symptoms, and 
hepatomegaly; improvement in cardiovascular function as well as hearing, vision and linear 
growth; finally hydrocephalus is either prevented or stabilized. In addition, cerebral damage 
already present before HSCT seems to be irreversible, but HSCT is able to prevent 
progressive psychomotor deterioration and improve cognitive function (Peters, 1998; 
Vellodi et al., 1997). 
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A matched normal sibling is the preferred HSCT donor. In the past decade an unrelated 
cord blood (CB) has been used with increasing frequency in patients without a sibling 
donor. CB offers several potential advantages compared with bone marrow or peripheral 
blood for HSCT, including better availability, greater tolerance for HLA mismatches, lower 
incidence and severity of GVHD and reduced likelihood of transmitting viral infections 
(Staba et al., 2004; Prasad et al., 2008). The use of CB for children with MPS IH has been 
associated with high rates of chimerism, engraftment and overall survival (Staba et al., 2004; 
Prasad et al., 2008).  Similar results are noted for CB in other selected IMD (Escolar et al., 
2005). As a result of this data, the EBMT developed transplantation guidelines for patients 
with MPS IH in 2005. These guidelines are widely used today and include a standardized 
busulfan/cytoxan (BU/CY) conditioning regimen, an enzymatically normal matched sibling 
bone marrow donor if available, and if not, cord blood as the preferred graft source. A 
recent EUROCORD- Duke university MPS IH collaborative study showed that early 
transplant (i.e., within 4.6 months from diagnosis) with CB and BU/Cy conditioning was 
associated with improved engraftment and overall survival. Furthermore, 94% of engrafted 
survivors achieved full donor chimerism. (Boelens et al., 2007). 

Despite the overall success from HSCT, some disease manifestations persists or can even 
progress after HSCT, and this includes the musculoskeletal disorders secondary to the IMD 
that does not resolve and often requires orthopedic surgical intervention. In addition, 
neurocognitive dysfunction and corneal clouding that developed before HSCT may be 
irreversible. The outcome of HSCT for children with MPS IH is promising, yet variable from 
child to child. The variability is presumably caused by factors such as genotype, age and 
clinical status before HSCT, donor enzyme activity level, donor chimerism (mixed or full) 
stem cell source (CB, BM,PB) and resultant enzyme activity level in the recipient 
(Aldenhoven, 2008).  An international long-term follow up study involving Europe and 
North America is underway to evaluate the influence of these various factors. Overall 
progress has been made. HSCT for children with MPS IH has become a safer procedure, 
with recent survival rates exceeding 90%. 

2.7.2 Other mucopolysaccharidosis syndromes 

Compared with MPS IH, experience with HSCT for treatment of other MPS disorders is 
limited. Small numbers and lack of detailed functional outcome data hamper the 
development of specific therapy guidelines. Conceptually, the basis for the effectiveness of 
HSCT in these children is the same as those with MPS IH. However, the kinetics of cellular 
migration, differentiation, distribution, and effective enzyme delivery may differ. Also, 
there is wide clinical variability within and across specific MPS diseases. As with HSCT for 
other IMD, important factors in the outcome may be timing of transplant, graft source, and 
the underlying severity of the phenotype in a given child. To date, most of the published 
experience is in recipients of BMT (Guffon et al., 2009). Recently, survival has been reported 
in small cohorts undergoing CBT, but their functional outcomes are not yet published. 

The role of HSCT in MPS II remains controversial because of lack of convincing evidence of 
neurocognitive benefit. The status of HSCT for Sanfilippo Syndrome (MPS III) is similar to 
that of MPS II with inadequate data and inability to make specific recommendations about 
timing of transplant, graft source, and potential neurological benefit. Eleven long-term 
survivors of BMT have been reported, but all showed declined in neurocognitive function 
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(Gungor,1995; Vellodi et al., 1992). On the other hand, the results of HSCT for Maroteaux-
Lamy Syndrome (MPS VI) have been promising. MPS VI has multiple clinical phenotypes, 
but generally patients live into the second to fourth decade. HSCT in 4 patients with MPS VI 
lead to improvement in cardiopulmonary function, facial features, and quality of life 
(Herskhovitz et al., 1999). HSCT can be considered a therapeutic option for patients with 
MPS VI that are  intolerant or fail ERT. 

2.7.3 Adrenal leukodystrophy (ALD) 

X-ALD is a peroxisomal disorder involving  defective beta-oxidation of very long chain fatty 
acids (VLCFA). The affected gene in X-ALD is ABCD1 and the peroxisomal membrane 
protein for which it codes is ALDP. More than 500 mutations in the gene are described, but 
there is no relationship between the nature of the mutation and the clinical presentation of 
illness. X-ALD has a variable clinical presentation. Patients can be asymptomatic or present 
with adrenal insufficiency and/or non inflammatory axonopathy (AMN) and/or cerebral 
disease. The clinical course is so variable with some individuals never developing 
symptoms so therefore, HSCT can not be recommended based on the presence or absence of 
the genetic mutation. HSCT is indicated only in those patients with clear evidence of early 
cerebral inflammatory disease as determined by a gadolinium enhanced MRI. (Peters, 2003). 
Cerebral disease may manifest itself during childhood or adolescence. Approximately 40% 
of genetically affected boys develop childhood cerebral X-ALD. Many of the remainder 
develops AMN. Cerebral disease is usually progressive, although clinical stabilization 
without HSCT can occur. HSCT  is not currently  indicated  for asymptomatic individuals as 
prophylaxis.  In view of the natural history of the disease such a practice would mean that 
some boys would undergo HSCT ( with its short-term mortality and long-term morbidity 
risks) who might otherwise have been healthy.  Nor is indicated for those individuals with 
advanced cerebral disease because HSCT does not reverse and may even worsen, 
established disease. 

In this disease, judicious timing of the transplant is paramount. Asymptomatic boys should 
be regularly screened for signs of inflammatory brain disease, a potential donor identified, 
and HSCT rapidly performed if and when such  symptoms appear. The presence of brain 
MRI abnormalities and the presence or absence of enhancement with gadolinium has been 
shown to be of prognostic value. A 34-point MRI scoring system specific for X-ALD that was 
designed by Loes and colleagues (Loes et al., 1994; Loes et al., 2003) is now used worldwide 
for patient evaluation and treatment decisions. An MRI severity score as low as 1 with 
gadolinium enhancement in a young boy is highly predictive of subsequent progressive 
demyelination and is an indication for transplant. However, the identification of an HSCT 
donor for asymptomatic boys should not await MRI anomalies, but should done  
immediately after diagnosis to prevent delays if a follow up MRI indicates disease 
progression.  

Review of the literature supports that most boys that have been transplanted from the 
best available donor have received  full intensity chemotherapy-only preparative regimen 
(Peters, 2004); most unrelated donors have been adult bone marrow donors, but some CB 
donors have been used (Beam, 2007); donor-derived engraftment rates seem higher than 
seen in patients transplanted for MPS IH syndrome (86% of 93 evaluable patients at a 
median follow-up of 11 months; 93% of related donor transplants; 80% of unrelated donor 
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transplant) (Peters,1998,2004); outcome is affected by disease status, donor source and 
HLA matching (Peters, 2004). The most common causes of death are progressive cerebral 
X-ALD disease and GVHD. TRM is 10% in related donors and 18% in unrelated donors. 
Five-year survival rates for recipients of related donor and unrelated donor transplants 
have been reported at 64% and 53%, respectively (Peters, 2004); and finally, survival is 
clearly affected by disease status at time of transplant as assessed by the number of 
neurologic deficits and MRI severity score. In those with 0 or 1 neurologic deficit and MRI 
score of less than 9, the 5-year survival was 92% compare to 45% in all other patients 
(Peters, 2004). 

2.7.4 Globoid leukodystrophy (GLD) 

GLD or Krabbe disease is an autosomal recessive lysosomal storage disorder caused by 
deficiency of galactocerebrosidase (GALC), an enzyme responsible for degrading beta-
galactocerebroside, a major component of myelin sheath. GALC deficiency causes 
defective and decreased myelination and inflammation in the CNS and peripheral 
nervous systems from catabolic derivatives of beta-galactocerebroside such as 
psychosine. These changes lead to progressive deterioration in neurologic and cognitive 
function, resulting in spasticity, mental deterioration, blindness, deafness, seizures and 
early death. In the most severe “early onset or infantile” form, children develop 
symptoms before 6 months of age and usually die by age 2. In the “late onset” form, 
symptoms appear in early to late childhood, but only a few children survive into teenage 
years. 

HSCT is the only available therapy with potential to improve neurocognitive function, 
increase survival and alter the natural history of the disease. Krivit and colleagues (Krivit et 
al., 1998) described the use of allogeneic HSCT to treat 5 patients with GLD (4 received 
HLA-sibling HSCT & 1 unrelated cord). Two children with late onset GLD had substantial 
neurologic disability and they had resolution of their symptoms after transplant. Cognition, 
language and memory continued to develop normally in 3 children with late-onset disease. 
Most children had improvement in MRI, CSF protein levels, and all had normalization of 
enzyme activity. These findings support the use of allogeneic HSCT for children with GLD. 
If a matched related donor is not available, unrelated cord blood has also been shown to be 
beneficial (Escolar et al., 2005).   

2.7.5 Metachromatic leukodystrophy (MLD) 

MLD is an autosomal recessive lysosomal disorder arising from deficiency of arylsulfatase A 
(ARSA) enzyme activity and characterized by increased urinary sulfatides. The clinical 
phenotype is a broad continuous spectrum ranging from early-infantile MLD to adult-onset 
forms. Clinical symptoms vary depending on timing of presentation (infantile, juvenile or 
adult form), but all include abnormal cognitive skills, behavioral abnormalities with adults 
having mental regression and psychiatric symptoms,  progressive spastic disease and 
increased CSF protein. 

The first BMT for MLD was performed more than 20 years ago. According to the EBMT and 
CIBMTR registries, more than 100 transplants have since been performed for this disorder. 
Despite this number, the lack of graft-outcome and long-term follow up studies makes it 
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difficult to draw firm conclusions regarding the efficacy of HSCT in MLD. In addition, data 
suggest that outcomes are less promising than those for MPS IH. It is not clear if MLD patients, 
or which phenotypes, might benefit from HSCT. For presymptomatic juvenile and adult onset 
patients there is positive evidence. Improved transplantation techniques and the prompt 
availability of CB grafts may positively influence long-term outcomes. An international registry 
would facilitate comparative evaluation of therapeutic options, leading to improved guidelines. 

3. Expanding Indications for transplant  
HSCT has been explored in a number of malignant and nonmalignant diseases. Currently, 
research is rapidly expanding in areas not historically considered for HSCT. Also, as 
morbidity and mortality decrease, HSCT is being reconsidered for many diseases in which 
HSCT was previously considered and rejected. Several potential indications are reported in 
this section. 

3.1 Beta-thalassemia 

Thalassemias result from mutations of the globin genes that cause reduced or absent 
hemoglobin production, reducing oxygen delivery. To treat the anemia and restore oxygen 
delivery to tissues, chronic lifelong transfusions are required in those who have thalassemia 
major. However, this promotes progressive iron overload and organ damage. The only 
definitive cure for thalassemia is to correct the genetic defect by HSCT. Transplantation is 
recommended early, if an allogeneic healthy related sibling donor or a related CB is 
available. Several studies have suggested that umbilical cord blood transplant (UCBT) 
recipients benefit from a lower risk of GVHD (Gluckman, 1997; Wagner, 1995) and a recent 
analysis comparing 113 children who received a UCBT from a compatible sibling with 2052 
HLA-identical sibling marrow transplant recipients showed that children receiving UCB 
experienced a significantly reduced risk of developing aGVHD and cGVHD (Rocha, 2000). 

Prior to transplant, the patient should be assigned to 1 of 3 Pesaro risk class to assess risk 
factors for BMT. This classification is based upon clinical features of thalassemia that include: 
(1) adherence to a program of regular iron chelation therapy, (2) the presence or absence of 
hepatomegaly and (3) the presence or absence of portal fibrosis observed by liver biopsy. The 
conditioning regimen is uniform for classes 1 and 2 patients, but is modified for those who 
have class 3 features due to an increased risk of transplant-related mortality (Lucarelli, 1990). 
As a result of this risk classification and the development of new conditioning regimens, the 
outcome of thalassemia patients have improved with thalassemia-free survival and EFS over 
70% reported worldwide. When stratifying patients, initially those with Pesaro Class 1 
characteristics < 17 years had a superior thalassemia-free survival; however, recent updates 
show that outcomes are very similar across all three risk categories after employing risk-based 
conditioning regimens (Bhatia, 2008). Unrelated donor transplants are also used in selected 
patients (Bhatia, 2008). Following transplant, iron overload may still be a problem; 
consequently, chelation or phlebotomy may still be necessary. 

3.2 Sickle cell disease (SCD) 

SCD contrasts with thalassemia major by its variable course of clinical severity. Its typical 
clinical manifestation include anemia, severe painful crisis, acute chest syndrome, splenic 
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sequestration, stroke (clinically overt and silent), chronic pulmonary and renal dysfunction, 
growth retardation, neuropsychological deficits and premature death. Historically, the 
mainstays of treatment are both preventive and supportive. The three major therapeutic 
options available for children affected with SCD are: chronic blood transfusion, 
hydroxyurea and HSCT. Of these options, only HSCT affords patients the possibility of cure. 
The use of transplantation for the treatment of patients with SCD has been considered for 
many years. However, because of the morbidity and mortality of HSCT, it was considered 
too risky. Recently, due to advances in supportive care and immunosuppressive therapy, 
transplant is again being considered for SCD. The preliminary experience of HSCT for beta-
thalassemia major has in part provided the rationale for extending this treatment to sickle 
cell anemia. Walter et al (Walter et al., 1996) used selection criteria similar to that applied to 
patients with beta thalassemia major and chose patients with debilitating clinical events, 
including stroke, recurrent acute chest syndrome and recurrent painful vaso-occlusive 
crises, but selected children rather than adults and before the development of permanent 
end organ damage. These recommendations are associated with significant morbidity and 
early mortality among patients with SCD and are the criteria upon which most early studies 
using HSCT are based.  

Three major clinical series account for most of the experience of HSCT for SCD 
(Bernaudin et al, 2007; Walters et al, 2000; Vermylen et al, 1998). In all three series, the 
majority of patients received HLA-identical sibling donor allograft and all patients 
received the same conditioning regimen (busulfan 14-16mg/kg with cytoxan 200) and 
GVHD prophylaxis (ATG, cyclosporine and methotrexate).  The results of these three 
studies were very similar.   OS was 92-94% and EFS was 82-86% with a median follow-up 
range of 0.9-17.9 years. TRM from all three series was also similar and was 
approximately 7% with infections as the chief cause. Similarly, the incidence of aGVHD 
> grade II was approximately 15-20%. The rate of cGVHD was 20% in Vermylen et al 
study compared to 12 and 13.5% in the Walters et al and Bernaudin et al reports, 
respectively. While HSCT is curative in patients with SCD, only 14-18% of patients have 
a matched family donor. The use of unrelated donors in HSCT for SCD is under 
development. There are several limitations which restrict the uniform utilization of 
allogeneic adult donors that include donor availability, and the high risk of severe 
aGVHD. The use of unrelated cord blood transplantation is also being considered and 
recent studies have shown promising results, although g raft rejection and aGVHD still 
remain issues. In addition, efforts to expand the application of HSCT for SCD have been 
restricted not only by lacking suitable donors, but also by the risk of significant toxicity 
from the myeloablative conditioning regimen. With the advent of lower intensity 
conditioning regimens which rely on less myeloablation and more immunosuppression, 
many of the long-term effects, such as growth and endocrine dysfunction observed after 
myeloablative conditioning regimens, may be ameliorated.  

3.3 Autoimmune disease   

Autoimmune diseases are often controlled with treatments that act on the immune 
system. However, these therapies are usually not curative. Recently many autoimmune 
diseases have been treated with HSCT. The goal of autologous HSCT is to reset the 
immune system. Studies on thymic lymphocytes after auto HSCT have shown that, after a 
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burst sustained by pre transplant memory cells, the organ is repopulated by likely 
harvest-derived naïve T cells, and also the T-lymphocyte repertoire may significantly 
differ before and after autografting, thus suggesting the possibility of achieving an 
immune resetting through autologous HSCT (Isaacs, 2004; Sun, 2004). Allogeneic 
probably results in the highest potential for cure. However, there is higher morbidity and 
mortality caused by GVHD. Marmont summarize several allogeneic transplant cases in 
which the patient achieved full post transplant donor chimerism but their autoimmune 
disease still relapsed. A European database, the International Autoimmune Disease Stem 
Cell Project Database, was established in 1996. The database contains 600 patients, most 
treated with autologous HSCT; 15% of the patients registered are children. Some of the 
autoimmune diseases in children that were treated with HSCT are juvenile idiopathic 
arthritis, immune cytopenias, systemic sclerosis, systemic lupus and Crohn’s disease 
(Rabusin, 2008). 

3.4 Other non-malignant disease 

3.4.1 Autosomal recessive osteopetrosis (ARO) 

ARO is a rare genetic bone disease in which a deficit in bone resorption by osteoclasts leads 
to increased bone density and secondary defects. The disease is often lethal early in life 
unless treated with HSCT. However, recently the dissection of the molecular bases of the 
disease has shown that ARO is genetically heterogeneous and has revealed the presence of 
subsets of patients which do not benefit from HSCT, highlighting the importance of 
molecular diagnosing ARO to identify and establish the proper therapies for better 
prognosis (Villa, 2008).  EBMT conducted a retrospective analysis of 122 children who had 
received an allogeneic HSCT for ARO between 1980 and 2001. The actuarial probabilities of 
5 years disease free survival were 73% for recipients of a genotype HLA-identical HSCT 
(n=40), 43% for recipients of a phenotype HLA-identical or one HLA antigen mismatch graft 
from a related donor (n=21), 40% for recipients of a graft from a matched unrelated donor 
(n=20) and 24% for patients who received a graft from an HLA-haplotype-mismatch related 
donor (n=41). Causes of death after HSCT were graft failure and early-TRM complications. 
Conservation of vision was better in children transplanted before the age of 3 months 
(Driessen, 2003). HSCT is the only curative treatment for ARO and should be offered as 
early as possible. 

3.4.2 Congenital erythropoietic porphyria (CEP) 

CEP is a rare autosomal recessive disorder of porphyrin metabolism in which the genetic 
defect is the deficiency of uroporphyrinogen III cosynthase (UIIIC). Deficiency of this 
enzyme results in an accumulation of high amounts of uroporphyrin I in all tissues leading 
to hemolytic anemia, splenomegaly, erythrodontia, bone fragility, exquisite photosensitivity 
and mutilating skin lesions. The vital prognosis is very bad and until now, no treatment 
seems to be efficient. Bone marrow transplantation seems to be able to correct the enzymatic 
deficit that causes the disease because it is located in the bone marrow. A few cases of 
patients have been reported to be cured of the disease with stem cell transplantation (Shaw, 
2001). HSCT should be strongly considered because this is currently the only known 
curative therapy. 
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3.4.3 Immune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX) 
syndrome  

IPEX syndrome is a rare, fatal autoimmune disorder caused by mutations in the forkhead 
box protein 3 (FOXP3) genes leading to the disruption of signaling pathways involved in 
regulatory T-Lymphocyte function. Patients with IPEX syndrome often present in early 
infancy and without therapeutic intervention, affected male patients usually die within the 
first or second year of life. These patients require supportive therapy including parental 
nutrition, insulin, antibiotics and blood transfusions. Immunosuppressive therapy has been 
used with variable improvement in symptoms. Correction of the dysregulated immune 
system can be achieved by allogeneic HSCT using a suitable donor. Although, HSCT is the 
only viable option for long-term survival, patients are usually very ill to tolerate traditional 
myeloablative conditioning regimens. Recent studies reported the successful outcome of 
HSCT using a low-intensity, nonmyeloablative conditioning regimen in 2 patients with IPEX 
syndrome and significant pre transplant risk factors (Burroughs, 2010; Rao, 2007). 

3.4.4 Epidermolysis bullosa (EM) 

EB is a group of blistering skin disorders resulting from mutations in genes encoding 
protein components of the cutaneous basement membrane zone.  HSCT has been shown to 
ameliorate the deficiency of the skin-specific structural protein in children with EB (Fujita, 
2010; Tolar, 2011). 

4. Conclusion 
The indications for HSCT are continually changing and expanding rapidly beyond the 
traditional use as a treatment for malignant and nonmalignant diseases. The inclusion of 
cord blood as a source of stem cells and the availability of reduce intensity regimens has 
allowed us to expand the indications for HSCT to patients who otherwise would not meet 
accepted criteria for conventional HSCT.  The field of HSCT is continually growing and a 
great deal of additional research is needed to continue to improve our outcomes.  This is an 
exciting time in HSCT with many new avenues becoming available for patients. 
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1. Introduction 
Potency is the quantitative measurement of biological activity of a product (European 
Medicines Agency (EMA), 2008). Potency provides assurance that production and 
manufacture demonstrate consistency and provides information on stability and 
performance of the product. It also allows correlation with the clinical response and can help 
avoid product failure or toxicity due to the improper dose of the product being 
administered. For biopharmaceutical products such as drugs, growth factors and cytokines, 
vaccines etc., measurement of potency to predict dose has been a routine procedure for 
many years. Cells, on the other hand, are complex living entities that are continuously in 
flux. The potency of cells can change depending on numerous physiological and external 
environmental factors. Yet, with the increased number of cellular therapeutic applications 
and clinical regimen involving numerous cell types, the need to reliably and reproducibly 
measure biological and functional activity to meet the requirements of potency and ensure 
patient safety is of increasing importance (EMA, 2008; U.S. Food and Drug Administration, 
(FDA), 2011). 

Determining the potency of a stem cell therapeutic can be a daunting task, especially if 
knowledge of the system biology, physiology and regulation is limited. In contrast, the 
hematopoietic system has proven to be not only an excellent model for stem cell biology, but 
also a model system for proliferation and differentiation in different applications. One of 
these applications is stem cell transplantation, a procedure that had its origins during the 
1950s, became a quantitative assay in mice in 1961 (Till & McCulloch), and a routine clinical 
procedure in the 1970s (Santos et al. 1972; Thomas et al. 1977; Santos, 1983) Since that time, 
the number of human bone marrow transplantations reached a peak in the late 1990s 
(National Marrow Donor Program (NMDP); Pasquini & Wang, 2010) and has been declining 
to be replaced by alternative stem cell sources derived from mobilized peripheral blood 
(Haas et al. 1990; Koerbling et al. 1990; Sohn et.al. 2002) and umbilical cord blood 
(Broxmeyer et al. 1989; Gluckman et al. 1989).  

