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Abstract

The skeletal system, while characterized by a hard tissue component, is in fact an extraordinarily
dynamic system, with disparate functions ranging from structural support, movement and locomotion
and soft-organ protection, to the maintenance of calcium homeostasis. Amongst these functions, it
has long been known that mammalian bones house definitive hematopoiesis. In fact, several data
demonstrate that the bone microenvironment provides essential regulatory cues to the hematopoietic
system. In particular, interactions between the bone forming cells, or osteoblasts, and the most
primitive hematopoietic stem cells (HSC) have recently been defined. This review will focus mainly
onthe role of osteoblasts as HSC regulatory cells, discussing the signaling mechanisms and molecules
currently thought to be involved in their modulation of HSC behavior. We will then review additional
cellular components of the HSC niche, including endothelial cells and osteoclasts. Finally, we will
discuss the potential clinical implications of our emerging understanding of the complex HSC
microenvironment.

Examples of Stem Cell Niches

The concept of a regulatory environment determining stem cell fate choices was initially
proposed in the 1970’s, when Schofield hypothesized a structure that housed stem cells and
provided regulation of self-renewal and proliferation, since transplantation of HSC into
recipient animals resulted in only limited HSC expansion [1]. Although the idea of the niche
was proposed for HSC, the first stem cell niches characterized were in Drosophila gonads and
in Caenorhabditis elegans [2;3;4]. Studies of the ovary and testis of Drosophila determined
that a stem cell niche functions to protect stem cells from differentiation, apoptotic and
proliferation signals that would deplete the reservoir of stem cells or cause excessive
production, leading to tumorigenesis. Early studies in Drosophila demonstrated that the niche
is composed of cells that physically contact the germline stem cells through adhesion molecules
that are able to transduce signals to the stem cells to regulate their behavior [4;5]. Further, it
was noted that the Drosophila ovary is capable of reprogramming cells to become stem cells
[2;6], underscoring the regulatory effect of the niche on its resident cells.

Besides the bone marrow niche for HSC, other stem cells niches have been defined in mammals,
such as the intestinal crypts and the hair follicle. The intestinal crypt structure houses intestinal
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stem cells (ISC), which can regenerate the entire villus, consisting of 4 cells types, every 3-5
days [7]. Within the crypt, the ISC are located in a niche near the base, where they are regulated
by paracrine factors secreted from surrounding mesenchymal cells [8]. Asymmetric cell
division of the ISC generate progeny cells, the Transit Amplifying cells, which begin to migrate
upwards and are committed to differentiating into a single lineage [9]. Thus, intestinal stem
cells and their progeny integrate spatial cues with signals from the microenvironment to
regulate their behavior.

The hair follicle provides a niche for hair follicle stem cells (HFSC) that are located in the outer
root sheath, called the bulge, and generate hair and sebaceous glands [10]. In the hair follicle,
HFSC are surrounded by epidermal and dermal cells, and it is thought that dermal cells provide
most of the regulatory signals for the stem cells. Like ISC, HFSC receive spatial and temporal
cues, and with each hair cycle, the follicle rearranges to bring the HFSC closer to the dermal
papillae which activates the stem cells to generate a new hair structure [11]. The highly
conserved Wnt and Bone Morphogenic Protein (BMP) signaling pathways play important roles
in regulating the quiescence and activation of HFSC [9].

Barriers to HSC niche identification

Currently, HSC are the best characterized stem cells and were the first to be used routinely for
therapeutic purposes. Clinical experience has shown that HSC number is an important limiting
factor in treatment success [12;13]. Strategies to expand HSC are of great clinical appeal since
they would improve therapeutic use of these cells in stem cell transplantation and in conditions
of bone marrow failure. Current technology enables identification and prospective isolation of
HSC utilizing surface markers and flow cytometric analysis and sorting. Virtually all HSC
activity is contained in the subset of cells that are negative for lineage markers (lin~), positive
for Sca-1 and c-Kit, or LSK cells [14;15;16;17]. HSC can also be quantified in vitro using a
long term co-culture technique referred to as Long Term Culture-Initiating Cells (or LTC-ICs)
Assay. The gold standard of HSC identification is the competitive repopulation assay, in which
the ability of HSC to reconstitute all hematopoietic lineages is tested in vivo. Unfortunately,
detailed description of the microenvironment that regulates HSC has been difficult due to the
complex anatomy of bone and challenges in histological analysis. Moreover, identification of
HSC has relied upon well-established but cumbersome in vivo or in vitro assays, or prospective
isolation by flow cytometric analysis. While flow cytometric analysis and sorting have been
extraordinarily effective in improving our understanding of HSC biology, until recently they
have required a combination of markers for HSC identification. As discussed above, this
method is not feasible for in situ identification of HSC in the bone marrow microenvironment.
In spite of these hurdles, there have been many advances in the past few years that have shed
light on the cellular and molecular components of the HSC niche.