Regardless of the tissue source, a successful transplant of stem cells is dependent upon the 
ability of the transplanted stem cells to lodge or “seed” in the bone marrow and begin the 
process of proliferation to produce lineage-specific progenitor cells. These differentiate into 
functionally mature circulating neutrophils, platelets and erythroid cells, the number of 
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vaccines etc., measurement of potency to predict dose has been a routine procedure for 
many years. Cells, on the other hand, are complex living entities that are continuously in 
flux. The potency of cells can change depending on numerous physiological and external 
environmental factors. Yet, with the increased number of cellular therapeutic applications 
and clinical regimen involving numerous cell types, the need to reliably and reproducibly 
measure biological and functional activity to meet the requirements of potency and ensure 
patient safety is of increasing importance (EMA, 2008; U.S. Food and Drug Administration, 
(FDA), 2011). 

Determining the potency of a stem cell therapeutic can be a daunting task, especially if 
knowledge of the system biology, physiology and regulation is limited. In contrast, the 
hematopoietic system has proven to be not only an excellent model for stem cell biology, but 
also a model system for proliferation and differentiation in different applications. One of 
these applications is stem cell transplantation, a procedure that had its origins during the 
1950s, became a quantitative assay in mice in 1961 (Till & McCulloch), and a routine clinical 
procedure in the 1970s (Santos et al. 1972; Thomas et al. 1977; Santos, 1983) Since that time, 
the number of human bone marrow transplantations reached a peak in the late 1990s 
(National Marrow Donor Program (NMDP); Pasquini & Wang, 2010) and has been declining 
to be replaced by alternative stem cell sources derived from mobilized peripheral blood 
(Haas et al. 1990; Koerbling et al. 1990; Sohn et.al. 2002) and umbilical cord blood 
(Broxmeyer et al. 1989; Gluckman et al. 1989).  

Regardless of the tissue source, a successful transplant of stem cells is dependent upon the 
ability of the transplanted stem cells to lodge or “seed” in the bone marrow and begin the 
process of proliferation to produce lineage-specific progenitor cells. These differentiate into 
functionally mature circulating neutrophils, platelets and erythroid cells, the number of 
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which provides information on the time at which engraftment took place. Proper lympho-
hematopoietic reconstitution occurs much later. The ability of the stem cells to engraft is 
dependent upon two primary factors. The first is the status and condition of the patient. The 
second is the proliferation ability and potential of the stem cells prior to being transplanted. 

Proliferation ability is equivalent to the proliferation status of the stem cells at the time of 
testing. This parameter defines stem cell “quality”. Proliferation potential, on the other 
hand, is the capacity or potential of the stem cells to proliferate. For a continuously 
proliferating system such as lympho-hematopoiesis, stem cell potential decreases from the 
most primitive to the most mature stem cells. Thus, the more primitive a stem cell, the 
greater its proliferation potential and therefore its potency. It follows that the primary goal 
of stem cell transplantation is to provide the patient with stem cells that exhibit varying 
degrees of proliferation potential or potency. In this way, the patient can be endowed with 
stem cells that provide both short- (Charbord, 1994; Civin et al. 1996; Leung et al. 1999; 
Zubair et al. 2006) and long-term (Civin et al. 1996; Leung et al. 1999; Zubair et al. 2006; 
Duggan et al. 2000) engraftment and reconstitution. 

A product that is “balanced” to provide the correct amount of short- and long-term stem cell 
engraftment and reconstitution would be the ideal situation. Present technology is not, 
however, capable of measuring or delivering a “balanced” stem cell product. In many cases, 
the donor stem cell product is skewed towards a greater proportion of mature rather than 
primitive stem cells or visa versa. However, it is possible to quantitatively measure both 
stem cell quality and potency of representative stem cell populations to provide a 
reasonably good approximation of the overall quality and potency of the stem cell product. 
These parameters would then predict the potential of the stem cells to engraft and 
reconstitute the system. 

In 2009, the U.S. Food and Drug Administration (FDA, 2009) designated umbilical cord 
blood as a drug because, when transplanted into a patient, it results in systemic effects. The 
consequence of this designation has meant that virtually every aspect from cord blood 
collection to transplantation must be validated and documented according to regulatory 
requirements. Included in this process are the tests and assays to monitor the procedures 
and characterize the product prior to use. Besides histocompatability testing, the most 
important parameter that should be measured just prior to the stem cell product being used 
is potency. The FDA guidance on potency for cellular therapeutic products specifically 
describes the regulations that define a potency assay as compliant (FDA, 2011). A potency 
assay must provide quantitative data demonstrating the biological activity of all “active 
ingredients” specific to the product. In the case of a stem cell product, the “active 
ingredients” are the stem cell themselves. The results must meet pre-defined acceptance 
and/or rejection criteria so that the test results provide information as to whether the 
product can be released for use. In addition, the assay(s) must include reference materials, 
standards and controls, since without these, the necessary validation parameters (accuracy, 
sensitivity, specificity, precision and robustness) cannot be measured and documented. 

The present communication describes an in vitro assay that measures stem cell potency and 
quality and helps define release criteria for hematopoietic products derived from mobilized 
peripheral blood, umbilical cord blood or bone marrow. The assay was designed to comply 
with regulatory requirements. In the 3-step process, all of the data required is accumulated 
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in the initial stem cell culture and measurement step. The data obtained provides a degree of 
stem cell quality and potency assurance that has hitherto not been possible using the 
traditional methods of total nucleated cell count (TNC), viability and viable CD34+ counts, 
which provide no indication of stem cell functionality or growth. To illustrate the steps of 
the assay, a small number of mobilized peripheral blood samples are used to demonstrate 
the procedure for determining potency, quality and release criteria. A larger cohort of 
umbilical cord blood samples is then used to show the applicability of the assay. 

The assay relies on two basic characteristics of stem cells, namely proliferation ability 
(quality) and potential (potency). It had been previously demonstrated that when 
hematopoietic stem cells were stimulated to proliferate in the presence of growth factors 
and cytokines, the intracellular ATP (iATP) concentration increased proportionately to the 
cell concentration plated (Rich & Hall, 2005; Rich, 2007). The steepness or slope of the cell 
dose response was dependent upon the primitiveness and proliferation potential of the 
cells being examined. Stem cells have a greater proliferation potential than lineage-
specific progenitor cells (Botnick e al. 1979). It would therefore be expected that the slope 
of the cell dose response would be steeper for stem cells than progenitor cells. In other 
words, the steeper the slope of the cell dose response, the greater the proliferation 
potential and the greater the potency. This biological phenomenon was incorporated into 
an assay that first estimates the potency ratio for two stem cell populations of a sample 
compared to a reference standard of the same material. The information obtained from the 
initial culture step was then used in the second step to substantiate the correlation 
between stem cell potency and quality. Finally, stem cell potency and quality were 
combined to determine release criteria of a sample. This information is provided when the 
iATP is released after culture by lysis of the cells. The iATP acts as a limiting substrate for 
the most sensitive, non-radioactive signal detection system available. This is a 
luciferin/luciferase reaction that produces bioluminescence, which is measured as light in 
a plate luminometer (Rich, 2003). The procedure and results described in this 
communication lay the foundation for future studies of stem cell potency and clinical 
outcome that might improve the risk of graft failure (Picardi & Arcese, 2010; Querol et al. 
2010) as well as safety and efficacy for the patient.  

2. Materials and methods 
2.1 Cells 

Several cryopreserved, mobilized peripheral blood (mPB) samples from different donors 
were obtained from AllCells, Inc (Berkley, CA) in accordance with the company’s Internal 
Review Board (IRB) approval. Vials of cryopreserved umbilical cord blood (UCB) samples 
were provided and released for research purposes by the University of Colorado Cord 
Blood Bank (ClinImmune, Inc) in Aurora, CO with approval by the respective Internal 
Review Board. Additional mPB and UCB cells were obtained from each source to use as 
internal reference standards. 

2.2 Reference standards (RS) 

The establishment of RSs is an absolute requirement for performing a potency assay. For 
hematopoietic cell-based therapeutics the number of cells obtained from a single donor UCB 
unit, mPB procedure or bone marrow aspirate are limited. This poses severe restrictions on 
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which provides information on the time at which engraftment took place. Proper lympho-
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second is the proliferation ability and potential of the stem cells prior to being transplanted. 

Proliferation ability is equivalent to the proliferation status of the stem cells at the time of 
testing. This parameter defines stem cell “quality”. Proliferation potential, on the other 
hand, is the capacity or potential of the stem cells to proliferate. For a continuously 
proliferating system such as lympho-hematopoiesis, stem cell potential decreases from the 
most primitive to the most mature stem cells. Thus, the more primitive a stem cell, the 
greater its proliferation potential and therefore its potency. It follows that the primary goal 
of stem cell transplantation is to provide the patient with stem cells that exhibit varying 
degrees of proliferation potential or potency. In this way, the patient can be endowed with 
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however, capable of measuring or delivering a “balanced” stem cell product. In many cases, 
the donor stem cell product is skewed towards a greater proportion of mature rather than 
primitive stem cells or visa versa. However, it is possible to quantitatively measure both 
stem cell quality and potency of representative stem cell populations to provide a 
reasonably good approximation of the overall quality and potency of the stem cell product. 
These parameters would then predict the potential of the stem cells to engraft and 
reconstitute the system. 

In 2009, the U.S. Food and Drug Administration (FDA, 2009) designated umbilical cord 
blood as a drug because, when transplanted into a patient, it results in systemic effects. The 
consequence of this designation has meant that virtually every aspect from cord blood 
collection to transplantation must be validated and documented according to regulatory 
requirements. Included in this process are the tests and assays to monitor the procedures 
and characterize the product prior to use. Besides histocompatability testing, the most 
important parameter that should be measured just prior to the stem cell product being used 
is potency. The FDA guidance on potency for cellular therapeutic products specifically 
describes the regulations that define a potency assay as compliant (FDA, 2011). A potency 
assay must provide quantitative data demonstrating the biological activity of all “active 
ingredients” specific to the product. In the case of a stem cell product, the “active 
ingredients” are the stem cell themselves. The results must meet pre-defined acceptance 
and/or rejection criteria so that the test results provide information as to whether the 
product can be released for use. In addition, the assay(s) must include reference materials, 
standards and controls, since without these, the necessary validation parameters (accuracy, 
sensitivity, specificity, precision and robustness) cannot be measured and documented. 

The present communication describes an in vitro assay that measures stem cell potency and 
quality and helps define release criteria for hematopoietic products derived from mobilized 
peripheral blood, umbilical cord blood or bone marrow. The assay was designed to comply 
with regulatory requirements. In the 3-step process, all of the data required is accumulated 
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in the initial stem cell culture and measurement step. The data obtained provides a degree of 
stem cell quality and potency assurance that has hitherto not been possible using the 
traditional methods of total nucleated cell count (TNC), viability and viable CD34+ counts, 
which provide no indication of stem cell functionality or growth. To illustrate the steps of 
the assay, a small number of mobilized peripheral blood samples are used to demonstrate 
the procedure for determining potency, quality and release criteria. A larger cohort of 
umbilical cord blood samples is then used to show the applicability of the assay. 

The assay relies on two basic characteristics of stem cells, namely proliferation ability 
(quality) and potential (potency). It had been previously demonstrated that when 
hematopoietic stem cells were stimulated to proliferate in the presence of growth factors 
and cytokines, the intracellular ATP (iATP) concentration increased proportionately to the 
cell concentration plated (Rich & Hall, 2005; Rich, 2007). The steepness or slope of the cell 
dose response was dependent upon the primitiveness and proliferation potential of the 
cells being examined. Stem cells have a greater proliferation potential than lineage-
specific progenitor cells (Botnick e al. 1979). It would therefore be expected that the slope 
of the cell dose response would be steeper for stem cells than progenitor cells. In other 
words, the steeper the slope of the cell dose response, the greater the proliferation 
potential and the greater the potency. This biological phenomenon was incorporated into 
an assay that first estimates the potency ratio for two stem cell populations of a sample 
compared to a reference standard of the same material. The information obtained from the 
initial culture step was then used in the second step to substantiate the correlation 
between stem cell potency and quality. Finally, stem cell potency and quality were 
combined to determine release criteria of a sample. This information is provided when the 
iATP is released after culture by lysis of the cells. The iATP acts as a limiting substrate for 
the most sensitive, non-radioactive signal detection system available. This is a 
luciferin/luciferase reaction that produces bioluminescence, which is measured as light in 
a plate luminometer (Rich, 2003). The procedure and results described in this 
communication lay the foundation for future studies of stem cell potency and clinical 
outcome that might improve the risk of graft failure (Picardi & Arcese, 2010; Querol et al. 
2010) as well as safety and efficacy for the patient.  

2. Materials and methods 
2.1 Cells 

Several cryopreserved, mobilized peripheral blood (mPB) samples from different donors 
were obtained from AllCells, Inc (Berkley, CA) in accordance with the company’s Internal 
Review Board (IRB) approval. Vials of cryopreserved umbilical cord blood (UCB) samples 
were provided and released for research purposes by the University of Colorado Cord 
Blood Bank (ClinImmune, Inc) in Aurora, CO with approval by the respective Internal 
Review Board. Additional mPB and UCB cells were obtained from each source to use as 
internal reference standards. 

2.2 Reference standards (RS) 

The establishment of RSs is an absolute requirement for performing a potency assay. For 
hematopoietic cell-based therapeutics the number of cells obtained from a single donor UCB 
unit, mPB procedure or bone marrow aspirate are limited. This poses severe restrictions on 
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establishing cellular reference standards. From a practical viewpoint, there are two 
alternatives. The first would be to establish multiple aliquots from several different donors 
that could be used as reference standards. Although each batch of RS would be expected to 
exhibit different biological activity and therefore different potency and quality 
characteristics, one batch would be designated as the primary RS. A second (donor specific) 
batch of cells would be tested against the primary RS and designated the secondary RS. 
Similarly, a third batch of cells would be tested against the secondary RS and designated the 
tertiary RS. The most recent batch of cells established as the RS would be used for every day 
testing until a new RS is established and tested. In this way it would always be possible to 
prepare a new RS and compare it against and established RS. The second alternative would 
be to assay a statistically significant number of samples of the same material to establish a 
range and mean/median potency that could be used as a “combined” RS for individual 
samples. This type of RS would take considerable time to establish. It would also require 
multiple laboratories to use the same standardized and validated assay so that results could 
be compared. The advantage would be that a “global” reference standard might be 
established for different cellular products that would allow comparison and calculation of 
potency ratios and quality of samples processed by individual laboratories. Release criteria 
for use in transplantation could also be established. The regulatory requirement for 
reference standards needed to measure cell potency is probably one of the most important 
aspects that has to be addressed by the different cellular therapeutic communities and 
standards organizations. 

For the present study, the first alternative to establish reference standards was used. Cells 
designated as reference standards were prepared by separating the mononuclear cells 
(MNC) by density gradient centrifugation (see below), adjusting the cell concentration so 
that 1 million MNC were prepared in 7.5% DMSO with 10% fetal bovine serum (FBS) and 
medium in 1ml. The cells were frozen in ampoules using an automated rate freezer and 
stored in liquid nitrogen (LN2). 

2.3 Preparation of cells for culture 

Cryopreserved cells were thawed in a 37C water bath and the contents transferred to a tube 
containing 20mL of warmed Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented 
with 10% FBS. After thawing and washing the cells once, followed by resuspension in 1mL 
IMDM and 2% DNase, a cell count was performed on 20L using a cell counter (Z2, Beckman 
Coulter, Brea, CA). Another aliquot of 20L was stained with 7-aminoactinomycin D (7-AAD, 
Beckman Coulter, Brea, CA) and the viability measured by flow cytometry using an EPICS 
XL/MCL flow cytometer (Beckman Coulter, Brea, CA). Samples exhibiting viability below 
85% were not used since cells either demonstrated poor proliferation or did not proliferate. 
The MNCs from each sample were fractionated on density gradient medium (Nycoprep 1.077, 
Axis-Shield, Accurate Chemicals and Scientific, Westbury, NY) by centrifugation for 10 min at 
1,000 x g at room temperature (RT). The cells were washed in IMDM, centrifuged at 300 x g for 
10 min at RT and resuspended in IMDM. This additional step removed the contaminating and 
dead cells and increased the viability to above 90%. Since several internal studies indicated 
that 7-AAD could produce false positive results with respect to cell growth potential (data not 
shown), all samples were assessed for the production of iATP at 2,500, 5,000 and 7,500 
cells/well to substantiate metabolic cell viability and functionality as described below. 
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2.4 In vitro cell culture of 2 stem cell populations to determine potency, quality and 
release criteria 

The instrument-based, ATP bioluminescence assay used to determine potency, quality 
and release (HALO-96 PQR, HemoGenix, Inc, Colorado Springs, CO) has been 
previously described in detail (Hall & Rich, 2009). It is summarized here for 
completeness. In contrast to a previous study using cord blood cells and a 
methylcellulose assay format (Reems et al. 2008), the assay described below is a 
methylcellulose-free, 96-well culture system that incorporates Suspension Expansion 
Culture (SEC) technology (Rich, 2007; Hall & Rich, 2009; Olaharski et al. 2009) for 
detecting both primitive (high proliferative potential stem and progenitor cells, HPP-SP) 
and more mature multipotential hematopoietic stem cells (colony-forming cell 
granulocyte, erythroid, macrophage megakaryocyte, CFC-GEMM). The assay was 
performed as follows. For each sample, the cell concentration was adjusted to 7.5 x 105 
cells/mL and a serial dilution performed in IMDM to produce 5 x 105 and 2.5 x 105 
cells/mL. From each cell dilution, 0.1mL was added to two separate tubes containing 
0.9mL of master mix, one for each stem cell population being determined. After mixing, 
0.1mL of the culture master mix was dispensed into 8 replicate wells of a 96-well plate to 
achieve the final concentrations of 2,500, 5,000 and 7,500 cells/well. The cocktail to 
stimulate CFC-GEMM consisted of erythropoietin, granulocyte-macrophage and 
granulocyte colony-stimulating factor, stem cell factor, thrombopoietin, Flt3-ligand and 
interleukins 3 and 6. The cocktail to stimulate the HPP-SP stem cell population contained 
the same growth factors/cytokines as that for CFC-GEMM, but with the addition of 
interleukins 2 and 7. The plates were incubated for 5 days at 37C in a fully humidified 
incubator containing 5% CO2 and 5% O2 (Rich & Kubanek, 1982). 

2.5 Assay calibration, standardization and sample processing 

Prior to measuring bioluminescence of the samples after culture incubation, an ATP 
standard curve was performed (Rich & Hall, 2005; Reems et al. 2008; Hall & Rich, 2009). 
Serial dilutions from a 10M stock concentration were prepared so that the final dilutions 
were 5, 1, 0.5, 0.1, 0.05, 0.01 and 0.005M. In addition, an IMDM background and high and 
low ATP controls were included. Each dilution was dispensed into 4 wells (0.1mL/well) 
of a 96-well plate. To each well, 0.1 mL of an ATP enumeration reagent containing a lysis 
buffer, luciferin and luciferase was added. The contents were mixed and the plate left to 
incubate for 2 min in a plate luminometer (SpectraMax L, Molecular Devices, Sunnyvale, 
CA) after which the bioluminescence was measured as light (photons). The resulting ATP 
standard curve was then used to automatically interpolate the output of the luminometer 
in relative luminescence units (RLU) into standardized ATP concentrations (M) using the 
instrument software (SoftMax Pro v5.4, Molecular Devices, Sunnyvale, CA). Inclusion of 
high and low controls in addition to the ATP standard curve allowed the assay to be 
calibrated and standardized. After performing the ATP standard curve, the sample 
plate(s) were removed from the incubator and allowed to attain room temperature. 
Thereafter, 0.1mL of the ATP enumeration reagent was dispensed into each well and the 
contents mixed. After 10 min incubation in the instrument or in the dark, the 
bioluminescence was measured and the ATP concentrations automatically interpolated 
from the ATP standard curve. 
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establishing cellular reference standards. From a practical viewpoint, there are two 
alternatives. The first would be to establish multiple aliquots from several different donors 
that could be used as reference standards. Although each batch of RS would be expected to 
exhibit different biological activity and therefore different potency and quality 
characteristics, one batch would be designated as the primary RS. A second (donor specific) 
batch of cells would be tested against the primary RS and designated the secondary RS. 
Similarly, a third batch of cells would be tested against the secondary RS and designated the 
tertiary RS. The most recent batch of cells established as the RS would be used for every day 
testing until a new RS is established and tested. In this way it would always be possible to 
prepare a new RS and compare it against and established RS. The second alternative would 
be to assay a statistically significant number of samples of the same material to establish a 
range and mean/median potency that could be used as a “combined” RS for individual 
samples. This type of RS would take considerable time to establish. It would also require 
multiple laboratories to use the same standardized and validated assay so that results could 
be compared. The advantage would be that a “global” reference standard might be 
established for different cellular products that would allow comparison and calculation of 
potency ratios and quality of samples processed by individual laboratories. Release criteria 
for use in transplantation could also be established. The regulatory requirement for 
reference standards needed to measure cell potency is probably one of the most important 
aspects that has to be addressed by the different cellular therapeutic communities and 
standards organizations. 

For the present study, the first alternative to establish reference standards was used. Cells 
designated as reference standards were prepared by separating the mononuclear cells 
(MNC) by density gradient centrifugation (see below), adjusting the cell concentration so 
that 1 million MNC were prepared in 7.5% DMSO with 10% fetal bovine serum (FBS) and 
medium in 1ml. The cells were frozen in ampoules using an automated rate freezer and 
stored in liquid nitrogen (LN2). 

2.3 Preparation of cells for culture 

Cryopreserved cells were thawed in a 37C water bath and the contents transferred to a tube 
containing 20mL of warmed Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented 
with 10% FBS. After thawing and washing the cells once, followed by resuspension in 1mL 
IMDM and 2% DNase, a cell count was performed on 20L using a cell counter (Z2, Beckman 
Coulter, Brea, CA). Another aliquot of 20L was stained with 7-aminoactinomycin D (7-AAD, 
Beckman Coulter, Brea, CA) and the viability measured by flow cytometry using an EPICS 
XL/MCL flow cytometer (Beckman Coulter, Brea, CA). Samples exhibiting viability below 
85% were not used since cells either demonstrated poor proliferation or did not proliferate. 
The MNCs from each sample were fractionated on density gradient medium (Nycoprep 1.077, 
Axis-Shield, Accurate Chemicals and Scientific, Westbury, NY) by centrifugation for 10 min at 
1,000 x g at room temperature (RT). The cells were washed in IMDM, centrifuged at 300 x g for 
10 min at RT and resuspended in IMDM. This additional step removed the contaminating and 
dead cells and increased the viability to above 90%. Since several internal studies indicated 
that 7-AAD could produce false positive results with respect to cell growth potential (data not 
shown), all samples were assessed for the production of iATP at 2,500, 5,000 and 7,500 
cells/well to substantiate metabolic cell viability and functionality as described below. 
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release criteria 
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previously described in detail (Hall & Rich, 2009). It is summarized here for 
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2.6 Assay validation and statistics 

The ATP bioluminescence assay has been previously validated in accordance with 
bioanalytical method validation (FDA, 2001). For this specific application, the assay 
exhibited an accuracy (proportion of correct outcomes) of greater than 90%. Sensitivity 
(proportion of correctly identified positive samples) and specificity (proportion of correctly 
identified negative samples) were determined using receiver operator characteristic (ROC) 
statistics (DeLong et al. 1985) in which the area under the curve (AUC) was determined for 
background (no stimulatory cocktail) versus CFC-GEMM and background versus HPP-SP. 
For the former, the AUC was 0.752 (95% confidence intervals; 0.71-0.8; p < 0.0001), while for 
the latter the AUC was 0.73 (95% confidence intervals; 0.68-0.78, p<0.001). Since the AUC 
must be between 0.5 and 1, the results demonstrated that the assay could differentiate 
between sensitivity and specificity. Assay precision (reliability and reproducibility) was 
performed on background, CFC-GEMM and HPP-SP over a cell dose range from 2,500 to 
10,000 cells/well and demonstrated coefficients of variation (CV) of 15% or less. This was in 
compliance with regulatory requirements (FDA, 2011). Robustness, in this case 
transferability of the assay from one laboratory to another, had been previously reported 
(Reems et al. 2008). The results demonstrated a correlation coefficient (R) between 
laboratories of 0.94 (p<0.001). 

Concentrations of ATP (µM) are provided as the mean ± 1 standard deviation of 8 replicate 
wells. The slope of the 3-point cell dose response was obtained from the linear regression 
using least squares analysis (Prism version 5, GraphPad Software, LaJolla, CA). For 
correlations, the slope of the linear regression, goodness of fit (r2) and correlation coefficient 
(R) are reported. Tests of significance for correlation were performed using the Pearson two-
tailed test with an alpha of 0.05. 

3. Results 
The procedure for determining stem cell potency, quality and release criteria is a 3-step 
process. However, only the first step requires cell culture and provides all the information for 
the remaining steps of the procedure. The culture step involves a 3-point cell dose response for 
two stem cell populations (CFC-GEMM and HPP-SP) for both the RS and samples.  

3.1 Step 1 – Measuring stem cell potency of mobilized peripheral blood 

The first step in the procedure is illustrated in Figure 1. This shows the cell dose responses 
for the mature multipotential stem cell, CFC-GEMM (Figs. 1A and 1B), and the more 
primitive stem cell HPP-SP (Figs. 1C and 1D) from 4 different mPB samples cultured for 5 
(Figs. 1A and 1C) and 7 days (Figs. 1B and 1D).  The graphs demonstrate that an 
approximate 3-fold increase in ATP concentration occurs within 2 days when the incubation 
time is increased from 5 to 7 days. A 7  day incubation period allows for increased assay 
sensitivity as well as the ability to perform the assay to accommodate a work schedule. Since 
the increase is cell dose dependent, it demonstrates that the assay is directly measuring an 
increase in the number of cells as a result of cell proliferation. It should be noted however, 
that although measurements at both 5 and 7 days are on the exponential part of the growth 
curve for both HPP-SP and CFC-GEMM, measurement of proliferation on day 7 will exhibit 
slightly greater coefficients of variation (CVs) and will also include cells that have initiated 
differentiation. On day 5, little or no differentiation occurs (data not shown).  
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Fig. 1A and 1B. Measurement of Mobilized Peripheral Blood CFC-GEMM Stem Cell Potency 
on 5 and 7 Days of Culture. 
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Fig. 1A and 1B. Measurement of Mobilized Peripheral Blood CFC-GEMM Stem Cell Potency 
on 5 and 7 Days of Culture. 
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Fig. 1C and 1D. Measurement of Mobilized Peripheral Blood HPP-SP  Stem Cell Potency on 
5 and 7 Days of Culture. 
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In addition to the samples, a mPB RS was also included and allows the potency ratio to be 
calculated as follows: 

Potency Ratio = Slope of the sample linear regression / Slope of the RS linear regression. 

The potency ratio therefore provides information on the dose required to obtain the same 
response as the RS. Since the potency of the RS is always 1, samples with a potency ratio less 
than 1 will require larger cell doses to produce the same response, while potency ratios 
greater than 1 will require fewer cells to produce the same response as the RS.  

3.2 Step 2 – The relationship between stem cell potency and quality 

The results in Fig. 1 illustrate two fundamental concepts that are necessary for measuring stem 
cell potency and quality. The first concept is that the slope of the cell dose response should be 
greater for the more primitive stem cells (HPP-SP) than for the mature hematopoietic stem 
cells (CFC-GEMM), since the former have greater proliferation potential than the latter. The 
slope of the cell dose response therefore provides a direct measurement of stem cell 
proliferation potential. The greater the proliferation potential, the greater the potency. Thus, 
the slope of the cell dose response is also a direct measurement of potency. The second 
concept, also illustrated in Fig. 1, shows that as the slope increases at a specific cell dose, there 
is a concomitant increase in ATP concentration. This is a measure of stem cell quality.  

The result of combining these two concepts is shown in Figures 2A and 2B for CFC-GEMM 
and HPP-SP stem cell populations, respectively. The figures show that when the ATP 
concentration at a specific cell dose (in this case 5,000 cells/well) is plotted against the slope of 
the cell dose response linear regression for both stem cell populations cultured for either 5 or 7 
days, there is a direct correlation between stem cell potency and quality. As a result, both stem 
cell potency and quality have to be taken into account to determine if the stem cell product 
conforms to specific, but arbitrary, acceptance values and can therefore be released for use. 

3.3 Step 3 – Using stem cell potency and quality to determine release criteria 

Figure 3A and 3B shows the ability of CFC-GEMM and HPP-SP to proliferate at 5,000 
cells/well after 5 and 7 days of culture, respectively. It had previously been found that, after 
5 days in culture, an ATP concentration below 0.04µM indicated that cells could not sustain 
proliferation. At 7 days, this threshold was increased to 0.12µM. After 5 days of culture, the 
ATP concentration of samples 1 and 2 demonstrated minimal proliferation, but greater than 
the 0.04µM threshold. After 7 days of culture, proliferation of both samples had increased, 
together with samples 3 and 4. If release criteria were based solely on stem cell quality or 
proliferation ability, it would be assumed that all 4 samples might be acceptable for release. 
However, Fig. 2 demonstrates that both stem cell quality and potency have to be considered 
as part of the release criteria. 

Figure 3C shows the cumulative potency ratios of both CFC-GEMM and HPP-SP after 5 
days and 7 days (Fig. 3D) in culture. Since the potency of the CFC-GEMM and HPP-SP 
reference standards is always 1, samples 1 and 2 exhibited potency ratios significantly less 
than the reference standard. In contrast, samples 3 and 4 exhibited both high stem cell 
quality and potency after 5 and 7 days of culture. Based on these results, mPB samples 1 and 
2 would be sub-optimal or rejected, while samples 3 and 4 would be acceptable for use. 
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Fig. 1C and 1D. Measurement of Mobilized Peripheral Blood HPP-SP  Stem Cell Potency on 
5 and 7 Days of Culture. 
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Fig. 2. Relationship Between Stem Cell Potency and Quality for Mobilized Peripheral Blood 
CFC-GEMM and HPP-SP Detected on Day 5 or 7 of Culture.  
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Fig. 3. Combining Mobilized Peripheral Blood Stem Cell Potency and Quality to Provide 
Release Criteria.  

3.4 Umbilical cord blood stem cell potency, quality and release and the relationship to 
engraftment potential 

A total of 28 UCB samples were analyzed for potency and quality using the same 
procedure described for mPB above, except that all assays were terminated after 5 days 
in culture, rather than performing both 5 and 7 day cultures. A 3-point cell dose response 
was performed for both the CFC-GEMM and HPP-SP stem cell populations and the slope 
of the linear regression was calculated for each cell dose response. The respective 
potency ratio for each CFC-GEMM and HPP-SP sample was then calculated using a UCB 
reference standard that was prepared from cord blood unit cells that did not meet the 
necessary criteria for storage. The slopes and potency ratios for each stem cell population 
are shown in Table 1. Also shown are the reported times to neutrophil and platelet 
engraftment. For one sample (sample 10), insufficient cells were obtained to perform a 
cell dose response for both stem cell populations. In two other samples (samples 18 and 
25), insufficient cells were obtained after thawing to perform a HPP-SP stem cell dose 
response.  
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Sample 
Number 

Slope for 
CFC-

GEMM 

Potency 
Ratio for 

CFC-
GEMM 

Slope for 
HPP-SP 

Potency 
Ratio for 
HPP-SP 

Days to 
Neutrophil 

Engraftment 
(>500/ul) 

Days to 
Platelet 

Engraftment 
(>50k/ul) 

1 2.94E-05 2.91 2.23E-05 0.70 28 237 

2 3.14E-05 3.12 2.19E-05 0.69 14 2 

3 1.41E-05 1.40 1.01E-05 0.31 6 45 

4 2.09E-05 2.07 3.04E-05 0.95 30 49 

5 2.19E-05 2.18 2.59E-05 0.81 17 39 

6 9.28E-06 0.92 1.79E-05 0.56 12 9 

7 2.25E-05 2.23 1.67E-05 0.52 17 45 

8 2.50E-05 2.48 1.48E-05 0.46 22 39 

9 1.52E-05 1.50 9.70E-06 0.30 56 13 

10 IE - IE - 43 103 

11 1.77E-05 1.75 9.39E-06 0.29 34 7 

12 2.83E-05 2.81 1.99E-05 0.62 20 26 

13 1.09E-05 1.08 7.43E-06 0.23 NE NE 

14 8.12E-06 0.81 3.55E-06 0.11 19 183 

15 6.69E-06 0.66 4.77E-06 0.15 31 122 

16 1.26E-05 1.25 1.02E-05 0.32 13 39 

17 1.81E-05 1.80 1.90E-05 0.60 5 40 

18 3.07E-05 3.05 IE - NE NE 

19 2.01E-05 1.99 4.45E-05 1.39 27 38 

20 2.52E-05 2.50 3.18E-05 1.00 22 62 

21 1.54E-05 1.53 3.30E-05 1.03 29 55 

22 2.31E-05 2.29 3.30E-05 1.03 18 23 

23 1.20E-05 1.19 1.70E-05 0.53 28 70 

24 1.63E-05 1.62 2.22E-05 0.70 15 46 

25 1.46E-05 1.45 IE - 26 39 

26 2.12E-05 2.10 2.73E-05 0.85 28 61 

27 1.37E-05 1.35 1.74E-05 0.54 37 126 

28 1.50E-05 1.49 2.16E-05 0.68 114 113 

IE = Insufficient cells to perform cell dose response. NE = No engraftment. 

Table 1. Stem Cell Proliferation Potential / Potency Characteristics and Time to Engraftment 
of 28 Umbilical Cord Blood Samples. 
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Fig. 4. Correlation Between Proliferation Potential (Potency) and Proliferation Ability 
(Quality) for CFC-GEMM and HPP-SP Stem Cells from Umbilical Cord Blood. 
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Fig. 4. Correlation Between Proliferation Potential (Potency) and Proliferation Ability 
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Figures 4A and 4B show the correlation of ATP concentrations at 5,000 cells/well with the 
slope of the UCB dose response for both CFC-GEMM and HPP-SP stem cell populations. 
The correlation coefficient (R) for HPP-SP was greater than that for CFC-GEMM, but the 
correlation for both stem cell populations was statistically significant (p < 0.001). The 
relationship between stem cell potency and quality is an indication that both parameters 
have to be taken into consideration when defining release criteria. Although stem cell 
quality could be ascertained for sample 10, insufficient cells were available to measure stem 
cell potency. Insufficient cells for samples 18 and 26 were also the reason why potency could 
not be determined for the HPP-SP stem cell population. 

 
Fig. 5. Combining Umbilical Cord Blood Stem Cell Potency and Quality to Provide Release 
Criteria. 
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Figure 5A shows the stem cell quality (proliferation ability at a specific cell dose) and Fig. 
5B, the cumulative stem cell potency ratio (proliferation potential measured as the slope of 
the linear regression of the cell dose response and compared to that of the reference 
standard) for each of the stem cell populations. Samples 18 and 25 only show the potency 
for the CFC-GEMM populations since insufficient cells were available to measure the 
potency of the more primitive HPP-SP population. For 21 of the samples, stem cell quality of 
both populations was greater than the arbitrary ATP concentration cutoff level of 0.04µM, 
below which cells cannot sustain proliferation. The same 21 samples also exhibited a 
cumulative potency above the RS potency of 1. Sample 6 exhibited a CFC-GEMM potency 
below the RS, while sample 13 demonstrated a CFC-GEMM potency slightly greater than 
the RS. However, the additional potency provided by the HPP-SP stem cell populations 
increased the cumulative potency above that of the RS.  

It is now possible to consider the interpretation of the results. Samples 14 and 15 pose an 
interesting anomaly. The CFC-GEMM quality is below the ATP concentration cutoff point 
for both samples and slightly greater than the cutoff point for HPP-SP. However, both 
samples exhibit a cumulative potency below the RS. These results would indicate that both 
sample 14 and 15 would exhibit limited or no engraftment potential. From Table 1, the time 
to neutrophil engraftment for sample 14 was only 19 days while that for sample 15 was 31 
days. Platelet engraftment was 183 and 122 days for sample 14 and 15, respectively. 
Therefore, these two samples did not agree with the reported clinical outcome. Table 1 also 
shows that samples 13 and 18 did not engraft. As described above, sample 13 exhibited a 
CFC-GEMM potency that was in a questionable range and may not have provided the 
necessary short-term engraftment and reconstitution. In contrast, sample 18, appeared to 
exhibit sufficient CFC-GEMM quality and potency, although insufficient cells did not allow 
information to be obtained for the primitive HPP-SP stem cell population. Despite the four 
sample outliers, the assay exhibits an accuracy of greater than 85%. Nevertheless, further 
studies that correlate in vitro data with more detailed clinical outcome for both engraftment 
and reconstitution would be prudent to ascertain a range for both stem cell quality and 
potency that would improve the accuracy of the assay. 

3.5 Correlation between the ATP concentration and TNC, MNC, viability, CD34 

There was no correlation between the ATP concentration for both cord blood stem cell 
populations with either dye exclusion viability or CD34+ counts. This was to be expected 
since neither viability nor CD34 membrane expression are cell functionality or proliferation 
markers. However, ATP concentration did correlate with both the TNC and MNC, but only 
when calculated on a per kilogram patient body weight basis. These results are shown in 
Fig. 6A for TNC and 6B for MNC. In both cases, the ATP concentration was calculated based 
on the patient body weight of the number of cells transplanted. The results in Fig. 6A 
demonstrate that when TNC is used, a strong correlation is obtained for the CFC-GEMM, 
but although still statistically significant, the primitive HPP-SP stem cell population 
exhibited a lower correlation coefficient. In contrast, Fig. 6B shows that the correlation 
between the ATP concentration and the MNC, both based on kilogram body weight, for 
CFC-GEMM and HPP-SP is highly significant with lower variation compared to the TNC 
values. The results clearly demonstrate that the greater the number of cells transplanted, the 
greater the number of stem cells transplanted that can exhibit proliferation ability. However, 
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for the CFC-GEMM populations since insufficient cells were available to measure the 
potency of the more primitive HPP-SP population. For 21 of the samples, stem cell quality of 
both populations was greater than the arbitrary ATP concentration cutoff level of 0.04µM, 
below which cells cannot sustain proliferation. The same 21 samples also exhibited a 
cumulative potency above the RS potency of 1. Sample 6 exhibited a CFC-GEMM potency 
below the RS, while sample 13 demonstrated a CFC-GEMM potency slightly greater than 
the RS. However, the additional potency provided by the HPP-SP stem cell populations 
increased the cumulative potency above that of the RS.  
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interesting anomaly. The CFC-GEMM quality is below the ATP concentration cutoff point 
for both samples and slightly greater than the cutoff point for HPP-SP. However, both 
samples exhibit a cumulative potency below the RS. These results would indicate that both 
sample 14 and 15 would exhibit limited or no engraftment potential. From Table 1, the time 
to neutrophil engraftment for sample 14 was only 19 days while that for sample 15 was 31 
days. Platelet engraftment was 183 and 122 days for sample 14 and 15, respectively. 
Therefore, these two samples did not agree with the reported clinical outcome. Table 1 also 
shows that samples 13 and 18 did not engraft. As described above, sample 13 exhibited a 
CFC-GEMM potency that was in a questionable range and may not have provided the 
necessary short-term engraftment and reconstitution. In contrast, sample 18, appeared to 
exhibit sufficient CFC-GEMM quality and potency, although insufficient cells did not allow 
information to be obtained for the primitive HPP-SP stem cell population. Despite the four 
sample outliers, the assay exhibits an accuracy of greater than 85%. Nevertheless, further 
studies that correlate in vitro data with more detailed clinical outcome for both engraftment 
and reconstitution would be prudent to ascertain a range for both stem cell quality and 
potency that would improve the accuracy of the assay. 

3.5 Correlation between the ATP concentration and TNC, MNC, viability, CD34 

There was no correlation between the ATP concentration for both cord blood stem cell 
populations with either dye exclusion viability or CD34+ counts. This was to be expected 
since neither viability nor CD34 membrane expression are cell functionality or proliferation 
markers. However, ATP concentration did correlate with both the TNC and MNC, but only 
when calculated on a per kilogram patient body weight basis. These results are shown in 
Fig. 6A for TNC and 6B for MNC. In both cases, the ATP concentration was calculated based 
on the patient body weight of the number of cells transplanted. The results in Fig. 6A 
demonstrate that when TNC is used, a strong correlation is obtained for the CFC-GEMM, 
but although still statistically significant, the primitive HPP-SP stem cell population 
exhibited a lower correlation coefficient. In contrast, Fig. 6B shows that the correlation 
between the ATP concentration and the MNC, both based on kilogram body weight, for 
CFC-GEMM and HPP-SP is highly significant with lower variation compared to the TNC 
values. The results clearly demonstrate that the greater the number of cells transplanted, the 
greater the number of stem cells transplanted that can exhibit proliferation ability. However, 
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the results also demonstrates that using the mononuclear cell count rather than total 
nucleated cell count produces a better estimate for the stem cell response. However, cell 
counts alone cannot be used as a potency assay and cannot replace the information and 
value provided by a standardized cell functionality assay. 

 
Fig. 6. Correlation between ATP Concentration as a Measure of Stem Cell Proliferation and 
the Number of Cord Blood Cells Transplanted Expressed as either Total Nucleated Cell 
Counts (TNC) or Mononuclear Cell Counts (MNC)/Kilogram Body Weight. 
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4. Discussion 
For biopharmaceutical products, potency is measured by comparing the dose response to 
that of an established RS (Thorpe et al. 1999; Lansky, 1999; FDA, 2011). For these materials, a 
parallel dose response to that of the RS should be obtained (Thorpe et al, 1999; Gottscalk & 
Dunn, 2005; Jonkman & Sidik, 2009). Lack of parallelism indicates either contamination or a 
different material to that of the RS. When the dose response curves are parallel to the RS, the 
horizontal displacement to the left or right indicates a greater or lower potency, respectively. 
The dose of the compound can be compared and, if necessary, adjusted to that of the 
reference standard. In this way, the same dose can always be used with compound batches 
of different potency. 

Cells, in particular, stem cells, pose significant differences and challenges to this paradigm. 
First, unlike biopharmaceutical products, where relatively large quantities of the material 
would be available to establish several batches of reference standards, it might be extremely 
difficult to establish cell reference standards (Strong et al. 2009; Rayment & Williams, 2010). 
There are several alternatives to establishing reference standards for cell therapeutics that 
have already been discussed above. However, a prerequisite for establishing reference 
standards and to compare results within and between laboratories is the use of a 
standardized and validated assay that is sufficiently robust so that it can be transferred and 
established in different laboratories. Lack of such an assay has been the reason why 
laboratories have not been able to directly compare processing, cryopreservation and 
thawing procedures for hematopoietic and other stem cell therapeutic products prior to use.  

It might be argued that the present study should have been performed in parallel with the 
CFU assay. This has been the functional assay used previously in hematopoietic stem cell 
processing laboratories and is still used by the cord blood community today. More recently, 
the CFU assay has been suggested as a potency assay (Page et al. 2011a, 2011b), in addition 
to other parameters normally measured. These include total nucleated cell count (TNC), 
viability and CD34 membrane expression (FDA, 2009). There were three reasons for not 
performing parallel studies using the CFU assay. First, the ATP bioluminescence assay was 
originally derived from the methylcellulose CFU assay. Unlike the CFU assay, however, the 
ATP assay has undergone several major technical advances culminating in the assay used 
for the present study. It was also previously shown that even the methylcellulose-free 
format used in this study is not only equivalent to the original CFU assay, but is clearly a 
more reliable, reproducible and robust assay (Rich, 2007, Reems et al, 2008). Furthermore, 
lower sensitivity and precision (high variations) of the CFU assay, coupled with the lack of 
standardization (see below), would have resulted in inconclusive results. Second, unlike the 
CFU assay, the ATP assay can and has been validated in compliance with bioanalytical 
regulatory requirements (FDA, 2001). Furthermore, for an assay to be a potency assay, the 
regulatory agencies require demonstration of specific assay characteristics (FDA, 2011). 
Assay validation is just one of these characteristics, but to validate an assay, standards and 
controls are required. The CFU assay lacks standards and controls and cannot be validated 
according to regulatory requirements. Finally, it is often assumed that the CFU assay 
measures proliferation, whereas the CFU assay is actually a clonogenic differentiation assay. 
Proliferation is certainly involved in the formation of hematopoietic colonies. However, the 
colonies produced in methylcellulose are identified and counted by the ability of the cells 
producing the colonies to differentiate and mature. Therefore, the CFU assay detects 
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differentiation ability and/or potential, but does not measure a parameter that directly 
correlates with the stem cell proliferation process. Based on these and other characteristics 
(discussed below), the CFU assay was not considered as a comparison assay for this study. 