Osteoblast as HSC regulatory cell

The intimate physical association between hematopoietic stem cells and osteoblasts prompted
several groups to investigate whether osteoblasts could provide regulatory support to
hematopoietic cells. Human osteoblasts were shown to produce several hematopoietic
cytokines such as G-CSF, GM-CSF and LIF [18;19] and to be able to support hematopoietic
cells in vitro and maintain LTC-ICs [20]. Further, co-transplantation of osteoblasts purified
from murine long bones, but not dendritic cells, with lin™ bone marrow cells enhanced
engraftment and lymphohematopoietic reconstitution in lethally irradiated mice [21]. These
data, combined with imaging of labeled transplanted HSC showing that engraftment of the
most primitive HSC occurred near the endosteum [22], suggested that osteoblasts lining the
endosteal surface of the trabecular bone could serve as the primary support for HSC.
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Our laboratory used transgenic mice with a constitutively active Parathyroid Hormone
Receptor (PTH1R) under control of the 2.3 kb fragment of the la(1) collagen gene promoter
(Col1-caPTH1R mice) to demonstrate the importance of osteoblasts in the HSC niche. Col1-
caPTH1R mice had increased osteoblast number and trabecular bone and also a parallel
increase in HSC number. Likewise, systemic intermittent treatment with Parathyroid Hormone
(PTH) expanded HSC in vivo. Since the PTH1R is not expressed in HSC [23], this effect also
implies a PTH-dependent niche effect. In vitro, the addition of PTH to stromal cultures
increased the number of osteoblasts and their ability to support hematopoietic cells. Further,
treatment of mice with PTH after bone marrow transplantation conferred a survival advantage
compared to vehicle-treated mice [24]. At the same time, Zhang et al. demonstrated that
conditional inactivation of BMP receptor IA, which is not expressed in HSC, also resulted in
an increase in osteoblast and long-term HSC [25]. In vivo labeling in this study suggested that
HSC may be in direct contact with spindle shaped N-cadherin* osteoblasts lining the endosteal
surface. These two genetic models further strengthened the idea that osteoblasts could serve
as the regulatory component of the HSC niche. Additionally, ablation of osteoblasts via
gancyclovir treatment of transgenic mice expressing herpes virus thymidine kinase under the
la collagen gene promoter caused loss of osteoblasts, followed by a marked decrease in bone
marrow cellularity with a loss of myeloid, lymphoid and erythroid progenitors and a switch to
extra-medullary hematopoiesis in the spleen [26]. Although in this latter study the massive
number of dying osteoblasts may have had non-specific toxic effects on hematopoietic cells
in the local microenvironment, these results provide further support for the role of osteoblasts
in the hematopoietic stem cell niche.

While these data support the role of osteoblastic cells as HSC regulators, the differentiation
stage of this HSC-supporting osteoblast is currently unknown, and it is certainly possible that
osteoblastic precursor cells may also be important niche components. In fact, recent data
suggest that certain human mesenchymal stem cells may expand ex vivo neonatal cord blood
HSC [27] and adult human peripheral blood progenitor cells [28].

Mesenchymal stem cells can differentiate into many cell types including chondrocytes,
osteoblasts and adipocytes [29]. The regulation of this differentiation will alter the osteoblastic
pool, and may preferentially expand other differentiated cell types, which are abundantly
present in the bone marrow microenvironment, such as adipocytes. The role of adipocytes in
HSC regulation is still poorly understood, however, emerging data suggest that adipocytes may
produce essential chemokines capable of regulating HSC behavior [30]. Further studies are
required to determine whether the adipocytic population in the bone marrow provides
regulation of HSC.

Other cellular components

Thus far, we have discussed compelling evidence for osteoblasts serving as the main regulatory
component in the HSC niche. However, in the complex and heterogeneous bone marrow
microenvironment, it is possible and even likely that other cellular components may modulate
the activity of HSC. It is clear that HSC can be supported by cells other than osteoblasts, since
hematopoiesis occurs in other sites during embryogenesis [31] and extramedullary
hematopoiesis can occur in pathologic situations in adults [32].