Many factors affect the quality and potency of a cellular product. First, proportions of 
different stem cell populations originally present in the umbilical cord blood, their quality 
and potency, are an inherent property of the tissue. Second, the procedures used to collect 
and store the cells prior to processing can affect quality and potency. Third, different stem 
cell processing, cryopreservation and thawing procedures not only affect quality and 
potency, but the proportion of stem cells remaining in the product. Finally, the decision 
process to use a particular product should be based on trusted results that can only be 
obtained from an assay(s) that is quantitative, standardized and validated to measure 
quality and potency of the active stem cell ingredients. 

The stem cell potency assay described above is based on performing a minimum 3-point cell 
dose response and comparing the slope of the resulting linear regression to that of a RS of the 
same material. Comparison of cell dose response slopes to calculate the potency ratio was used 
for two reasons. First, measurement of potency of a biopharmaceutical compound usually 
relies on establishing parallelism between the sample and RS dose response curves. When the 
linear portions of the dose response curve are parallel, not only is this an indication that the 
sample and RS are of the same material, but also allows the potency ratio to be calculated from 
the horizontal displacement between the two dose response curves. If cells, and stem cells in 
particular, exhibit parallel cell dose response curves, this is an indication that both the sample 
and RS stem cells demonstrate a similar “stemness” or primitiveness. The resulting parallel 
displacement indicates a difference, not in potency, but in stem cell number between the 
sample and RS. Since hematopoiesis is a continuously proliferating system and the cells are 
continuously in flux, it follows that very few hematopoietic stem cell samples will exhibit 
exactly the same degree of primitiveness to the cells in the RS. Therefore potency measurement 
by parallelism will not provide a general procedure to calculate the potency ratio. Since an 
assay should show linearity within a specific cell concentration range, measuring the slope of 
the cell dose response not only demonstrates assay linearity characteristics, but also provides a 
direct measurement of stem cell primitiveness and proliferation potential, which in turn, is 
equivalent to stem cell potency. By comparing the slope of the sample cell dose response with 
that of the RS, the potency ratio can be calculated. Depending on the stem cell population 
detected, more primitive stem cells will show a steeper slope to that of mature stem cells. This 
procedure can then be used for any proliferating cell population. A 3-point cell dose response 
is the minimum number of data points that can be used to perform linear regression analysis. 
Although a larger number of points could also be used and would be more accurate, it was 
necessary to take into account that for hematopoietic tissues (and other cellular therapeutic 
products), cell availability is limited. Potency measurement should be performed just prior to 
use, since it is related to the dose that is to be administered. From a practical viewpoint, a cord 
blood potency determination would be performed on the limited number of cells thawed in a 
segment used for confirmatory testing prior to the cord blood unit being transplanted. Several 
publications have shown, using TNC, viability, CD34 and CFU, that segments of 
cryopreserved cord blood used for confirmatory testing are a representative sample of the cells 
in the cord blood unit (Goodwin et al. 2003; Solves et al. 2004, Rodriguez et al. 2005; Page et al. 
2011b). However, in all of these cases, the potency of the active ingredients, i.e. the stem cells, 
were not taken into account. 
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A potency assay requires that all active ingredients be measured (FDA, 2011). This is 
relatively easy for a biopharmaceutical compound, but is impossible for a continuously 
proliferating system such as hematopoiesis. Although a hematopoietic stem cell tissue 
may contain many different cell types, the stem cells are the only cells responsible for 
engraftment and reconstitution. The stem cells are therefore the active ingredients for 
which the potency must be measured. Since the hematopoietic stem cell compartment 
consists of a continuum of stem cells and assays are not yet available to test each and 
every stem cell subpopulation, the regulatory requirement to measure all active 
ingredients, cannot be met at the present time. As an alternative, the quality and potency 
of a minimum of two different stem cell populations have been determined; the primitive 
HPP-SP and the more mature CFC-GEMM stem cell populations. As shown in Fig. 5, the 
potency of a single stem cell population would be insufficient and could lead to a false 
interpretation of the results. As also demonstrated in Fig. 5, even a minimum of two stem 
cell populations may result in a false interpretation, but the accuracy is significantly 
greater than if the potency of only one stem cell population was measured. It is certainly 
possible to reliably and reproducibly measure the quality and potency of more than two 
stem cell populations with present technology. However, this has to be weighed against 
the use of larger numbers of cells and the costs associated with testing. It should also be 
emphasized that potency and quality testing need to be performed on the cryopreserved 
sample intended for use. They provide predictive information for release. It is therefore 
reasonable to pose the question, is it preferable to use more cells for a predictive assay 
that might ensure stem cell functionality, engraftment potential and growth than to use 
fewer cells and not perform any assay? 

In this respect, it is worth returning to the tests and assays presently used to characterize the 
cells in the processing laboratory. These are TNC, viability and viable CD34+ counts. These 
three parameters have been designated as measurements of potency for umbilical cord 
blood (FDA, 2009), despite the fact that they do not comply with the necessary regulations 
for a potency assay, especially since none of the parameters are functional assays and 
measure the active ingredients. Of the three parameters listed above, probably the most 
important is the TNC dose. However, the TNC count includes a large proportion of cells 
that play no role in engraftment. Inclusion of these cells actually results in a dilution of the 
active stem cell ingredients. In contrast to using TNC, removing most of the unnecessary 
cells to produce an MNC fraction that contained the pool of stem cells, it was possible to 
demonstrate that the MNC dose used for transplantation exhibited a greater correlation 
with the ATP dose for both the CFC-GEMM and HPP-SP stem cell populations (Fig. 6). This 
result illustrates that the ATP concentration can be used as a measure of stem cell dose, 
which in turn is related to the potency ratio.  

The potency predicts the dose of the product for the intended use. The potency of a stem cell 
product should predict the dose of stem cells required to achieve engraftment. In other 
words, stem cell potency predicts engraftment potential. This should not be confused with, 
and is not the same as time to engraftment. If the slope of the stem cell linear regression 
dose response curves or the stem cell potency ratios provided in Table 1 is plotted against 
the time to engraftment, no correlation will be obtained. This is because potency is entirely 
dependent upon stem cell proliferation potential, while time to engraftment is dependent 
upon the differentiation and maturation of hematopoietic progenitor cells into neutrophils, 
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platelets and erythrocytes. This is the reason why the presence and number of progenitor 
cell colonies counted in the CFU assay, especially GM-CFC and Mk-CFC, relates to the 
appearance and number of neutrophils and platelets in the circulation of the patient (Page et 
al. 2011a).  

Although the number of UCB transplants has increased almost exponentially since the first 
published UCB transplant in 1989 (Gluckman et al. 1989), approximately 20% of patients 
receiving an unrelated UCB transplant exhibit graft failure (Page et al. 2011a, 2011b). This 
has, in part, been attributed to inadequate UCB potency (Page et al. 2011a, 2011b). Previous 
publications have focused on the need for standardized laboratory procedures (Rich, 1997; 
Wagner E et al. 2006; Brand A et al. 2008). A recent publication by Spellman et al. (2011) 
discusses problems facing the cord blood community and the guidelines and requirements 
for “standardized testing methodologies” to be established. The cell-based, ATP 
bioluminescence assay platform described in this communication to measure both stem cell 
potency and quality and, in addition, help define release criteria, constitutes the next 
generation of assays that addresses all of the necessary requirements including, but not 
limited to, standardized methodology, reproducibility with limited variability between 
testing sites, automated testing outputs, high throughput capability and rapid turnaround 
time.  

5. Conclusions 
It is often the case that an assay will be generic and adapted to fit the intended 
application. The present communication describes an assay that has been specifically 
designed and validated for the purpose of measuring stem cell quality and potency for 
hematopoietic cellular therapeutic products derived from mobilized peripheral blood, 
umbilical cord blood and even bone marrow (data not shown). A similar potency and 
quality assay has also been developed for mesenchymal stem cells. The assays incorporate 
an instrument-based, biochemical marker in the form of ATP, the concentration of which 
is directly proportional to the proliferation ability and potential of the stem cell 
populations being measured. The bioluminescence signal detection system is the most 
sensitive, non-radioactive readout available allowing the assay to incorporate external 
standards and controls. The implementation of a fully compliant potency and quality 
assay specific for hematopoietic stem cell products should not only help standardize cell 
processing procedures, but also reduce the risk of graft failure and improve safety and 
efficacy for the patient. 
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platelets and erythrocytes. This is the reason why the presence and number of progenitor 
cell colonies counted in the CFU assay, especially GM-CFC and Mk-CFC, relates to the 
appearance and number of neutrophils and platelets in the circulation of the patient (Page et 
al. 2011a).  

Although the number of UCB transplants has increased almost exponentially since the first 
published UCB transplant in 1989 (Gluckman et al. 1989), approximately 20% of patients 
receiving an unrelated UCB transplant exhibit graft failure (Page et al. 2011a, 2011b). This 
has, in part, been attributed to inadequate UCB potency (Page et al. 2011a, 2011b). Previous 
publications have focused on the need for standardized laboratory procedures (Rich, 1997; 
Wagner E et al. 2006; Brand A et al. 2008). A recent publication by Spellman et al. (2011) 
discusses problems facing the cord blood community and the guidelines and requirements 
for “standardized testing methodologies” to be established. The cell-based, ATP 
bioluminescence assay platform described in this communication to measure both stem cell 
potency and quality and, in addition, help define release criteria, constitutes the next 
generation of assays that addresses all of the necessary requirements including, but not 
limited to, standardized methodology, reproducibility with limited variability between 
testing sites, automated testing outputs, high throughput capability and rapid turnaround 
time.  

5. Conclusions 
It is often the case that an assay will be generic and adapted to fit the intended 
application. The present communication describes an assay that has been specifically 
designed and validated for the purpose of measuring stem cell quality and potency for 
hematopoietic cellular therapeutic products derived from mobilized peripheral blood, 
umbilical cord blood and even bone marrow (data not shown). A similar potency and 
quality assay has also been developed for mesenchymal stem cells. The assays incorporate 
an instrument-based, biochemical marker in the form of ATP, the concentration of which 
is directly proportional to the proliferation ability and potential of the stem cell 
populations being measured. The bioluminescence signal detection system is the most 
sensitive, non-radioactive readout available allowing the assay to incorporate external 
standards and controls. The implementation of a fully compliant potency and quality 
assay specific for hematopoietic stem cell products should not only help standardize cell 
processing procedures, but also reduce the risk of graft failure and improve safety and 
efficacy for the patient. 
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1. Introduction  
Cytomegalovirus (CMV) end-organ disease is a serious complication after stem cell 
transplantation (SCT) (Boeckh M, 2003). Within the first one hundred days after SCT, 50% of 
recipients develop CMV infection determined by positive antigenemia and 65 to 86.5% 
when viral replication is determined by real-time PCR (RT-PCR) (Ljungman et al., 2006; 
Solano et al., 2001). Described risk factors for CMV infection concern donor type, graft 
source, positive CMV serostatus of donor and recipient, CD34+ graft selection, 
preconditioning regimen, GvHD prophylaxis regimen, incidence of acute and chronic 
GvHD and prophylaxis and treatment for GvHD (Ljungman et al., 2002; Ozdemir et al., 
2007). Pre-emptive therapy is currently based on viral replication determined by either 
antigenemia or RT-PCR (Drew, 2007). Although antigenemia has been extensively used 
(Drew, 2007), RT-PCR has been shown to be more sensitive (Hakki et al., 2003; Solano et al., 
2001). 

The use of techniques based on nucleic acid amplification for the detection of CMV in 
clinical samples are in expansion and in many hospitals have replaced the use of other 
assays such as viral cultures or pp65 antigenemia. Several studies have assessed the 
performance between the different CMV viral load assays available. However, no many 
studies have compared the differences between the DNA extraction methods used (Fahle & 
Fischer, 2000; Caliendo et al., 2007; Kalpoe et al., 2004; Leruez-Ville et al., 2003; Avetisyan et 
al., 2006; Boeckh et al., 2009; Gerna et al., 2008; Gimeno et al., 2008). Although during the 
DNA extraction the majority of the methods use internal controls as a measurement of the 
DNA loss during the extraction procedure, in the downstream amplification not many of the 
assays use DNA standards that will facilitate the comparison among the different kits and 
standardization of the results between hospitals. In fact the availability of an optimal and 
efficient DNA extraction procedure that can use a broad type of samples with minimum 
modifications in the procedure may be practical and affordable for use in the  clinical 
practice (Fahle & Fischer, 2000). 

One of the differences between results using the methods available is type of clinical 
specimen used to perform the CMV DNA extraction. Samples collected vary from plasma, 
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whole blood or leukocytes, with the optimal sample for monitoring CMV viral being 
controversial. Since CMV infect cells, the viral load results obtained from leukocytes 
isolated from peripheral blood or whole blood samples tend to be higher than the results 
obtained from plasma. However, it has been reported a high correlation between CMV 
viral load results from plasma samples and whole blood samples (Caliendo et al., 2007; 
Kalpoe et al., 2004; Leruez-Ville et al., 2003). Moreover, some authors believe that the 
presence of CMV particles in plasma is related with the level of viral replication (Kalpoe 
et al., 2004), representing the infectious viral particles able to spread to other host cells. 
Thus whole blood and plasma samples are equally suitable for testing CMV infection in 
SCT recipients. 

Molecular techniques for CMV quantification such as RT-PCR have been shown to be useful 
for the rapid diagnosis of CMV infection and for monitoring clinical responses to antiviral 
therapy. This technique offers some advantages over others PCR methods, including 
increased precision, accuracy, reproducibility and a shorter turnaround time. To date, the 
clinical utility of using the RT-PCR test to guide preemptive therapy in transplant recipients 
has been mainly studied in SCT recipients (Avetisyan et al., 2006; Boeckh M, 2009; Gerna et 
al., 2008; Gimeno et al., 2008; Harrington et al., 2007; Kalpoe et al., 2004; Lilleri et al., 2004; 
Limaye et al., 2001; Machida et al., 2000; Ruell et al., 2007; Verkruyse et al., 2006). However, 
it has not been established a cutoff threshold for initiating antiviral therapy against CMV 
probably due to the significant differences between the different techniques used to 
determine the CMV viral load. In the absence of standardization the current clinical 
guidelines recommend to each individual laboratory to establish their own viral thresholds 
for CMV management (Kotton et al., 2010; Razonable & Emery, 2004). 

2. DNA extraction methods 
CMV extraction assays can be performed manually and automated. While manual 
extraction assays use non-corrosive reagents, are generally inexpensive and are easy to use, 
they require more labour intensive manipulation increasing the risk for contamination of the 
samples. In addition, this type of extraction procedures requires highly trained laboratory 
personnel to ensure reproducible results. Another limitation of the manual assays is the use 
of ethanol to precipitate the DNA, which may inhibit subsequent RT-PCR assays if not 
properly removed (Valentine-Thon, 2002). The manual assays are mostly used in research 
laboratories where the number of samples used at once is not high and the personnel are 
highly qualified for the procedures.  

Automated extraction methods are not widely extended although there are commonly used 
in clinical services where the number of clinical samples to process every day is high. The 
main feature of the automated extraction systems is the increase in reproducibility of the 
extraction among different samples, in addition to a reduction of the risk of contamination 
and the high number of samples that could be performed at the same time. However, the 
main handicap of this technology is the elevated cost of the instruments, as well as the high-
costs of instruments` reagents and maintenance and the necessary laboratory space required 
(Espy et al., 2006). 

While recently reports have shown improvement in the sensibility obtained by the 
automated extraction instruments in comparison with the manual extraction kits (Gartner 
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et al., 2004; Mengelle et al., 2011), and several studies performed on different 
herpesviruses have shown increased sensibility when automated extraction was 
performed compared to manual extraction kits (Nicholson et al.; 1997; Griffiths et al.; 
1984), our laboratory recently demonstrated that the DNA extraction method from 
Affigene was more efficient than the automated system from Abbott  providing a more 
accurate estimation of CMV DNA load (Gracia-Ahufinger et al., 2010). Our data proving 
that the manual DNA extraction method from Affigene resulted in a more efficient DNA 
extraction in comparison with that of an automated procedure from Abbott were 
somewhat surprising and are in contrast to previously published studies showing just the 
opposite (Kalpoe et al., 2004; Limaye et al., 2001). In this context, our data underscore the 
fact that the DNA extraction efficiency of distinct automated systems may not be 
comparable and should be thoroughly evaluated. This finding translates into critical 
therapeutic consequences, as patients would be treated depending on a threshold viral 
load, which will be different depending on the method used. In this context, these data 
reinforce the idea that local guidelines for the initiation of pre-emptive therapy based on 
commercial assays must be established as long as universally accepted standards for 
quantitative analysis of CMV DNAemia are not available. 

3. Detection of CMV infection  
CMV viral load determination is used to diagnose active CMV infection, to adopt treatment 
strategies to prevent CMV infection after transplantation and to monitor CMV after therapy. 
For this reason it is necessary to establish robust and reproducible assays to make possible 
to detect CMV levels within a wide range from low to very high number of copies (Abbate 
et al., 2008). 

3.1 CMV detection using antigemia assays  

The pp65 antigenemia developed in the late 1980s was the first non-cell culture based 
quantitative assay used in clinic to detect CMV infection (Atkinson & Emery), making 
obsolete the previous techniques such as shell vial assays (Gleaves et al., 1984; Nicholson 
et al., 1997), or the detection of early antigen fluorescent foci (DEAFF) test (Griffiths et al., 
1984). The pp65 antigenemia assay is based on the detection of the pp65 phosphoprotein 
of CMV in peripheral blood leukocytes (Van der Bij et al., 1988), and it has been widely 
used for years to quantify and guiding the administration of therapy and monitoring 
active CMV infection of STC recipients (Bonon et al., 2005; Tormo et al., 2010). However, 
the antigenemia assay has many disadvantages such as, it requires quite a lot blood 
volume as well as intensive labour and need to process samples within 6h from the time 
of collection to achieve optimal sensitivity (Kim et al., 2007; Mhiri et al., 2007), it restricts 
the numbers of samples that can be analyzed simultaneously and it requires a high 
number of leukocytes (at least more than 200 leukocytes) for acceptable performance of 
the assay (Preiser et al., 2001), being unfeasible during periods of severe neutropenia. In 
addition, due to the fact that antigenemia results can be elevated after following 
ganciclovir treatment despite of a decrease of DNAemia levels, results using antigenemia 
for monitoring efficacy of the pre-emptive therapy of CMV infection in SCT recipients 
may be mislead (Sia et al., 2000). Other molecular techniques have reduced the 
turnaround time for monitoring CMV infection.  
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3.2 Qualitative PCR assays  

In the past few years new sensitive PCR based techniques have been developed for earlier 
detection of CMV infection. The new assays developed were initially qualitative and they 
were able to detect CMV viremia in plasma of SCT recipients, and were compared with 
antigenemia assay (Boeckh et al., 1997; Boivin et al., 2000; Ksouri et al., 2007; Mori et al., 
2000; Preiser et al., 2001). Results from Boivin et al. found a higher sensitivity in antigenemia 
test, while Boeckh et al. suggested a similar sensibility in both techniques. Most of these 
studies used in-house PCR assays (Boeckh et al., 1997; Boivin et al., 2000; Preiser et al., 2001), 
which made difficult to compare results and to conclude the clinical value of the methods 
(Solano et al., 2001). 

The AMPLICOR CMV DNA PCR assay (Roche Diagnostics, Branchburg, N.J.) was the first 
qualitative technique commercialized. However, despite of being a more sensitive 
technique, antigenemia was found to be a more suitable technique both for guiding the 
initiation of preemptive therapy and for monitoring the efficacy of ganciclovir treatment 
(Solano et al., 2001).  

3.3 Quantitative PCR assays  

The quantitative PCR assays have demonstrated to be more suitable and clinically 
relevant than qualitative PCR for the detection of CMV DNA (Sia et al., 2000), providing 
useful information for the management of patients at high risk for developing CMV 
infection. Quantitative results may facilitate the establishment of a threshold for CMV 
viral load and the discrimination between patients who had symptomatic CMV infection 
and those who do not. Thus, allowing to establish the degree of viral replication and to 
distinguish between low and high level of CMV infection that may lead to disease after 
SCT (Preiser et al., 2001). Although there are many different commercially available 
quantitative PCR assays for CMV detection, the COBAS AMPLICOR CMV MONITOR test 
is one of the more commonly used in the clinical practice. This quantitative PCR 
developed by Roche included an internal quantification standard. The performance of the 
assay was found to be more sensitive compared with other qualitative tests (Boivin et al., 
2000; Caliendo et al., 2001), with a lower limit of detection of 400 copies/ml of plasma and 
a dynamic range up to 50,000CMV DNA copies/ml. This assay has been widely used for 
early detection of CMV infection in a variety of clinical specimens and clinical studies 
(Ghisetti et al., 2004; Lehto et al., 2005; Martin-Davila et al., 2005; Piiparinen et al., 2005; 
Sia et al., 2000; Westall et al., 2004). However, it shows some disadvantages, due to the 
fact that it requires manual extraction it has a low number of sample processing (24 per 
run) and a long performance (approximately 8 h).  In addition, the limit of detection has 
been established in 2.78 log10 cop/ml, value that is high especially for the early detection 
of CMV replication (Kerschner et al., 2011). 

The use of quantitative PCR to detect CMV infection has been highly controversial 
regarding the specimen used (plasma, whole blood or leukocytes) for the quantification 
of the CMV viral load (Boeckh et al., 1997; Boivin et al., 2000; Caliendo et al., 2000; 
Flexman et al., 2001; Kaiser et al., 2002; Machida et al., 2000; Razonable et al., 2002; 
Tanaka et al., 2000; Weinberg, Schissel, & Giller, 2002). Some studies have suggested that 
quantitative PCR measurements for monitoring CMV viral load in whole-blood have a 
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higher sensitivity compared to using cells or plasma during CMV disease in 
immunocompromised patients (Razonable et al., 2002) (von Muller et al., 2007). The 
authors consider that whole blood includes all the compartments in which the virus can 
replicate (Deback et al., 2007). In addition, Cortez et al found that quantitative PCR 
performed in whole blood provided a higher number of positive results (58.2% vs. 
39.5%) compared to plasma (Cortez et al., 2003). However, Leruez-Ville et al. compared 
the performance of a RT-PCR specifically to amplify high conserved region of CMV 
UL93 gene in plasma and whole blood, demonstrating that both plasma and whole  
blood were equally suitable for monitoring active CMV infection (Leruez-Ville et al., 
2003).  

3.4 RT-PCR assays 

In the mid 1990s become available the first two commercialized RT-PCR platforms. In the 
last years, different companies have tried to improve the technique including faster 
cycling, higher throughput and flexibility, new optical systems and more accessible 
software (Table 1). For example, it has been developed several versions of the LightCycler 
instruments such as Roche LightCycler™ PCR or SmartCycler (Cepheid) for performing 
sensitive, specific and rapid assays for the detection of CMV, time- and cost-effectiveness 
and with low contamination risk (Schaade et al., 2000). RT-PCR based on TaqMan probes 
and related technologies have proven higher dynamic range, precision, accuracy, 
reproducibility, a shorter turnaround time and a low risk of contamination, offering many 
advantages over quantitative-competitive PCR assays. With the use of these techniques, 
the quantification of CMV in clinically relevant samples could be reproducibly achieved 
in 2h allowing to understand CMV replication kinetics in humans (Atkinson & Emery, 
2011). In addition, other advantages have been described about the use of RT-PCR to 
evaluate the CMV load in HSCT including the ability to test blood during episodes of 
neutropenia and subsequent disease that had been missed by antigenemia (Kaiser et al., 
2002). 

On the contrary, RT-PCR also has some disadvantages compared with conventional PCR 
such as the start-up expense of the assay and the incompatibility of some platforms with 
certain reagents (Mackay, Arden, & Nitsche, 2002). 

Although most of RT-PCR assays for monitoring CMV infection in SCT recipients have 
been laboratory developed (Boeckh et al., 2004; Griscelli et al., 2001; Herrmann et al., 
2004; Hong et al., 2004; Kalpoe et al., 2004; Leruez-Ville et al., 2003; Lilleri et al., 2004; 
Limaye et al., 2001; Nitsche et al., 2000; Pumannova et al., 2006; Ruell et al., 2007; 
Schaade et al., 2000; Tanaka et al., 2000; Tanaka et al., 2002; Yakushiji et al., 2002; Yun et 
al., 2003), several commercial tests are available and have been used in different clinical 
diagnostic laboratories. However, there are not many studies based on the application of 
these commercial assays in SCT recipients (Bravo et al.; Gimeno et al., 2008; Gouarin et 
al., 2007; Gracia-Ahufinger et al., 2010; Hanson et al., 2007). As it will be described 
below, these studies evaluated the suitability of the commercial assays for the 
surveillance of active CMV infection in these patients and compared the performance of 
the different tests.  
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LABORATORY DEVELOPED REAL TIME PCR 
ADVANTAGES REF 

Less expensive and with the possibility of being 
personally established by developers. [10, 11, 17, 18, 20, 56, 61, 63-71] 

COMMERCIAL REAL TIME PCR 

NAME MANUFACTURER VIRAL 
TARGET ADVANTAGES REF 

COBAS 
Amplicor CMV 

Monitor 
Roche UL54 

Sensitive, low limit of 
detection and broad 

dynamic range. 

[40-45, 
51] 

LightCycler® 
CMV 

Quantitative Kit 
Roche UL54 

Reasonably accurate, 
sensitive, specific and 
linear. Suitable for the 

detection of CMV DNA 
early after 

transplantation. 

[74,75] 

Artus CMV  
PCR test QIAGEN UL122 

Reliable CMV 
diagnostic early after 

transplantation. 
High sensitivity and 

performance. 

74 

CMV R-geneTM Argene UL83 

Accurate quantification 
in SCT patients, good 
correlation with other 

RT-PCR assays and 
pp65 antigenemia. 

Validated with several 
types of specimen and 

DNA purification 
systems (automatic and 

manual). 

73 

Abbott CMV 
real-time PCR 

Kit 
Abbott Diagnosis UL122 

High sensitivity and 
very low limit of 

detection (25 cps/mL). 
Good correlation with 

antigenemia and 
suitable to monitoring 

active CMV infection in 
SCT patients. 

[15, 72] 

Affigene CMV 
Trender Cepheid Not specified 

Robust, reproducible 
and sensitive. Better 

analytical performance 
than the Abbot test and 
accurate estimation of 

the viral load. 

[29,28] 

Table 1. Technical advantages of the laboratory developed and commercially available RT-
PCR methods. 
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3.4.1 Commercial RT-PCR assays  

There are several commercially available RT-PCR assays developed for the detection of 
CMV infection in clinical samples. Most of these assays use specific targets, such as UL83, 
UL123 genes or the HXFL4 region (Alain et al.; Caliendo et al., 2007; Gault et al., 2001; 
Gouarin et al., 2007; Mengelle et al., 2003). The most common targets used for the detection 
of CMV by RT-PCR are the immediate early (IE) gene (Nitsche et al., 1999), the polymerase 
(UL54) gene (Schaade et al., 2000) , the glycoprotein B gene (UL55) (Espy et al., 2006) and the 
pp65 gene (UL83)  (Stocher et al., 2003). Among the commercially available standardized 
methods to detect CMV infection, the LightCycler® CMV Quantitative Kit (Roche), the 
RealArt CMV LightCycler PCR reagent test (QIAGEN, Germantown, MD), CMV R-geneTM 
(Argene, France), Affigene CMV Trender (Cepheid, Sweden) and the Abbott CMV real-time 
PCR Kit (Abbott Diagnosis, USA) have been evaluated in SCT. 

The LightCycler® CMV Quantitative assay (Roche) is a standardized RT-PCR test based on 
analyte-specific reagents (ASR) designed to detect a fragment of 240 pb within the 
polymerase gene (UL54) (Alain et al.). This test has been compared with the RealArt CMV 
LightCycler PCR reagent test (QIAGEN) that detects a fragment of 105 pb within the IE gene 
(Hanson et al., 2007).  They made the comparison using OptiQuant CMV DNA panels 
(AcroMetrix Corp.) that contained four concentrations of CMV strain AD169 and with 
plasma specimens collected from SCT recipients. Although both tests were suitable to detect 
CMV DNA early after transplantation, the results using the Qiagen test showed higher 
sensitivity as well as a better performance at the lower standard concentration (Hanson et 
al., 2007). 

Other remarkable CMV RT-PCR assay is the CMV R-geneTM (Argene, France) that targets 
the pp65 gene (UL83). This test has been evaluated in SCT recipients from four centers 
showing an accurate quantification, as well as a good correlation with other laboratory-
developed RT-PCR assays and pp65 antigenemia, thus the authors suggest that the R-gene 
test is a good alternative method to diagnose and monitor CMV infection (Gouarin et al., 
2007). The Affigene CMV Trender kit was developed by Cepheid and it has been shown to 
be robust, reproducible and sensitive enough for routine measurement of patient samples 
(Abbate et al., 2008). The analytical performance of this assay was also evaluated in our 
laboratory compared with the Abbott CMV RT-PCR Kit, using samples obtained from SCT 
recipients. The Affigene CMV Trender assay yielded higher viral load than the Abbot test, 
suggesting a better analytical performance. The comparison was also performed using the 
OptiQuant CMV DNA quantification panel showing that the Affigene test provides a more 
accurate estimation of the CMV DNA load (Gracia-Ahufinger et al., 2010). The test 
manufactured by Abbott, was previously evaluated in plasma samples from SCT recipients 
(Gimeno et al., 2008).  

However the assay was compared with the antigenemia test to monitoring active CMV 
infection in SCT patients. Results showed a good correlation of the results but higher 
sensitivity for the RT-PCR assay (Gimeno et al., 2008). More recently the Abbott CMV RT-
PCR assay was also evaluated in SCT recipients compared with other two commercial tests 
(Roche and Nanogen) (Bravo et al., 2011). The results found variations in the performance of 
the tests which limited to establish a common cutoff between different assays. This issue 
will be discussed below. 
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RealArt CMV LightCycler PCR reagent test (QIAGEN, Germantown, MD), CMV R-geneTM 
(Argene, France), Affigene CMV Trender (Cepheid, Sweden) and the Abbott CMV real-time 
PCR Kit (Abbott Diagnosis, USA) have been evaluated in SCT. 

The LightCycler® CMV Quantitative assay (Roche) is a standardized RT-PCR test based on 
analyte-specific reagents (ASR) designed to detect a fragment of 240 pb within the 
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LightCycler PCR reagent test (QIAGEN) that detects a fragment of 105 pb within the IE gene 
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plasma specimens collected from SCT recipients. Although both tests were suitable to detect 
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sensitivity as well as a better performance at the lower standard concentration (Hanson et 
al., 2007). 
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showing an accurate quantification, as well as a good correlation with other laboratory-
developed RT-PCR assays and pp65 antigenemia, thus the authors suggest that the R-gene 
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2007). The Affigene CMV Trender kit was developed by Cepheid and it has been shown to 
be robust, reproducible and sensitive enough for routine measurement of patient samples 
(Abbate et al., 2008). The analytical performance of this assay was also evaluated in our 
laboratory compared with the Abbott CMV RT-PCR Kit, using samples obtained from SCT 
recipients. The Affigene CMV Trender assay yielded higher viral load than the Abbot test, 
suggesting a better analytical performance. The comparison was also performed using the 
OptiQuant CMV DNA quantification panel showing that the Affigene test provides a more 
accurate estimation of the CMV DNA load (Gracia-Ahufinger et al., 2010). The test 
manufactured by Abbott, was previously evaluated in plasma samples from SCT recipients 
(Gimeno et al., 2008).  

However the assay was compared with the antigenemia test to monitoring active CMV 
infection in SCT patients. Results showed a good correlation of the results but higher 
sensitivity for the RT-PCR assay (Gimeno et al., 2008). More recently the Abbott CMV RT-
PCR assay was also evaluated in SCT recipients compared with other two commercial tests 
(Roche and Nanogen) (Bravo et al., 2011). The results found variations in the performance of 
the tests which limited to establish a common cutoff between different assays. This issue 
will be discussed below. 
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4. CMV viral load threshold for treatment initiation 
The development of antiviral strategies has resulted in a large decrease in the incidence of 
CMV disease. Two main therapeutic strategies have been developed for the control of CMV 
infection and prevention of CMV disease, prophylaxis and pre-emptive therapy. Both 
strategies have been shown to be equally effective to protect against CMV infection. In the 
prophylaxis strategy antiviral treatment is administered to all patients after transplantation 
for a period of time between 100 and 200 days. (Boeckh M, 2003; Hebart & Einsele, 2004; 
Meijer et al., 2003; Zaia, 2002). In the pre-emptive strategy treatment is administered only 
when the CMV viral load reaches an established threshold (Gimeno et al., 2008; Machida et 
al., 2000). The preemptive administration of treatment consequently requires the use of 
highly sensitive assay for monitoring CMV viral load.  

The International Consensus Guidelines on the Management of CMV after transplantation 
considered necessary the establishment of a universal cut-off value for initiating therapy 
(Razonable & Emery, 2004). Several studies have tried to establish the clinical utility of using 
the RT-PCR test to guide preemptive therapy in SCT recipients (Avetisyan et al., 2006; 
Boeckh M, 2009; Gerna et al., 2008; Gimeno et al., 2008; Harrington et al., 2007; Kalpoe et al., 
2004; Lilleri et al., 2004; Limaye et al., 2001; Machida et al., 2000; Ruell et al., 2007; Verkruyse 
et al., 2006). However as stated earlier, there are significant differences between the different 
techniques used to determine the CMV viral load, thus the standardization of specific cutoff 
values is limited by the variations in the performance of the test, the assay design, and the 
diversity in the patient population studied thus results can not be extrapolated. So, it would 
be necessary an international reference standard between viral loads obtained with different 
tests. Currently, each laboratory must establish its own cutoff value and monitor clinical 
outcomes to verify the trigger points used. 

Some authors have suggested that pre-emptive therapy should be initiated after two 
consecutive increased viral load values (Boeckh M, 2009; Gimeno et al., 2008). However, the 
inter- and intra-assay variability in some cases with variations over 30% that may represent 
a risk for using this treatment initiation strategy (Boeckh & Boivin, 1998; Boeckh & Nichols, 
2004), with variations of the viral load less than 0.5 log may not be significant. Other authors 
propose considering CMV replication kinetics for the initiation of treatment. In these cases, 
it needs to be considered that while CMV duplicate within 1-2 days on average, the time for 
replication is shorter in the presence of immunosuppressant drugs, which may result in 
faster increase of the viral loads. In addition in these cases may be necessary taking into 
account the initial viral load since it is predictive of risk for developing CMV disease (Emery 
& Griffiths, 2000). 

Some studies have established optimal cut-offs for treatment initiation, classifying patients 
according to the risk for developing CMV disease. A recent publication by Boeckh and 
Ljungman recommends initiating treatment with viral loads over 100 copies/ml in SCT 
recipients at high risk for CMV infection that received the transplant within the last 100 
days, and 500 copies/ml for patients at low risk. For long-term SCT recipients initiation of 
treatment is recommended with viral loads over 1,000 copies/ml (Boeckh M, 2009).  

Most of the studies to establish thresholds for the control of CMV infection have been 
performed using plasma for testing CMV viral load with a wide range of cut-off viral loads 
varying from 550 copies/ml to 10,000 copies/ml (Avetisyan et al., 2006; Gimeno et al., 2008; 
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Hong et al., 2004; Yakushiji et al., 2002). Other studies have established thresholds for the 
control of CMV infection of 1,000 copies/ml (Boeckh M, 2009; Harrington et al., 2007), and 
10,000 (Gerna et al., 2008; Lilleri et al., 2004; Verkruyse et al., 2006) using whole blood. These 
cut-off values were defined to be protective independently of their CMV sero-status. Few 
studies have established a protective cut-off for CMV infection in leukocytes; one of these 
established a cut off of 1,000 CMV genomes copies per 200,000 leukocytes (Avetisyan et al., 
2006).  

Another important issue after transplantation is the optimal frequency of CMV monitoring 
which has not been defined for SCT. Most authors recommend a weekly periodicity 
increased twice a week once CMV replication is detected and during treatment 
administration, while treatment administration should be interrupted after two consecutive 
negative determinations (Boeckh M, 2009). 

In summary, it has not been established a cutoff threshold for initiating antiviral therapy 
against CMV maybe due to differences in CMV serological status, immunosuppressive drug 
regimens and period of treatment. Further studies are necessary in large series of SCT 
recipients assessing safety of viral load thresholds. 

5. Standardization of CMV viral load quantification 
Since CMV viral loads (in copies per milliliter of body fluid) correlate with the 
development of CMV disease (Emery & Griffiths, 2000; Humar et al., 1999), the use of 
molecular diagnostics based on the measurement of the viral load has contributed to 
patients’ management after transplantation for more than a decade. During preemptive 
administration of treatment, antiviral therapy is initiated when CMV replication reaches 
an established threshold in the peripheral blood (Lilleri et al., 2009), prior to develop 
clinical symptoms. Therefore, the use methods such as RT-PCR can be useful to 
determine when to initiate the preemptive therapy and its duration (Emery & Griffiths, 
2000; Humar et al., 1999; Humar et al., 2002; Sia & Patel, 2000) as well as to monitor the 
response to the administered therapy. However, as previously stated the most important 
handicap of the available RT-PCR techniques is the high variability of CMV viral load 
results among different laboratories. Pang et al designed a comparative study among 
thirty laboratories to evaluate the reproducibility of in-house and commercial assays to 
detect CMV infection. They prepared a panel of samples with different CMV DNA 
concentrations that were evaluated in different laboratories, with several commercial 
available assays. While the intra-laboratory coefficient of variation was considered 
acceptable (around 17%), they inter-laboratory variability resulted higher than 140%. 
These authors considered that differences in viral load lower at <0.5 log10 are not 
considered clinically relevant. This difference limits the comparisons inter-laboratories 
and prevents the establishment of a determinate cut-off broadly applicable for making 
clinical decisions and monitoring the initiation of pre-emptive therapy (Caliendo et al., 
2009). These discrepancies result into clinical therapeutic consequences, as a number of 
patients  may receive treatment in one hospital while not in other hospital using a 
different assay (Gracia-Ahufinger et al., 2010).  

The differences among assays are based on the method for nucleic acid extraction, the 
specimen type, the target genomic region, primers and probes used for amplification and 
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detection (Caliendo et al., 2009; Ikewaki et al., 2005). Although, the variability in the results 
obtained with commercial assays (kits or ASRs) are proven to be lower than when using in-
house developed methods (Pang et al., 2009).  

The most critical factor for standardization is the lack of using an universally accepted 
standard for CMV quantification will make possible the comparison among results thus 
establishing a common management of patients in different centers (Atkinson & Emery, 
2011). The reference material used as a calibrator have to be traceable and commutable to 
achieve accurate clinical results ensuring consistency with clinical samples (Caliendo et al., 
2009). While many laboratories produce their own calibrator as an attempt of standardizing 
some CMV reference material is under development and in fact there are standards 
commercially available for quantification. For instance, the National Institute of Standards 
and Technology (NIST) started the development of a reference standard for CMV based on 
pure CMV DNA from a Towne strain from which after some modification, the final 
construct will be used to produce viral DNA (Wang et al., 2004). Moreover, the OptiQuant® 
CMV DNA Quantification Panel from AcroMetrix has been carefully formulated to mimic 
naturally occurring human specimens containing CMV viral DNA. It consists of cultured 
CMV that has been diluted in defibrinated, delipidized normal human plasma at different 
concentrations. The panel can be used with any test procedure designed for measuring CMV 
DNA in human serum or plasma and it has been widely used as a standard in several 
studies (Bravo et al.; Forman et al., 2011; Hanson et al., 2007; Raggam et al., 2010) to compare 
techniques with the same laboratory and inter-laboratory.  

In the absence of standardization the current clinical guidelines recommend to each 
individual laboratory to establish their own viral thresholds for CMV management, (Kotton 
et al., 2010; Razonable & Emery, 2004), threshold that cover a wide range of viral loads 
varying from 200-500 copies/mL in some laboratories (Ikewaki et al., 2005; Mori et al., 2002) 
to 2000-5000 copies/mL in others (Humar et al., 1999). 

6. Conclusions 
In conclusion, the quantitative PCR assays have demonstrated to be more suitable and 
clinically relevant for the monitoring of the CMV viral load, and the management of patients 
that develop CMV infection. Although there are several commercially available RT-PCR 
assays developed for the detection of CMV infection in clinical samples, there are variations 
in the performance of these tests which limit to establish a common cutoff between different 
assays. Each laboratory must establish its own cutoff value and monitor clinical outcomes to 
verify the trigger points used. Using universally accepted standards for CMV quantification 
will make possible the comparison among results establishing a common management of 
patients in different centers. However, in the absence of standardization the current clinical 
guidelines recommend to each individual laboratory to establish their own viral thresholds 
for CMV management. Further studies are still necessary to establish standardized cut-off 
values in large series of transplant recipients. 
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1. Introduction 
The prevalence of ischemic heart disease and acute myocardial infarction (AMI) has increased 
to alarming rates in the United States and the western world (Roger et al., 2011). Patients who 
survive the initial AMI suffer ischemic cardiomyopathy (ICM) which is often complicated by 
high mortality and poor overall prognosis (Braunwald et al., 2000; McMurray et al., 2005). 
Despite significant advances in medical therapy and revascularization strategies, the prognosis 
of patients with AMI and ischemic cardiomyopathy remains dismal (Levy D et al., 2002; Roger 
VL et al., 2004). The last decade has demonstrated significant progress and rapid translation of 
myocardial regenerative therapies particularly those utilizing stem cells isolated from adult 
tissues (Abdel-Latif et al., 2007).  

Studies examining the potential therapeutic use of bone marrow (BM)-derived cells in 
myocardial regeneration have overshadowed the growing evidence of innate cardiac 
reparatory mechanisms. Several studies have demonstrated the capability of 
cardiomyocytes to replenish through poorly understood innate mechanisms. Follow up of 
cardiac transplantation patients have demonstrated continuous replenishment of 
cardiomyocytes by recipient’s derived cells through poorly understood mechanisms (Quaini 
et al., 2002). There is growing evidence that BM-derived cells are responsible, at least in part, 
for organ chimerism including cardiomyocyte chimerism (de Weger et al., 2008; Deb et al., 
2003). Animal studies have confirmed this to be a dynamic process responding to significant 
injury such as myocardial infarction and peaks in the peri-infarct zone (Hsieh et al., 2007). 
Although this process appears to be robust enough to achieve the renewal of approximately 
50% of all cardiomyocytes in the normal life span, very little is known about its 
underpinnings (Bergmann et al., 2009).  
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Complex innate reparatory mechanisms are initiated by myocardial ischemia interacting 
with different elements of the immune system, the infarcted myocardium and bone marrow 
stem cells, culminating in BM-stem and progenitor cells’ (SPCs) mobilization as we and 
others have demonstrated (Abdel-Latif et al., 2010; Walter et al., 2007; Wojakowski et al., 
2009). However, very little is known about the mechanisms and clinical significance of this 
mobilization. Animal studies show that mobilized BM-derived cells (BMCs) repopulate the 
infarct border, however the significance of this mobilization is unclear given the low rate of 
their differentiation into cardiomyocytes (Fukuhara et al., 2005).  

2. Isolation and functional characteristics of BM-derived pluripotent stem 
cells 
The bone marrow acts as a reservoir for a heterogeneous pool of tissue-committed and 
non-committed stem cells. These populations contain progenitors that aid in the 
chimerism and cellular turnover of different organs as well as very rare populations of 
pluripotent and non-committed stem cells. The old dogma that adult tissues lack 
pluripotent stem cells (PSCs) has been continuously challenged during the last decade 
through multiple studies that isolated PSCs from adult humans’ and animals’ tissues. 
These populations were distinguished based on their morphology with small cell size, 
large nucleus demonstrating euchromatin and large nucleus to cytoplasm ratio. 
Furthermore, cell surface markers as well as nuclear transcription factors, such as 
SSEA1/4, Oct4 and Nanog, have been deployed. 

Very small embryonic like stem cells (VSELs) represent a rare yet pluripotent population 
of adult stem cells. They have been initially described by Dr. Ratajczak’s group in the 
murine BM based on their expression of Sca1 (murine stem cell marker) and lack of 
expression of CD45 (pan–leukocytic marker) and differentiated lineage (Lin) markers 
(Kucia et al., 2006; Zuba-Surma et al., 2008). Following their isolation from murine tissues, 
VSELs were subsequently isolated from human BM, umbilical cord blood (CB) and 
peripheral blood based on the lack of expression of Lin/CD45 and the expression of the 
stem cell markers CD133, CXCR4 and CD34. Figure 1 illustrates the flow cytometry 
protocol for identifying and isolating VSELs from murine and human samples. VSELs 
were further characterized using a multi-dimensional approach comprising molecular, 
protein and cell imaging techniques to confirm their pluripotent features (Zuba-Surma et 
al. 2008). VSELs are morphologically similar to embryonic stem cells demonstrating small 
diameter compared to more committed progenitors/stem cells with large nucleus 
containing open-type chromatin surrounded with thin rim of cytoplasm and multiple 
mitochondria (Zuba-Surma et al. 2008).  