While few HSC are generally found circulating in the blood, they can be rapidly mobilized
within minutes of treatment with cytokines, and it has been suggested that the proximity of the
HSC to endothelial cells may determine this phenomenon [33]. Several studies now lend
support to the importance of the endothelial cell in regulating stem cells. For instance, neural
stem cells are located near endothelial cells in two different niches within the brain [34], [35]
and endothelial cells can activate Notch in neural precursors [36]. In terms of HSC regulation,
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Kiel et al. used cell surface receptors of the SLAM family, CD150, CD244 and CD48 to identify
different subsets of HSC in tissue sections and found that 60% of the HSC identified in bone
were associated with sinusoidal endothelium whereas only 14% were attached to the endosteum
[37]. However, proximity does not necessarily equal functional interaction and regulation.
Additionally, in vivo confocal imaging of mouse bone marrow in order to determine the
microenvironment that supports malignant metastasis demonstrated that normal HSC and
hematopoietic progenitors could also localize to microdomains of the endothelium that
expressed certain adhesion molecules [38], rather than at endosteal sites. One caveat of these
results is highlighted by a recent study illustrating restriction of engraftment of transplanted
hematopoietic cells by the endogenous host cells occupying HSC niches, and that clearance
with antibodies to c-kit can increase engraftment rates [39]. Thus, it is possible that the
endogenous HSC were occupying the endosteal niches in the study by Sipkins et al., causing
the transplanted HSC to subsequently home to the endothelial niche. Although HSC can clearly
be found in close vicinity to endothelial cells and more mature hematopoietic progenitors are
supported by the vasculature, it still remains to be determined if endothelial cells are actually
regulating the function of HSC.

Another means for the organism to exert control over HSC is through cells of the nervous
system. Katayama et al. noted that mice which lack the ability to make galactocerebrosides,
components of myelin sheaths, not only had defects in nerve conduction but also had no egress
of HSC in response to G-CSF. This prompted investigation into the role of the nervous system
in mobilization of hematopoietic cells, and norepinephrine signaling via the sympathetic
nervous system was found to be responsible for G-CSF induced suppression of osteoblasts and
subsequent decrease in expression of the chemokine CXCL12 (previously known as SDF-1),
resulting in HSC mobilization [40]. Thus, it appears that the sympathetic nervous system
modulates the egression of hematopoietic cells from the bone marrow which provides an
intriguing opportunity for intervention in order to increase the efficiency of mobilization.

Osteoclasts also serve as potential HSC regulators. A study by Kollet et al. demonstrated that
activation of osteoclasts by RANKL or a stress response resulted in Cathepsin K-meditated
cleavage of CXCL12 causing mobilization of immature progenitor cells into the circulation
[41]. Thus, activation of osteoclasts could increase the efficiency of mobilization by cytokine
treatment. Interestingly, treatment with strontium, a bone anabolic agent which increases
osteoblastic number and inhibits osteoclasts, delayed hematopoietic recovery in mice receiving
bone marrow transplantation [42]. These data point out that global osteoblastic expansion is
not sufficient to expand HSC, and may actually suggest a role for osteoclastic regulation of
HSC.

While much data have recently been collected defining the HSC niche in murine models, its
human counterpart had not been explored. However, recent xenograft experiments have
suggested that human bone marrow derived CD146* cells may be essential for initiation of the
hematopoietic microenvironment [43]. Further studies are now necessary to fully elucidate the
existence and characteristics of the human HSC niche.

Signaling within the niche

Regulation of the stem cell niche entails creating a balance between self-renewal and
differentiation in order to establish a reservoir of stem cells while still supplying adequate
numbers of mature hematopoietic cells to the organism. One potential way in which the
osteoblast could modulate this balance is through Notch signaling. The increase in HSC in the
Col1-caPTH1R mice may be Notch dependent, since activation of Notchl was observed in
LSK cells and treatment with a y-secretase inhibitor abrogated the expansion of stem cells
[24]. Weber et al. demonstrated that treatment of mice with intermittent PTH caused an increase
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in the Notch ligand Jagged1 in specific populations of osteoblasts, namely the trabecular and
endosteal osteoblasts and spindle shaped cells in the bone marrow cavity, but not periosteal
osteoblasts or osteocytes. Although the G-protein coupled PTH1R is linked to both the
Adenylate Cyclase/Protein Kinase A (AC/PKA) and Protein Lipase C/Protein Kinase C (PLC/
PKC) signaling pathways, PTH stimulation of Jagged1 occurs mainly through the AC/PKA
pathways [44].