VSELs exhibit multiple embryonic and pluripotent surface and nuclear embryonic markers 
such as Oct4, SSEA1/4, Nanog, and Rex1. In vivo and in vitro studies have demonstrated 
the capability of VSELs to differentiate into multiple cell lines across germ lines including 
cardiomyocytes (Kucia et al. 2006). 

The bone marrow harbors other multi- and pluri-potent stem cell populations such as the 
mesenchymal stem cells (MSC) (Hattan et al., 2005; Kawada et al., 2004), multipotent adult 
progenitor cells (MAPC) (Jiang et al., 2002), and marrow-isolated multilineage inducible cells 
(MIAMI) (D'Ippolito et al., 2004). Similar populations with cardiac differentiation potential 
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have been also isolated from skeletal muscle and other tissues (Abdel-Latif et al., 2008a). 
However, it is conceivable that different investigators have isolated, using different 
methods, the same or very similar populations and named them differently. It is also 
possible that these populations at least in part contain VSELs which might explain their 
pluripotent potential. 

 
Panel A: Gating strategy for isolating human cord blood (CB)-derived VSELs. Morphology of total CB-
derived nucleated cells is shown on dot-plot representing FSC and SSC parameters related to cell size 
and granularity/ complexity, respectively. All objects larger than 2m are enclosed in region R1 and 
further visualized on histogram showing the expression of markers of mature hematopoietic cells 
(lineage markers; Lin). Cells not expressing differentiated hematopoietic markers (Lin- in region R2) are 
then analyzed for CD34 and CD45 expression. VSELs are identified as CD45-/Lin-/CD34+ cells (region 
R3), while hematopoietic stem cells (HSCs) as CD45+/Lin-/CD34+ cells (region R4).  
Panel B: Sorting of murine bone marrow (BM)-derived VSELs. Morphology of total murine BM-derived 
nucleated cells is shown on dot-plot presenting FSC and SSC parameters and all objects in range of 2-
10m in diameter are included in region R1. Lymphocytic cells including stem cell fraction is further 
analyzed for Sca-1 and differentiated hematopoietic lineages markers (Lin) expression and only Sca-
1+/Lin- cells are included in region R2. Cells from this region are further seperated based on CD45 
expression. Murine VSELs are distinguished as CD45-/Lin-/Sca-1+ cells (region R3), while HSCs as 
CD45+/Lin-/Sca-1+ cells (region R4).  

Fig. 1. Strategy for flow cytometric analysis of human and murine Very Small Embryonic-
Like and hematopoietic stem cells. Briefly, BM is flushed from the femurs and tibias. 
Nucleated cells are isolated by lysis of red blood cells and cells are then gated on based on 
the cell size (>2 m). Of note, lysis is preferred for isolating VSELs rather than Ficoll 
gradient that we have shown to lose some of the VSELs due to their small size.  
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3. BM-derived pluripotent stem cells are mobilized in the peripheral 
circulation following myocardial ischemia in animal models and humans 
Myocardial ischemia, particularly large myocardial infarction, produce multiple stimuli 
include various chemokines, cytokines, kinins, bioactive lipids and members of the 
complement cascade, that lead to the mobilization and subsequent homing of BMSPCs. 
Indeed, several reports have confirmed that mobilization of stem cells originating from the 
BM occurs in response to myocardial ischemic injury (Grundmann et al., 2007; Kucia et al., 
2004b; Leone et al., 2005; Massa et al., 2005; Shintani et al., 2001; Wojakowski et al., 2006) and 
heart failure (Valgimigli et al., 2004). Similar observations were noted in patients with acute 
neurological ischemia (Paczkowska et al., 2005) and patients with extensive skin burn 
(Drukala et al., 2011).  

Stimuli responsible for the mobilization and homing of BMSCs in the setting of myocardial 
ischemia show similarities and differences with those involved in hematopoietic stem cells 
(HSCs) homing to the BM. The role of stromal cell derived factor (SDF-1) and its receptor 
(CXCR4) axis in the retention of hematopoietic stem/progenitor cells (HSPCs) in bone 
marrow is undisputed (Kucia et al., 2005; Lapidot et al., 2002), however, its role in the 
mobilization and homing of BM-SPCs to a highly proteolytic microenvironment, such as the 
ischemic/infarcted myocardium, is somewhat less certain. Studies have demonstrated that 
multiple members of the metalloproteinases (MMP) family, such as MMP2, MMP9 and 
MMP13, are upreagulated in the myocardium following infarction (Peterson et al., 2000). 
The elevated levels of the MMPs contribute to the degradation of chemokines such as SDF-1 
and the byproduct of this degradation acts as an inhibitor the sole SDF-1 receptor, CXCR4 
(McQuibban et al., 2001; McQuibban et al., 2002). In support of this hypothesis, Agrawal et al 
demonstrated that the conditional deletion of CXCR4 in cardiomyocytes did not influence 
the recovery of left ventricular (LV) function, reduce the scar size or alter the homing of 
MSCs to the myocardium following myocardial infarction (Agarwal et al., 2010). Thus, there 
is growing evidence that other mechanisms beside the SDF-1/CXCR4 axis are contributing 
to the mobilization and homing of BM-SPCs in AMI and other conditions (Jalili et al., 2010; 
Ratajczak et al., 2010). These data suggest an important interplay between the complement 
cascade, the immune system, cathelicidins, low levels of SDF-1, and sphingosine-1 
phosphate (S1P) and other bioactive lipids in the mobilization and homing of HSPCs. Our 
preliminary data suggest that these complex interactions might be involved in the 
mobilization of BM-SPCs in acute myocardial ischemia as well (unpublished data). 
Clinically, pharmacological modulators of S1P receptors are already approved by the FDA 
and can be utilized to enhance BM-SPC mobilization in the setting of ischemic heart disease. 
Similarly, modulation of the complement cascade can be also utilized in this process similar 
to their role in the mobilization of HSPCs. 

The first evidence for the mobilization of CD34+ mononuclear cells in AMI was 
demonstrated by Shintani et al (Shintani et al. 2001). The authors demonstrated successful in 
vitro differentiation of circulating BM-SPCs into endothelial cells that expressed CD31, VE-
cadherin and the kinase insert domain receptor (KDR) (Shintani, et al. 2001). Leone et al 
demonstrated that the levels of circulating CD34+ cells in the setting of AMI were higher 
when compared to patients with mild chronic stable angina and healthy controls. The 
magnitude of CD34+ cell mobilization correlated with the recovery of regional and global 
LV function recovery as well as other functional LV parameters (Leone et al. 2005). Similarly, 
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Wojakowski et al demonstrated the mobilization of multiple BM-SPCs populations in 
patients with AMI and found significant correlation between the number of circulating 
CD34+ cells and plasma SDF-1 levels (Wojakowski et al., 2004). In their following 
publication, the authors demonstrated the correlation between circulating BM-SPCs and 
ejection fraction at baseline and lower brain natriuretic peptide (BNP) levels (Wojakowski et 
al. 2006). Interestingly, the mobilization of BM-SPCs is reduced by the successful 
revascularization of the culprit vessel in acute STEMI (Müller-Ehmsen et al., 2005). However, 
the majority of the above mentioned studies have focused on the mobilization of partially 
committed stem cells such as HSPCs and endothelial progenitor cells (EPCs).  

We and others have demonstrated the mobilization of pluripotent stem cells (PSCs) 
including VSELs in the setting of myocardial ischemia (Abdel-Latif et al. 2010; Wojakowski 
et al. 2009). The number of circulating VSELs was highest in patients with ST-elevation 
myocardial infarction (STEMI), particularly in the early phases following the injury, when 
compared to patients with lesser degrees of ischemia such as non STEMI (NSTEMI) and 
those with chronic ischemic heart disease (Abdel-Latif et al. 2010). The mobilization of PSCs 
appears to be related to the extent of myocardial ischemia and the degree of myocardial 
damage. Moreover, the ability of patients to mobilize PSCs in the peripheral circulation in 
response to AMI decreases with age, reduced global LV ejection fraction (LVEF) and 
diabetes supporting the notion of an age/comorbidity related decline in the regenerative 
capacity (Abdel-Latif, et al. 2010; Wojakowski, et al. 2009). Indeed, animal models confirm 
the reduction of number as well as pluripotent features of BM-derived VSELs with age 
(Zuba-Surma et al. 2008). Similarly, studies have demonstrated the reduction of number as 
well as functional capacity of EPCs in diabetic patients (Fadini et al., 2006).  

The pluripotent features of mobilized VSELs, including the presence of octamer-binding 
transcription factor-4 (Oct4) and stage specific embryonic antigen-4 (SSEA4), were 
confirmed both on the RNA and protein levels. Utilizing the capabilities of the ImageStream 
system, we demonstrated that circulating VSELs during AMI have very similar embryonic 
features similar to their BM and CB counterparts including the small size (7-8 m), large 
nucleus and high nuclear-to-cytoplasm ratio (Figure 2). Furthermore, circulating VSELs 
during AMI express markers of early cardiac and endothelial progenitors that suggest that 
the mobilization is rather specific and that circulating VSELs are destined to aid in the 
myocardial regeneration following injury (Abdel-Latif et al. 2010; Kucia et al. 2004b; 
Wojakowski et al. 2009).  

The above evidence suggest an innate, yet poorly understood, reparatory mechanism that 
culminates in the mobilization of BMSCs including pluripotent and embryonic like stem 
cells in acute myocardial injury. This mobilization correlates with the recovery of LV 
function and other LV functional parameters. Therefore, mobilization of PSCs in myocardial 
ischemia is a relevant and clinically significant process. Future studies aiming at selective 
mobilization of PSCs rather than the non-selective actions of agents such as granulocyte 
colony stimulating factor (G-CSF) may prove beneficial in the field of myocardial 
regeneration. 

Indeed, there is evidence that the mobilization of CXCR4+ cells in the setting of AMI is 
correlated with LVEF recovery as well as myocardial reperfusion when assessed with 
cardiac MRI in humans (Wojakowski, et al. 2006).  
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Fig. 2. Representative ImageStream images of VSEL and hematopoietic stem/ progenitor 
cell (HSPC) circulating in peripheral blood following acute ST-elevation myocardial 
infarction. Cells were stained against: 1)  hematopoietic lineages markers (Lin) and CD45 to 
be detected in one channel (FITC, green), 2) marker of pluripotency Oct4 (PE, yellow) and 3) 
stem cell antigen CD34 (PE-Cy5, cyan). Nuclei are stained with 7-aminoactinomycin D (7-
AAD, red). Scales represents 10 m. VSELs are identified based on the lack of expression of 
both Lin and CD45 markers and positive staining for CD34 antigen and nuclear appearence 
of Oct-4 transcription factor (Upper Panel). HSCs are identified as cell expressing Lin and/ 
or CD45 markers as well as CD34 antigen; however, negative for Oct-4 (Lower Panel). BF: 
Bright field. 

4. Therapeutic mobilization of BM-derived stem cells in myocardial 
regeneration 
Hematologists have used the concept of BM-derived stem cell mobilization using 
pharmacological agents such as G-CSF for a long time. Based on the available clinical 
experience and safety profile of these therapies, pharmacological stem cell mobilization in 
the setting of AMI has gained increasing enthusiasm. Mobilized BM-SPCs are either 
harvested for further transplantation or allowed for spontaneous homing to the infarcted 
myocardium and has demonstrated various degrees of success (Engelmann et al., 2006; Ince 
et al., 2005; Zohlnhöfer et al., 2006). Similar to BMCs transplantation studies, the 
heterogeneous methodologies of the included studies diluted the effect. The overall lack of 
efficacy with G-CSF BMCs mobilization in the setting of acute myocardial infarction is 
somewhat incongruent with the salutary effects of BMCs transplantation in humans and G-
CSF therapy in animal models for myocardial regeneration.  
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The largest study utilizing G-CSF in the setting of acute myocardial infarction was the 
REVIVAL-2 trial that included 114 patients (Zohlnhöfer, et al. 2006). The study randomized 
AMI patients to 10 g/kg of G-CSF vs. placebo and left ventricular functional parameters 
were assessed using cardiac MRI (CMR).  The study demonstrated no significant difference 
in the tested parameters between patients treated with G-CSF or placebo. However, baseline 
characteristics in the study population showed normal or near normal LV function and 
therefore the expected benefit is minimal. Patient selection was a methodological flaw that 
plagued some of the studies that utilized G-CSF. Indeed, with careful examination of the 
available literature, patients with reduced LV function at baseline as well as those treated 
within the first 36 hours following AMI benefited the most (Abdel-Latif et al., 2008b; Achilli 
et al., 2010). On the other hand, safety concerns regarding a potentially increasing evidence 
of instent restenosis (Kang et al., 2004) and recurrent ischemia (Hill et al., 2005) have halted 
subsequent clinical trials. However, it is important to note that these safety concerns were 
not confirmed in large studies (Zohlnhöfer, et al. 2006) or in the cumulative meta-analyses 
(Abdel-Latif et al. 2008b).  

Beyond the methodological flaws encountered in human trials, this lack of efficacy can be 
explained by multiple factors. While G-CSF and similar therapies mobilize a wide array of 
BMSPCs in the peripheral blood, homing factors may not be sufficient to guide them to the 
myocardial infarct zone. Indeed, the homing of c-Kit+ cells to the infarcted myocardium 
improved when G-CSF therapy was combined with local administration of SDF-1 (Askari et 
al., 2003). The myocardial levels of chemoattractants peaks within 24-72 hours following 
injury (Kucia et al., 2004a; Ma et al., 2005; Wang et al., 2006) and therefore delayed therapy in 
some human trials may have missed the homing window to the infarct zone. Similarly, the 
addition of Flt-3 to G-CSF therapy improved outcomes in animal models (Dawn et al., 2008). 
Moreover, different cytokines are known to preferentially mobilize somewhat different 
subsets of BMCs (Hess et al., 2002; Neipp et al., 1998). Future studies investigating the 
characteristics of G-CSF-mobilized cells will be necessary to glean additional mechanistic 
insights in this regard. 

Recently, a combined approach with stem cell mobilization and enhanced homing using 
therapies known to increase local SDF-1 or CXCR4 antagonists have been proposed and is 
currently being tested (Jujo et al., 2010; Zaruba et al., 2009). Going forward, the beneficial 
effects of BM-derived stem cell mobilization may be augmented by selective mobilization of 
undifferentiated BMSCs rather than differentiated inflammatory cells. It is also important to 
remember that some of the G-CSF arbitrated effects can be mediated by its direct effect on 
cardiomyocytes which are known to express G-CSF receptor (Shimoji et al., 2010). G-CSF 
therapy may be inducing the proliferation of cardiomyocytes or the differentiation of 
resident cardiac stem cells. On a similar note, G-CSF therapy upregulates Akt (Ohtsuka et 
al., 2004) and may result in reducing apoptosis of ischemic cardiomyocytes if utilized early 
following the acute event. 

5. BM-derived stem cell transplantation for myocardial repair 
The use of BM-derived cells in myocardial regeneration has moved rapidly from the basic 
research lab to the clinical arena. The results from these studies varied widely probably 
secondary to the heterogeneous methodologies used with an overall marginal benefit with 
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BM-derived cell transplantation compared to placebo. The majority of studies, however, 
utilized unselected populations of BMCs and these studies provide the longest follow-up of 
up to 5 years (Assmus et al., 2010; Schachinger et al., 2009). The underling mechanisms 
leading to the beneficial effect of transplanted BMCs are unclear. The observed benefits of 
BMCs transplantation is out of proportion of the observed rates of newly formed 
cardiomyocytes from BMCs’ origin (Zuba-Surma et al., 2011). Indeed, recent evidence 
suggest a primarily paracrine effect of BM-derived stem cells following their transplantation 
by recruiting and stimulating resident cardiac stem cells (CSCs) (Loffredo et al., 2011). 
Furthermore, human purified CD34+ cells are a source of several growth factors including 
VEGF, cytokines and chemokines that may prevent apoptosis of dying cardiomyocytes and 
promote angiogenesis in damaged myocardium (Majka et al., 2001). Cell membrane derived 
microvesicles or exosomes that are enriched in S1P may contribute to regeneration of 
myocardium and its re-vascularization (Baj-Krzyworzeka et al., 2002). Hence, transplanted 
CD34+ cells may contribute to regeneration of damaged heart by paracrine signals and 
released microvesicles (Ratajczak et al., 2008) and was recently confirmed by others (Sahoo et 
al., 2011).  

Long-term follow-up studies demonstrated ‘catch-up phenomenon’ of the placebo treated 
patients, thus leading to mixed results regarding the sustainability of the BMCs treatment 
benefit (Assmus, et al. 2010; Meyer et al., 2009; Yousef et al., 2009). The benefit of BMCs 
therapy is less robust among patients with chronic ischemic heart disease (IHD) (Assmus et 
al., 2006; Strauer et al., 2010). Similarly, smaller studies have demonstrated the antianginal 
effects of BMCs in patients with non-revascularizable severe coronary artery disease 
(Losordo et al., 2007; Tse et al., 2007). 

Selected BM-derived stem cell subpopulations represent an attractive substrate for cellular 
therapies since they lack the inflammatory cells, which contribute to the ongoing 
inflammatory response at the site of myocardial infarction, contained in the unselected 
BMCs populations. Furthermore, highly purified stem cell populations are more likely to 
induce myocardial regeneration through paracrine effects or by directly differentiating into 
cardiomyocytes. The largest study utilizing selected BM-derived stem cell population is the 
REGENT study which compared selected to non-selected populations of BMCs in patients 
with acute ischemic heart disease and reduced LV function at baseline (Tendera et al., 2009). 
While there were no significant differences between the groups, patients treated with 
selected CD34+/CXCR4+ cells showed trends of improvement in LV function when 
compared to controls. Other studies utilizing primitive populations of BM-SPCs such as 
CD133+ cells have reported improvement of LV function and perfusion (Bartunek et al., 
2005; Stamm et al., 2004). 

Nevertheless and despite the disparity in the methodologies of the conducted studies, the 
overall collective effect of BMCs’ transplantation suggests small yet statistically significant 
benefit in myocardial regeneration (Abdel-Latif, et al. 2007; Martin-Rendon et al., 2008). 
However, these trials have been hampered by their reliance on surrogate endpoints rather 
than patient important endpoints such as mortality, need for repeat revascularization, 
recurrent MI or re-hospitalization for congestive heart failure. While surrogate endpoints are 
important for mechanistic studies, patient-important endpoints are quintessential for a new 
therapy to achieve mainstream status. 
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6. Future directions 
Growing evidence suggest that a multitude of BM-derived stem and pluripotent stem cells 
are mobilized in the peripheral blood following AMI. However, the clinical significance and 
the potential therapeutic use of this mobilization are still not fully understood. Circulating 
PSCs can be used as markers of ischemic injury in humans or as predictors of myocardial 
recovery following large ischemic damage. On the other hand, the therapeutic application of 
VSELs in myocardial regeneration has proven beneficial although the beneficial mechanisms 
remain elusive and are probably mainly paracrine in nature. Given the pluripotent potential 
of VSELs, their transplantation at smaller numbers (10,000 cells per mouse) have proven to 
be more beneficial than larger numbers of the more committed HSPCs (100,000 cells per 
mouse) indicating their greater therapeutic potential (Dawn et al. 2008). Current efforts 
directed at the ex-vivo expansion and priming of VSELs have proven to be a successful 
strategy in animal models and their clinical applications are pending (Dawn et al. 2008; 
Zuba-Surma, et al. 2011). Nuclear reprogramming has opened the door for creating patient-
specific autologous pluripotent stem cells with multiple therapeutic opportunities 
(Takahashi et al., 2006). Further studies are needed to examine the feasibility as well as the 
safety of inducible pluripotent stem cells (iPS) particularly their tumorigenicity and 
immunogenicity before they can be explored in human studies.  

On the biotechnology frontier, multiple modifications of the transplanted cells (priming) 
and the host environment are being tested in humans to improve the efficiency of BM-SPCs’ 
regenerative capacity. Transplanting three dimensional constructs that provide an enriched 
environment for the transplanted and resident stem cells are attractive modifications to the 
currently tested protocols [reviewed in (Mooney et al., 2008)]. Similarly, the concept of 
multiple doses of stem cell to repair the complex process of myocardial remodeling 
following acute myocardial infarction is gaining traction and is very appealing. While the 
field of stem cell regenerative therapy for ischemic heart disease is still in its infancy, the 
accelerated advances in a wide array of biological and biotechnological areas have rapidly 
propelled the field from the bench to clinical applications. 
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safety of inducible pluripotent stem cells (iPS) particularly their tumorigenicity and 
immunogenicity before they can be explored in human studies.  

On the biotechnology frontier, multiple modifications of the transplanted cells (priming) 
and the host environment are being tested in humans to improve the efficiency of BM-SPCs’ 
regenerative capacity. Transplanting three dimensional constructs that provide an enriched 
environment for the transplanted and resident stem cells are attractive modifications to the 
currently tested protocols [reviewed in (Mooney et al., 2008)]. Similarly, the concept of 
multiple doses of stem cell to repair the complex process of myocardial remodeling 
following acute myocardial infarction is gaining traction and is very appealing. While the 
field of stem cell regenerative therapy for ischemic heart disease is still in its infancy, the 
accelerated advances in a wide array of biological and biotechnological areas have rapidly 
propelled the field from the bench to clinical applications. 
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1. Introduction  
Hematopoietic stem cells (HSCs) present arguably the best entry point for gene therapy of 
hematopoietic and immune systems since genetically modified HSCs are long-lived and would 
eventually transfer the therapeutic constructs to all their descendants. However, gene therapy 
via HSCs, although conceptually simple, has proven to be a technically formidable problem that 
has yet to be solved successfully. Despite overtly positive results obtained in gene therapy 
experiments performed with mouse and larger animal models, these achievements did not 
translate into clinically acceptable outcomes for non-human primates and human patients, with 
exception of a few specific disease instances where a therapeutic gene brought about significant 
survival advantages to transduced cells (Cavazzana-Calvo et al., 2000, Schmidt et al, 2003). 
Major differences between outcomes of conceptually similar experiments in mice and primates 
underscore the notion that the fundamental principles governing functioning of hematopoietic 
system in small short-lived vs. larger long-lived animals differ significantly. Low degree of 
chimerism obtained in experiments with primates and humans is likely a result of intrinsically 
low efficiency of viral transduction of long-term repopulating (LTR) HSCs coupled with 
subsequent massive silencing of integrated constructs (Ellis, 2005; Horn et al, 2002). One may 
hypothesize that this situation reflects a better protection of hematopoietic system from external 
influences, in particular invasion of foreign genetic material, in longer-living animals. 

However, our deepening knowledge of molecular mechanisms underlying functioning of 
HSCs within the organism provides hints as to what strategies may lead to the development 
of the efficient gene therapy via HSCs; some of these strategies are discussed below. 

2. Improvements of vectors and ex vivo HSC transduction protocols 
Numerous studies indicate that lentiviral vectors that are capable of transducing non-
dividing cells may represent a more promising tool for introduction of genetic material into 
HSCs compared to retroviral vectors (Uchida et al, 1998, Case et al., 1999). This may be 
attributed to a largely quiescent nature of LTR HSCs, especially in larger animals (Cheshier 
et al., 1999, Shepherd et al., 2007). Since even lentiviral vectors transduce more efficiently 
dividing cells than quiescent ones (Trobridge et al., 2004), the current transduction protocols 
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1. Introduction  
Hematopoietic stem cells (HSCs) present arguably the best entry point for gene therapy of 
hematopoietic and immune systems since genetically modified HSCs are long-lived and would 
eventually transfer the therapeutic constructs to all their descendants. However, gene therapy 
via HSCs, although conceptually simple, has proven to be a technically formidable problem that 
has yet to be solved successfully. Despite overtly positive results obtained in gene therapy 
experiments performed with mouse and larger animal models, these achievements did not 
translate into clinically acceptable outcomes for non-human primates and human patients, with 
exception of a few specific disease instances where a therapeutic gene brought about significant 
survival advantages to transduced cells (Cavazzana-Calvo et al., 2000, Schmidt et al, 2003). 
Major differences between outcomes of conceptually similar experiments in mice and primates 
underscore the notion that the fundamental principles governing functioning of hematopoietic 
system in small short-lived vs. larger long-lived animals differ significantly. Low degree of 
chimerism obtained in experiments with primates and humans is likely a result of intrinsically 
low efficiency of viral transduction of long-term repopulating (LTR) HSCs coupled with 
subsequent massive silencing of integrated constructs (Ellis, 2005; Horn et al, 2002). One may 
hypothesize that this situation reflects a better protection of hematopoietic system from external 
influences, in particular invasion of foreign genetic material, in longer-living animals. 

However, our deepening knowledge of molecular mechanisms underlying functioning of 
HSCs within the organism provides hints as to what strategies may lead to the development 
of the efficient gene therapy via HSCs; some of these strategies are discussed below. 

2. Improvements of vectors and ex vivo HSC transduction protocols 
Numerous studies indicate that lentiviral vectors that are capable of transducing non-
dividing cells may represent a more promising tool for introduction of genetic material into 
HSCs compared to retroviral vectors (Uchida et al, 1998, Case et al., 1999). This may be 
attributed to a largely quiescent nature of LTR HSCs, especially in larger animals (Cheshier 
et al., 1999, Shepherd et al., 2007). Since even lentiviral vectors transduce more efficiently 
dividing cells than quiescent ones (Trobridge et al., 2004), the current transduction protocols 
relied until recently on the use of culture conditions that induced entry of HSCs into cell 
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cycle but incidentally failed to maintain their stem cell status (Bunting et al., 1999). This 
situation seems to have been ameliorated after introduction of transduction protocols that 
rely on the use of serum-free media that lack factors inducing SC differentiation 
(Mostoslavsky et al., 2005) and novel growth factors that better preserve cell stemness 
(Zhang C et al., 2008). It remains yet to see whether these improvements are sufficient to 
significantly increase the efficiency of HSC gene therapy in clinical settings. 

3. Selection of genetically modified HSCs in vivo: Negative selection 
As current efficiency of transduction of human LTR HSCs with viral vectors appears to be quite 
low and there are no clinically proven protocols for expansion of these cells ex vivo, the most 
promising solution at hand to this problem is an in vivo selection of modified cells after their 
transduction and re-transplantation back to a patient. Conceptually, one might distinguish 
negative and positive in vivo selection strategies. The first one can be defined as a strategy that 
is aimed at elimination of stem and progenitor cells that do not bear integrated functional 
constructs. Positive selection implies a strategy that does not target the construct-negative stem 
cells but rather provides selective survival and growth advantage to the cells that bear the 
inserted construct. The negative selection gains presently much of attention and seems to be 
better poised for a clinical advancement in the near future. Arguably, the most promising and 
advanced variant of negative selection is based on the use of O6-MGMT as a selection marker 
and various alkylating compounds as selection agents (Davis et al., 2000, Ragg et al., 2000). 
Using this approach and multiple rounds of selection in vivo, overall peripheral blood 
chimerism has been driven in mice and larger animal models to levels higher than 75%. 
However, the clinical applicability of this technique is as yet unclear, as recent experiments 
performed by two research teams with non-human primates using MGMT-mediated selection 
produced rather conflicting results. One team demonstrated successful implementation of this 
strategy in monkeys, although with selection efficiencies and chimerism rates highly variable 
between individual animals (Beard et al., 2010), whereas another team reported a rather 
negligible increase in chimerism rates upon selection in vivo (Larochelle et al., 2009). 

Various implementations of negative selection strategy are listed in the Table 1. 

4. Selection of genetically modified HSCs in vivo: Positive selection 
Ongoing studies of the mechanisms controlling HSC self-maintenance and commitment 
continue to identify novel factors that bring about HSC expansion in vivo when over-expressed. 
A less than exhaustive set of these factors is listed in the Table 2. Arguably, the most extensively 
studied gene with such properties is the homeobox transcription factor HoxB4. Forced 
expression of HoxB4 in murine HSCs induces remarkable ex vivo and in vivo cell expansion 
without compromising their differentiation or inducing leukemic transformation (Sauvageau et 
al., 1995, Antonchuk et al., 2002). Similar effects were obtained using recombinant TAT-HOXB4 
protein (Krosl et al., 2003). In some reports, HoxB4 and negative selection marker MGMT were 
used together to further increase percentage of modified HSCs (Chinnasamy et al., 2005). 
However, attempts to use HoxB4 for positive selection of HSCs in larger animals were much 
less successful, with a major expansion of short-term repopulating cells only (Zhang X et al., 
2006). Besides, a significant number of leukemia occurrences apparently related to unregulated 
expression of HoxB4 were observed in these animals (Zhang X et al., 2008).  
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Slective 
marker Selecting agent Mode of action References 

O6-MGMT 
BCNU, TMZ, 
other alkylating 
agents 

MGMT protein functions to repair 
alkylated DNA caused by 
chemotherapeutic agents like 
BCNU or TMZ 

Sawai et al, 
2001; Zielske et 
al, 2003 

Thymidylate 
synthase 

5-fluorouracil 
(5-FU) 
5-fluorodeoxy-
uridine (5-
FUdR) 

Drug-resistant TS can protect bone 
marrow cells from 5-fluorouracil 
(5-FU) and related 
fluoropyrimidines that induce 
cessation of DNA and RNA 
synthesis, and subsequent cell 
death. 

Bielas et al, 
2009 

Tyr22DHFR Methotrexate 

MTX acts on highly proliferative 
cells, blocking DNA synthesis 
through competitive inhibition of 
DHFR. Drug resistant 
dihydrofolate reductase such as 
Tyr22 (Tyr22DHFR) has the 
potential to selectively increase 
engraftment of gene-modified 
human hematopoietic cells 

Gori et al, 2010 

Multidrug 
resistance 
gene-1 (MDR) 

Taxol, Paclitaxel 

Overexpression of the multidrug 
resistance gene MDR1 in bone 
marrow cells results in protection 
from hematopoietic toxicity from 
chemotherapy drugs that are 
substrates for the MDR1 drug 
efflux pump 

Cowan et al, 
1999 

Table 1. Strategies for negative selection of genetically modified HSC 

Some other members of the HOX family, either alone or fused with specific cellular partners, 
are also able to induce expansion of hematopoietic progenitors in mice. Of particular 
importance is a fusion gene NUP98-HoxA10, which has a remarkable ability of multi-log 
expansion of murine repopulating cells ex vivo, exceeding that of HoxB4 (Ohta et al., 2007; 
Watts et al., 2011). 

Recently, the powerful effect of overexpression of early acting transcription factor SALL4 on 
ex vivo expansion of human hematopoietic cells capable of long-term repopulation of 
NOD/SCID mice was demonstrated (Aguila et al., 2011). Significant ex vivo expansion 
could be also achieved using recombinant TAT-SALL4B protein.  

There are at least a dozen of other genes that, when overexpressed, induce significant 
expansion of HSCs in mice in vivo. One of the most interesting groups of such factors are 
epigenetic regulators. Of particular interest is Bmi1, a member of Polycomb group, which is 
involved in regulation of mantenance of various adult stem cell types. Inactivation of Bmi1 
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situation seems to have been ameliorated after introduction of transduction protocols that 
rely on the use of serum-free media that lack factors inducing SC differentiation 
(Mostoslavsky et al., 2005) and novel growth factors that better preserve cell stemness 
(Zhang C et al., 2008). It remains yet to see whether these improvements are sufficient to 
significantly increase the efficiency of HSC gene therapy in clinical settings. 

3. Selection of genetically modified HSCs in vivo: Negative selection 
As current efficiency of transduction of human LTR HSCs with viral vectors appears to be quite 
low and there are no clinically proven protocols for expansion of these cells ex vivo, the most 
promising solution at hand to this problem is an in vivo selection of modified cells after their 
transduction and re-transplantation back to a patient. Conceptually, one might distinguish 
negative and positive in vivo selection strategies. The first one can be defined as a strategy that 
is aimed at elimination of stem and progenitor cells that do not bear integrated functional 
constructs. Positive selection implies a strategy that does not target the construct-negative stem 
cells but rather provides selective survival and growth advantage to the cells that bear the 
inserted construct. The negative selection gains presently much of attention and seems to be 
better poised for a clinical advancement in the near future. Arguably, the most promising and 
advanced variant of negative selection is based on the use of O6-MGMT as a selection marker 
and various alkylating compounds as selection agents (Davis et al., 2000, Ragg et al., 2000). 
Using this approach and multiple rounds of selection in vivo, overall peripheral blood 
chimerism has been driven in mice and larger animal models to levels higher than 75%. 
However, the clinical applicability of this technique is as yet unclear, as recent experiments 
performed by two research teams with non-human primates using MGMT-mediated selection 
produced rather conflicting results. One team demonstrated successful implementation of this 
strategy in monkeys, although with selection efficiencies and chimerism rates highly variable 
between individual animals (Beard et al., 2010), whereas another team reported a rather 
negligible increase in chimerism rates upon selection in vivo (Larochelle et al., 2009). 

Various implementations of negative selection strategy are listed in the Table 1. 

4. Selection of genetically modified HSCs in vivo: Positive selection 
Ongoing studies of the mechanisms controlling HSC self-maintenance and commitment 
continue to identify novel factors that bring about HSC expansion in vivo when over-expressed. 
A less than exhaustive set of these factors is listed in the Table 2. Arguably, the most extensively 
studied gene with such properties is the homeobox transcription factor HoxB4. Forced 
expression of HoxB4 in murine HSCs induces remarkable ex vivo and in vivo cell expansion 
without compromising their differentiation or inducing leukemic transformation (Sauvageau et 
al., 1995, Antonchuk et al., 2002). Similar effects were obtained using recombinant TAT-HOXB4 
protein (Krosl et al., 2003). In some reports, HoxB4 and negative selection marker MGMT were 
used together to further increase percentage of modified HSCs (Chinnasamy et al., 2005). 
However, attempts to use HoxB4 for positive selection of HSCs in larger animals were much 
less successful, with a major expansion of short-term repopulating cells only (Zhang X et al., 
2006). Besides, a significant number of leukemia occurrences apparently related to unregulated 
expression of HoxB4 were observed in these animals (Zhang X et al., 2008).  
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from hematopoietic toxicity from 
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substrates for the MDR1 drug 
efflux pump 
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Table 1. Strategies for negative selection of genetically modified HSC 

Some other members of the HOX family, either alone or fused with specific cellular partners, 
are also able to induce expansion of hematopoietic progenitors in mice. Of particular 
importance is a fusion gene NUP98-HoxA10, which has a remarkable ability of multi-log 
expansion of murine repopulating cells ex vivo, exceeding that of HoxB4 (Ohta et al., 2007; 
Watts et al., 2011). 

Recently, the powerful effect of overexpression of early acting transcription factor SALL4 on 
ex vivo expansion of human hematopoietic cells capable of long-term repopulation of 
NOD/SCID mice was demonstrated (Aguila et al., 2011). Significant ex vivo expansion 
could be also achieved using recombinant TAT-SALL4B protein.  

There are at least a dozen of other genes that, when overexpressed, induce significant 
expansion of HSCs in mice in vivo. One of the most interesting groups of such factors are 
epigenetic regulators. Of particular interest is Bmi1, a member of Polycomb group, which is 
involved in regulation of mantenance of various adult stem cell types. Inactivation of Bmi1 
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leads to defect in HSC self-renewal (Park et al., 2003), whereas its enforced expression 
results a striking ex vivo expansion of multipotential progenitors and marked augmentation 
of HSC repopulating capacity in vivo (Iwama et al., 2004). In addition, enforced expression 
of Bmi1 in human CD34-positive cells leads to the ex vivo expansion of NOD/SCID 
repopulating cells (Rizo et al., 2008). Another Polycomb group gene that potentially could be 
used for positive selection is Ezh2; upon overexpression, it prevents HSC exhaustion 
(Kamminga et al., 2006). Forced expression of yet another epigenetic regulator, histone 
demethylase Fbxl10/Jhdm1b in HSCs abolishes exhaustion of the LTR HSCs following serial 
transplantation. This property of Ezh2 and Fbxl10/Jhdm1b makes them especially 
appropriate for schemes combining positive and negative selection since the latter one 
places very significant stress on hematopoietic system. 

Another group of genes that might be used for positive selection are those that are 
frequently activated in predominant hematopoietic cell clones arising after retro- or 
lentiviral transduction, and are likely therefore to act as factors inducing in vivo expansion 
of these clones. The most prominent among such genes are MDS1/Evi-1 (Sellers et al., 2010; 
Métais & Dunbar, 2008), PRDM16 (Du et al., 2005; Ott et al., 2006) HMGA2 (Wang et al., 
2010; Cavazzana-Calvo et al., 2010) and LMO2 (McCormack et al., 2003; McCormack et al., 
2010). As a note of caution, forced expression of these genes may produce undesired effects; 
for example, expression of Evi-1 was reported to be associated with chromosomal instability 
(Stein et al., 2010). 

In addition to protein factors, micro RNAs also have effect on HSC function and population 
size. In particular, miR-125a and miR-125b were shown to increase number of HSCs in vivo 
or enhance their repopulation capacity (Guo  et al., 2010; Ooi et al., 2010). 

Having focused on genes that expand stem cell population, one should not overlook 
another group of genes that exert an opposite effect, namely negative influence on HSC 
pool size. Thanks to RNA interference technology, suppression of gene expression in 
various cell types nowadays is nearly as simple as overexpression. If gene knockout or 
knockdown results in expansion of stem cell population, this property may potentially 
be used for positive selection. Among genes of interest in this respect are C/EBP alpha, 
Lnk and Nur77, to name a few. C/EBP alpha-deficient hematopoietic stem cells (HSCs) 
are hyperproliferative, have increased expression of Bmi-1 and enhanced competitive 
repopulating activity (Zhang et al. 2004; Heath et al., 2004). Inactivation of Lnk, 
inhibitory adaptor protein, leads to an expanded HSC pool with enhanced self-renewal 
(Bersenev et al., 2008). Mice with inactivation of both Nor-1 and Nur77 have abnormal 
expansion of HSCs and myeloid progenitors and develop lethal acute myeloid leukemia 
(AML). 

Regardless of what gene is being used for positive selection, it is clear that its constitutive 
expression would eliminate one or more of the negative growth controls imposed on HSCs 
by organism, and thus increase risks of neoplastic transformation. Therefore, any clinically 
acceptable protocol for gene therapy using positive selection of transduced HSCs should be 
based on transient, tightly regulated gene expression. Given that positive selection, if 
correctly implemented, promises to provide significant advantages over negative selection 
schemes, further research into creation of robustly regulated expression systems for positive 
selection in HSCs seem to be fully warranted. 
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Gene Observed effects References 

HOXB4 
Overexpression of HoxB4 induces significant ex 
vivo and in vivo expansion of murine long-term 
repopulating HSCs. 

Antonchuk et al., 
2002; Sauvageau et 
al., 1995 

NUP98-
HOXA10 

Enforced expression of NUP98-HOXA10 fusion 
protein results in significant expansion of murine 
repopulating cells ex vivo exceeding that of HoxB4. 

Ohta et al., 2007; 
Watts et al., 2011 

NF-Ya Murine HSCs overexpressing NF-Ya demonstrate 
strongly increased in vivo repopulation.  Zhu et al., 2005 

Bmi1 

Enforced expression of Bmi1 leads to striking ex 
vivo expansion of multipotential progenitors and 
marked augmentation of HSC repopulating 
capacity in vivo. 

Iwama et al., 2004; 
Rizo et al., 2008 

Ezh2 Overexpression prevents exhaustion of long-term 
repopulating HSCs. 

Kamminga et al., 
2006 

Fbxl10/ 
Jhdm1b Same as above. Konuma et al., 

2011 

Jab1 Mice with Jab1 overexpression have expanded HSC 
pool and develop a myeloproliferative disease. Mori et al., 2008 

HMGA2 

Frequently found in the vicinity of integrated 
constructs in gene therapy trials; HMGA2-
expressing cells have growth advantage in 
competitive repopulation and serial transplantation. 

Cavazzana-Calvo 
et al., 2010; Ikeda et 
al., 2011; Wang et 
al., 2010 

Evi-1 Frequently found in the vicinity of integrated 
constructs in gene therapy trials. 

Métais & Dunbar, 
2008; Sellers et al., 
2010 

PRDM16 Frequently found in the vicinity of integrated 
constructs in gene therapy trials. 

Du et al., 2005; Ott 
et al., 2006 

Sall4 Enforced expression results in ex vivo expansion of 
long-term NOD/SCID repopulating cells. Aguila et al., 2011 

MicroRNAs 
miR-125a, miR-
125b 

Forced expression of miR-125a was capable of 
increasing the number of HSCs cells several-fold. 
Overexpression of miR-125b enhances HSC 
function, as judged by serial transplantation. 

Guo  et al., 2010; 
Ooi et al., 2010 

Lnk Mice with Lnk inactivation have an expanded HSC 
pool with enhanced self-renewal. 

Bersenev et al., 
2008 

Nur77/NR4A1 
& Nor-
1/NR4A3 

Mice with inactivation of both Nor-1 and Nur77 have 
abnormal expansion of HSCs and myeloid progenitors 
and develop lethal acute myeloid leukemia. 

Mullican et al., 
2007 

C/EBP 
C/EBP alpha-deficient HSCs are hyperproliferative 
and have enhanced competitive repopulating 
activity. 

Heath et al., 2004; 
Zhang P et al. 2004; 

Latexin Mouse strains expressing lower latexin levels have 
increased numbers of HSCs. Liang et al., 2007 

Table 2. Genes affecting in vivo expansion of HSCs 
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leads to defect in HSC self-renewal (Park et al., 2003), whereas its enforced expression 
results a striking ex vivo expansion of multipotential progenitors and marked augmentation 
of HSC repopulating capacity in vivo (Iwama et al., 2004). In addition, enforced expression 
of Bmi1 in human CD34-positive cells leads to the ex vivo expansion of NOD/SCID 
repopulating cells (Rizo et al., 2008). Another Polycomb group gene that potentially could be 
used for positive selection is Ezh2; upon overexpression, it prevents HSC exhaustion 
(Kamminga et al., 2006). Forced expression of yet another epigenetic regulator, histone 
demethylase Fbxl10/Jhdm1b in HSCs abolishes exhaustion of the LTR HSCs following serial 
transplantation. This property of Ezh2 and Fbxl10/Jhdm1b makes them especially 
appropriate for schemes combining positive and negative selection since the latter one 
places very significant stress on hematopoietic system. 

Another group of genes that might be used for positive selection are those that are 
frequently activated in predominant hematopoietic cell clones arising after retro- or 
lentiviral transduction, and are likely therefore to act as factors inducing in vivo expansion 
of these clones. The most prominent among such genes are MDS1/Evi-1 (Sellers et al., 2010; 
Métais & Dunbar, 2008), PRDM16 (Du et al., 2005; Ott et al., 2006) HMGA2 (Wang et al., 
2010; Cavazzana-Calvo et al., 2010) and LMO2 (McCormack et al., 2003; McCormack et al., 
2010). As a note of caution, forced expression of these genes may produce undesired effects; 
for example, expression of Evi-1 was reported to be associated with chromosomal instability 
(Stein et al., 2010). 

In addition to protein factors, micro RNAs also have effect on HSC function and population 
size. In particular, miR-125a and miR-125b were shown to increase number of HSCs in vivo 
or enhance their repopulation capacity (Guo  et al., 2010; Ooi et al., 2010). 

Having focused on genes that expand stem cell population, one should not overlook 
another group of genes that exert an opposite effect, namely negative influence on HSC 
pool size. Thanks to RNA interference technology, suppression of gene expression in 
various cell types nowadays is nearly as simple as overexpression. If gene knockout or 
knockdown results in expansion of stem cell population, this property may potentially 
be used for positive selection. Among genes of interest in this respect are C/EBP alpha, 
Lnk and Nur77, to name a few. C/EBP alpha-deficient hematopoietic stem cells (HSCs) 
are hyperproliferative, have increased expression of Bmi-1 and enhanced competitive 
repopulating activity (Zhang et al. 2004; Heath et al., 2004). Inactivation of Lnk, 
inhibitory adaptor protein, leads to an expanded HSC pool with enhanced self-renewal 
(Bersenev et al., 2008). Mice with inactivation of both Nor-1 and Nur77 have abnormal 
expansion of HSCs and myeloid progenitors and develop lethal acute myeloid leukemia 
(AML). 

Regardless of what gene is being used for positive selection, it is clear that its constitutive 
expression would eliminate one or more of the negative growth controls imposed on HSCs 
by organism, and thus increase risks of neoplastic transformation. Therefore, any clinically 
acceptable protocol for gene therapy using positive selection of transduced HSCs should be 
based on transient, tightly regulated gene expression. Given that positive selection, if 
correctly implemented, promises to provide significant advantages over negative selection 
schemes, further research into creation of robustly regulated expression systems for positive 
selection in HSCs seem to be fully warranted. 
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5. Expansion and selection of genetically modified HSCs ex vivo 
Although much hope is currently invested into various schemes aimed at in vivo selection 
of gene-modified HSCs, a substantially simpler and arguably more elegant solution may be 
achieved if protocols for long-term culture and robust ex vivo expansion of HSCs could be 
developed. Very significant expansion of HSCs that occurs during embryonic development 
indicates that this might be eventually possible.  

Over the last two decades, quite a few HSC culture protocols have been developed. The 
earlier established conditions involved cultivation in the presence of serum and cocktail of 
“classical” cytokines including SCF, IL3, IL6, FLT3L and TPO. Since bovine serum 
apparently contains factors that induce differentiation and/or apoptosis of HSCs, recent, 
more advanced protocols have been developed, which use defined, serum-free conditions 
that offer better reproducibility and minimize rapid loss of long-term repopulating HSCs 
during ex vivo culture and transduction with lenti- and retroviral vectors (Mostoslavsky et 
al., 2005). 

In addition to classical cytokines, a number of new growth factors that have pronounced 
effect on HSC maintenance and expansion were identified in the last years. Among the most 
important are FGF1 (de Haan et al., 2003), IGFBP2 (Huynh et al., 2008), and several members 
of angiopoeitin-like family, in particular Angptl3 and 5 (Zhang et al., 2006). 

Several major signaling pathways figuring prominently during embryonic development, in 
particular during specification of hematopoietic lineage, were shown to be important for 
adult HSC biology. Among those, Notch and Wnt pathways are currently considered as of 
the most immediate interest as far as HSC-niche interactions and ex vivo expansion are 
concerned. Stem and progenitor pool-enhancing properties of Notch signaling were 
demonstrated initially using constitutive Notch1 signaling in murine hematopoietic cells, 
which produced immortalized, cytokine-dependent stem cell-like cells (Varnum-Finney et 
al., 2000), and constitutive Notch4 signaling in human cord blood cells, which resulted in 
significant increase in cells repopulating immunodeficient mice (Vercauteren & Sutherland, 
2004). Later on, culture of human CD34+ precursors with the immobilized Notch ligand 
Delta1 and cytokines was shown to result in a substantial increase in NOD/SCID-
repopulating cells (Delaney et al., 2010); similar results were obtained for mouse cells with 
immobilized Jagged1 ligand (Toda et al., 2011). 

As for Wnt signaling, initial studies indicated that overexpression of activated beta-
catenin expanded the pool of HSCs in long-term cultures as judged by both phenotype 
and function. Wnt3a protein induced self-renewal of haematopoietic stem cells, whereas 
ectopic expression of inhibitors of the Wnt signalling pathway led to suppression of HSC 
growth in vitro and reduced reconstitution in vivo (Reya et al., 2003; Willert et al., 2003). 
Later publications demonstrated, though, that inactivation of the beta-catenin gene in 
bone marrow progenitors does not impair their ability to self-renew and reconstitute all 
hematopoietic lineages (Cobas et al., 2004), whereas activation of beta-catenin enforced 
cell cycle entry of hematopoietic stem cells, thus leading to exhaustion of the long-term 
stem cell pool (Sheller et al., 2006).  Some recent studies demonstrate that it is the non-
canonical Wnt signaling promoted by Wnt5a rather than the canonical one, that supports 
maintenance of competitive repopulating murine HSCs in culture (Buckley et al., 2011; 
Nemeth et al., 2007). 
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Yet another line of evidence indicates that activation of beta-catenin in the niche 
components rather than in HSCs may produce support of LTR cells ex vivo (Nemeth et al., 
2009). Currently, there is little doubt that Wnt signaling plays important role in HSC 
biology, but the issue is apparently more complex than was implied by initial publications 
and remains highly controversial.  

Other embryonic signaling pathways also might be exploited in HSC culture. Morphogens 
of the hedgehog family, namely Sonic and Indian hedgehogs, are able to support ex vivo 
expansion of human NOD/SCID repopulating cells (Bhardwaj et al., 2001; Kobune et al., 
2004), despite the fact that in vivo Hedgehog signaling seems to not be necessary for adult 
murine hematopoietic stem cell function (Hofmann et al., 2009). BMP4, a member of BMP 
superfamily, is a critical component of the hematopoietic niche that regulates both HSC 
number and function (Goldman et al., 2009), and is able to expand NOD/SCID-repopulating 
cells in culture (Hutton et al., 2006). 

In addition to the use of secreted proteins to for ex vivo HSC culture, one apparent trend of 
the last years is the application of low-molecular weight chemicals, in particular agonists or 
inhibitors of particular intracellular signaling pathways, for ex vivo culture. Thus, specific 
inhibitor of p38 kinase induces self-renewal and ex vivo expansion of HSCs as shown by the 
in vitro cobblestone area forming cell assay and serial transplantation (Wang et al., 2011). 
GSK-3β inhibitors, which stimulate Wnt signaling, were shown to promote engraftment of 
cultured HSCs (Ko et al., 2011; Trowbridge et al., 2006). Of significant clinical interest is the 
finding that ex vivo treatment with stabilized prostaglandin E2 enhances frequency of both 
hematopoietic progenitors and long-term repopulating HSCs present as analyzed by 
competitive transplantation (North et al., 2007). According to other data, only the short-term 
repopulating HSCs are expanded by this treatment, though (Frisch et al., 2009). 

The initial studies demonstrating substantial degree of expansion of HSCs ex vivo relied the 
use of stromal cells as feeder layers (Moore et al., 1997). Based on the substantial progress in 
identification of HSC niches in bone marrow, there is currently a revival of interest in 
development of protocols for co-culture of HSC with stromal cell layers (Chou & Lodish, 2010; 
De Toni et al., 2011). These stromal cells produce a range of factors that significantly improve 
the maintenance and expansion of HSCs in culture, most likely by mimicking more or less 
successfully niche conditions. Very prominent components of the HSC niche are cell surface 
proteins, in particular cell adhesion molecules. The importance of cell-cell interactions was 
highlighted by the study by Wagner et al., 2007, indicating that maintenance of primitive 
hematopoietic progenitors by stromal lines is associated with expression of cell adhesion 
proteins rather than with secretory profiles of these lines. In particular, N-cadherin was shown 
to be an important component of the osteoblastic HSC niche (Zhang et al., 2003). However, 
importance of N-cadherin for HSC-niche interactions was later questioned (Kiel et al., 2007), 
thus rising substantial controversy. In an elegant in vitro study Lutolf et al. (2009) have shown 
that N-cadherin, as well as Wnt3a, are the only proteins among those tested that were capable 
of supporting self-renewal divisions of HSCs in vitro. N-cadherin expression was also shown 
to be important for maintenance of long-term repopulating cells in culture (Hosokawa et al., 
2010). Ability of stromal cell line FMS/PA6-P to support primitive murine hematopoietic cells 
was found to depend critically on N-CAM expression (Wang et al., 2005). Yet another cell 
adhesion protein, namely mKirre, plays a prominent role in hematopoietic supportive capacity 
of OP9 stromal cells (Ueno et al., 2003). 
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Quite promising developments occur currently in the field of 3-D culture (Yuan et al., 2011; 
Tan et al., 2010; Miyoshi at el., 2011). Despite a relative paucity of data related to the 3-D 
culture of HSCs, available publications demonstrate significant advantages of this technique 
and indicate that in combination with correctly chosen or gene-modified stromal cell layers, 
3-D culturing may eventually lead to creation of artificial niche that will be able to support 
substantial expansion of human HSCs ex vivo.  

A question of paramount importance for the field is whether specific combinations of 
soluble factors will be able to attain a bone fide ex vivo expansion of HSCs, or this goal can 
only be achieved if specific cell surface proteins produced by the niche cells are also 
employed in the process, or perhaps the only way to the eventual success is the use of 
supporting stromal cell layers for ex vivo culture? As a number of molecules that contribute 
to the maintenance of HSCs in vitro and in vivo continues to rise, and there is a steady 
improvement in techniques for culturing HSCs, chances are that within a matter of a few 
years, key combination(s) of specific factors and modes of their application that can produce 
robust self-renewal and expansion of human HSC ex vivo will be identified. Table 3 
provides a list, albeit incomplete, of factors and chemicals that, in addition to “classical” 
cytokines, are being used for maintenance and expansion of HSCs ex vivo. 

6. Pre-conditioning and transplantation regimens 
A common practice in the field of HSC gene therapy is a transduction of HSCs using viral 
vectors in the ex vivo setting. The advantages of this strategy include elimination of non-target 
transduction events, higher transduction efficiency and better control over the overall process. 
However, the opposite side of the coin in this case is the necessity for transduced cells to 
compete with the bone marrow-resident ones, which is likely to lower significantly the degree 
of chimerism after gene therapy. For efficient repopulation of hematopoietic system with gene-
modified HSCs, extensive myeloablative treatments eliminating resident HSCs are usually 
performed. However, since these treatments are of generalized character and connected with 
substantial risks of morbidity and mortality, especially for elderly patients, they should 
preferably be avoided whenever possible. A combination of nonmyeloablative pre-
conditioning of the recipient animals with in vivo selection strategy can be used to achieve 
substantial degrees of chimerism (Davis et al., 2000, Zielske et al., 2003). Additional ways to 
develop more appropriate pretreatment conditions involve the use of molecules that disrupt 
key signaling pathways within HSCs or niche components thus inducing HSC loss, as was 
shown for the case of inactivation of c-kit or mpl signaling by neutralizing antibodies 
(Czechowicz et al., 2007; Yoshihara et al., 2007), and for combined poly(I:C)/5-fluorouracil (5-
FU) treatment (Sato et al., 2009). The other approach for nonmyeloablative HSC 
transplantation is based on disruption of HSC-niche interactions thus aiding in the stem cell 
mobilization (Chen et al., 2006). This alternative might grow into clinically relevant technique 
if the efficiency of current protocols for mobilization of HSCs is further improved. The more 
HSCs are mobilized into circulation and used for viral transduction, the higher is ratio of 
transduced vs. resident stem cells and better chances to achieve significant engraftment and 
chimerism of gene-modified cells without resorting to drastic myeloablative regimens. 
Although current combinations of mobilizing agents (Ramirez et al, 2009) demonstrate much 
higher mobilization rates than the initially used G-CSF, there is still a long way to go before 
this strategy may equal or surpass myeloablative pre-conditioning in its efficiency. 
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Factor Observed effects References 

FGF1 FGF1 under serum-free conditions stimulates expansion of 
serially transplantable, long-term repopulating HSCs. de Haan et al., 2003  

Angptl2, 3 and 5 
Proteins of angiopoeitin-like family provide 20- to 30-fold 
net expansion of long-term HSCs according to reconstitution 
analysis.  

Zhang C et al., 2006 

IGFBP2 IGFBP2 enhances ex vivo expansion of mouse HSCs. Huynh et al., 2008 

IL32 IL-32 significantly induces the proliferation of HSCs in 
culture.  

Moldenhauer et al., 
2011 

Delta 1, Jagged1 
(Notch ligands) 

Culturing murine or human cells with surface-immobilized 
Notch ligands resulted in expansion of primitive 
hematopoietic population. 

Delaney et al., 2010; 
Toda et al., 2011;  

Wnt3a, Wnt10b 
(Wnt canonical 
pathway) 

Wnt3a protein induces self-renewal of haematopoietic stem 
cells. Wnt10b enhances growth of hematopoietic precursors. 

Willert et al., 2003;  
Congdon et al., 2010  

Wnt5a (Wnt non-
canonical pathway) 

Wnt5a inhibits canonical Wnt signaling and supports 
maintenance of competitive repopulating murine HSCs in 
culture. 

Nemeth et. al, 2007; 
Buckley et al., 2011 

Shh, Ihh Sonic hedgehog and Indian hedgehog support ex vivo 
expansion of human NOD/SCID repopulating cells. 

Bhardwaj et al., 2001; 
Kobune et al., 2004 

Bmp4 BMP4 expands NOD/SCID-repopulating cells in culture. Hutton et al., 2006 
TAT-HOXB4 fusion 
protein 

TAT-HOXB4 protein produces significant ex vivo expansion 
of murine HSCs. Krosl et al., 2003 

TAT-NF-Ya fusion 
protein 

TAT-NF-Ya protein treatment produces several-fold increase 
in the percentage of human cells repopulating 
immunodeficient  mice. 

Domashenko  et al., 
2010  

TAT-SALL4B fusion 
protein 

TAT-SALL4B fusion protein rapidly expands long-term 
NOD/SCID repopulating cells. Aguila et al, 2011 

Prostaglandin E2 
Ex vivo incubation with PGE2 increases the frequency of 
long-term repopulating HSCs as measured by competitive 
transplantation. 

North et al., 2007 

SB203580  SB203580, specific p38 inhibitor, leads to increase in HSC 
self-renewal and ex vivo expansion.  Wang et al., 2011 

StemRegenin 1 
SR1, aryl hydrocarbon receptor antagonist, provides 
substantial increase in cells engrafting into immunodeficient 
mice. 

Boitano et al., 2010 

zVADfmk, 
zLLYfmk 

Cord blood CD34+ cells cultured in presence of zVADfmk or 
zLLYfmk (inhibitors of caspases and calpains, respectively) 
have a higher ability for engraftment in NOD/SCID mice. 

Imai et al., 2010; 
Sangeetha et al, 2010;  

GSK-3 inhibitors 
Pretreatment with GSK-3 inhibitors (BIO or CHIR-911) 
promotes engraftment and repopulation of ex vivo-
expanded HSCs. 

Ko et al., 2011; 
Trowbridge et al., 2006 

Rapamycin HSCs cultured in vitro in the presence of mTOR inhibitor 
rapamycin demonstrate enhanced engraftment. Rohrabaugh et al., 2011 

Copper helators 
Copper chelator tetraethylenepentamine increases long-term 
ex vivo expansion and engraftment capabilities of blood 
progenitors. 

Peled et al., 2004 

N-cadherin N-cadherin expression on stromal cells  is important for 
maintenance of long-term repopulating cells in culture. Hosokawa et al., 2010 

N-CAM N-CAM expression on stromal cells supports primitive 
murine hematopoietic cells. Wang et al., 2005 

mKirre mKirre is responsible for hematopoietic supportive capacity 
of OP9 stromal cells. Ueno et al., 2003 

Table 3. Proteins and compounds affecting ex vivo maintenance and expansion of HSCs 
(“classical” cytokines not listed) 
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ex vivo expansion and engraftment capabilities of blood 
progenitors. 
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N-cadherin N-cadherin expression on stromal cells  is important for 
maintenance of long-term repopulating cells in culture. Hosokawa et al., 2010 
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There are reports indicating that the engraftment of gene-modified stem cells might be 
significantly improved by their direct intra-bone transplantation (Mazurier et al., 2003). As 
irradiation commonly used for preconditioning also damages hematopoietic niche, in 
particular mesenchymal stem cells, HSC co-transplantation with MSCs was tested and 
showed promising results (Masuda et al., 2009). 

Even a more radical departure from the accepted strategies for HSCs would be in situ 
transduction of HSCs using systemic or intra-bone delivery of viral vectors (McCauslin  et 
al., 2003, Pan, 2009). Currently, this is a rather hypothetical approach due to serious safety 
concerns connected with potential off-target modifications of non-hematopoetic cells. 
However, this strategy alleviates the need for hazardous pre-conditioning treatments and 
will become a viable alternative with further development of modified viral envelops 
(Zhang X & Roth, 2010) that target vectors specifically to hematopoietic stem and progenitor 
cells while minimizing off-target events. 

7. Safety: Vector genotoxicity, transposon vectors and other issues 
The genotoxicity issue is currently the most immediate and direct safety concern related to 
the gene therapy using HSCs. Several otherwise successful gene therapy trials of severe 
combined immunodeficiency using retroviral vectors have resulted in occurrence of 
leukemia in a significant percentage of patients. Substantial efforts were thus devoted to 
elucidation of integration patterns and clonal population structure in the hematopoietic 
compartment after viral transduction, both in experimental models and in clinical trials. The 
obtained results, although not unanimous, demonstrate nevertheless a frequent occurrence 
of oligoclonal hematopoiesis after gene therapy, with viral integration sites tending to 
concentrate in the vicinity of a limited number of genes preferentially involved in growth 
and proliferation control such as above mentioned Evi-1, PRDM16 or HMGA2. Although 
upregulation of these genes rarely led to overt neoplastic transformation, it is nevertheless 
clear that the patients with oligoclonal hematopoiesis are at substantial risk of acquiring 
leukemias at some future time point. 

Various strategies are being currently developed to minimize the risk of neoplastic 
transformations of HSCs after viral transduction. The most promising approaches include 
using lentiviral instead of retroviral vectors, and insulators to shield cellular oncogenes from 
activation by strong viral promoters (Puthenveetil  et al., 2004). Insulators, however, tends to 
significantly reduce viral titers (Nielsen et al., 2009), relatively inefficient (Uchida et al., 
2011) and do not provide guarantee against insertional activation of potential oncogenes 
such as HMGA2 (Cavazzana-Calvo et al., 2010). Another approach is to use promoters 
specific for differentiated cells that are expected to produce negligible activation of 
oncogenes in stem cells. However, such promoters tend to provide comparably lower 
expression levels, and although this might be improved by addition of strong enhancers 
(Gruh et al., 2008), it is far from certain that such combinations would not activate nearby 
cellular promoters. 

Transposon vectors offer an exciting alternative to retro- and lentiviral vectors. The 
transposon-based gene delivery combines advantages of integrating viral vectors with those 
of plasmid vectors. Permanent genomic integration of transposon vectors provides long-
term expression, whereas there are significantly fewer constraints on vector design and  use 
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of various function elements like insulators. Transposon systems are inherently less 
immunogenic than viral delivery systems, whereas their cargo capacity generally exceeds 
that of retro- and lentiviral vectors (Zayed et al., 2004). Initial experiments with transposons 
were plagued by low efficiency of integration, but continuous improvements in molecular 
design of transposases have significantly increased the efficiency of integration process 
(Mátés et al., 2009). Currently, transposons based on Sleeping Beauty (SB) system represent 
the most advanced version of this technology (reviewed by Ivics  Izsvák, 2011), although 
other system such as piggyBac are also being perfected (Yusa et al., 2011) and may offer 
some advantages, such as larger cargo capacity, over the SB system (Lacoste et al., 2009). 

Although stable SB transposon-mediated gene transfer into hematopoietic cells was 
reported (Xue et al., 2009), efficient vector delivery to HSCs remains poorly resolved issue, 
which is currently being addressed by using electroporation or hybrid lentiviral-transposon 
vectors (Staunstrup et al., 2009). Although certain undesired effects such as SB transposase 
cytotoxicity were observed, it seems that they might be minimized by controllable mRNA 
delivery (Galla et al., 2011). Compared to lenti- and retroviral vectors that show preferential 
integration near active genes, SB transposon vectors demonstrate nearly random integration 
profiles (Moldt et al., 2011), although this property might not be shared by other transposon 
systems (Huang et al., 2010). 

Another serious safety concern is a direct consequence of a current low efficiency of 
transduction of LTR HSCs, which necessitates the use of myeloablative pre-conditioning 
and negative selection strategies to eliminate competing endogenous HSCs and increase 
chimerism levels. Negative selection strategies using in particular alkylating drugs place a 
significant stress upon hematopoietic system. However, as demonstrated by Xie et al., 2010, 
repetitive hematopoietic stress by busulfan administration in a nonhuman primate may 
rapidly lead to reduction of polyclonality and eventually to cytopenia. In addition, potential 
long term mutagenic effects of alkylating agents are largely unknown, thus adding more 
uncertainty as to correct assessment of risks and benefits of this strategy. Apparently, in 
order to tackle efficiently the problem of low transduction efficiency, it is not sufficient to 
rely on the use of negative selection only, but is also important to achieve substantial 
improvements in ex vivo stem cell culturing, expansion and transduction efficiency. 
Promising approaches also involve use of positive ex vivo and in vivo selection and in situ 
transduction strategies. 

8. Novel technologies 
In the recent few years, a group of new exciting and very powerful technologies, namely cell 
reprogramming using specific combinations of transcription factors and/or micro RNAs 
appeared (Takahashi & Yamanaka, 2006; Miyoshi et al., 2011). Much hope is invested into 
development of strategies aiming at derivation of patient-specific induced pluripotent (iPS) 
cells similar to embryonic stem (ES) cells, with their subsequent differentiation into 
hematopoetic cells capable of long-term hematopoiesis. In addition to this indirect 
reprogramming strategy, methods for direct reprogramming that bypass derivation of iPS 
cells are also being elaborated. There is one report stating that ectopic expression of Oct4 
transcription factor in human fibroblasts is sufficient to convert them into hematopoietic 
cells with in vivo engraftment capacity (Szabo et al., 2010). However, whether the published 
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technique may result in production of bona fide hematopietic stem cells capable of long-
term reconstitution, remains to be seen. It should be noted that such a goal has not yet been 
achieved for ES or iPS cells. If efficient reprogramming into HSCs were possible, the 
perspectives would look staggering. First of all, since starting primary cell populations such 
as mesenchymal stem/progenitor cells can be propagated for many generations and are 
amenable for selection of efficient vector integration events, it will be possible to obtain cell 
populations in which the majority of reprogrammed HCS-like cells bear functioning 
transgenes, thus increasing efficiency of gene therapy many-fold. Besides, if this technology 
were able to generate ex vivo significantly more reprogrammed cells with HSC properties 
than is possible to obtain from a patient, this would establish basis for a radically increase in 
a level of chimerism after transplantation, thus further improving the efficiency of gene 
therapy. Of course, the safety issues, in particular potential epigenetic and genome 
instability of reprogrammed cells that might result in neoplastic transformations, must be 
addressed especially carefully in this case. 

9. Conclusion 
Current protocols of gene therapy of hematopoietic and immune system, despite significant 
efforts by numerous teams worldwide, demonstrate as yet a relatively modest clinical 
efficiency. However, there are sufficient reasons to assume that many rather inconspicuous 
yet significant recent technical developments are preparing the field for a decisive 
breakthrough in the near future. In addition, new cutting- edge technologies such as direct 
cell reprogramming are entering the scene and may eventually present a radically different 
and a more efficient solution of the problem.  Given all these considerations, the future of 
gene therapy of blood and immune system diseases looks definitely bright. 
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