Notch signaling has long been implicated in decision making between self-renewal and
differentiation, and Notch activation by its ligands results in transcriptional repression of genes
that are necessary for differentiation [45], [46]. Specifically, Notch signaling has been defined
as an important signaling pathway in HSC self-renewal [47;48;49;50;51;52]. We focused on
Notch and on the Notch ligand Jagged1, which is sufficient for stroma-dependent expansion
of human HSC [53]. Osteoblasts, through activation of PTH1R and increased production of
Jagged1, could induce Notch signaling in HSC, and thus influence HSC to self-renew in order
to maintain a steady pool of stem cells. However, Notch ligands and receptors are expressed
in both stromal/osteoblastic and hematopoietic components of the bone marrow
microenvironment. In fact, ongoing studies in our laboratory and others have begun to elucidate
the importance of Notch signaling in osteoclastic and osteoblastic cells [54;55;56;57] [44;58;
59;60;61]. It is therefore possible that local changes in Notch signaling may affect both the
stromal/osteoblastic and the hematopoietic component of the bone marrow microenvironment.
Hence, further studies are required to define the likely complex role of specific Notch signaling
partners in niche and stem cells in order to fully elucidate their involvement in the cellular and
molecular mechanisms mediating the osteoblastic regulation of HSC behavior.

In addition to Notch signaling, other pathways such as Wnt signaling provide a mechanism for
modulation of the stem cell niche. It has been well established that Wnt signaling plays an
important role in self-renewal of HSC [62], [63]. The source of these Wnt proteins that
transduce signals in HSC could be multiple. One recent study demonstrates how osteoblasts
use Whnt signaling to control the differentiation fate of mesenchymal progenitor cells [64]; thus
it is plausible that osteoblasts or other cells within the niche could be exerting a similar type
of control on HSC through Wnt signaling. In addition, Wnt signaling could modify osteoblastic
differentiation thus modifying their ability to support HSC.

Recent data have also demonstrated that non-canonical Wnt 5a, by antagonizing the canonical
Whnt pathway, can regulate HSC and enhance repopulation [65], suggesting a major role also
for non-canonical Wnt signaling in HSC regulation imposed by the microenvironment.
Similarly, in vivo treatment of mice transplanted with human hematopoietic repopulating cells
(or SCID-repopulating cells) with Wnt-5a conditioned medium showed a 3-fold enhancement
in engraftment of human cells compared to control treatment, and the most primitive
repopulating cells were preferentially expanded [66].

Data supporting the importance of both Notch and Wnt signaling in the self-renewal of HSC
indicate that these pathways may act either synergistically or in distinct ways to increase HSC
numbers. Duncan et al. established that the two aspects of self-renewal, namely proliferation
and inhibition of differentiation, can be separated. Their data demonstrated that Notch signaling
plays a dominant role in the process by inhibiting differentiation, and that Wnt signaling could
maintain the undifferentiated cells in a Notch-dependent manner [67].

As described above, osteoblasts or other stromal cells appear to direct self-renewal of HSC
through the Notch and Wnt signaling pathways. This is important for maintaining an adequate
supply of stem cells to maintain the entire hematopoietic lineage for the life of the organism.
However, unchecked proliferation of primitive cells may result in tumorigenesis. Therefore,
mechanisms must exist to restrain the self-renewal signals that HSC receive. Indeed, the BMP

Arch Biochem Biophys. Author manuscript; available in PMC 2009 June 29.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Porter and Calvi

Page 6

pathway has been shown to play a role in limiting cell number of both hematopoietic stem cells
and intestinal stem cells. For intestinal stem cells, BMP signaling acts directly by attenuating
Whnt/B-catenin signals [68]. In the case of HSC, BMP signaling is thought to work indirectly
by limiting the number of niches available to support HSC [68],[69] [25]. Figure 1 summarizes
some of the cellular interactions and signaling pathways that have been identified in HSC/
osteoblastic interactions.

Molecules produced by osteoblasts that may contribute to HSC regulation

In addition to the signaling pathways described above, HSC also respond to bone-specific
signals from osteoblasts such as the matrix glycoprotein osteopontin (OPN). OPN is produced
by osteoblasts, especially in the endosteum and in areas of active bone remodeling, in amounts
which vary with the activation state of the cell [70]. HSC express several of the receptors that
OPN interacts with, namely CD44, o4 and o581 integrins [71], [72]. Mice deficient in OPN
and stimulated with PTH demonstrated an accentuated increase in HSC, indicating that OPN
normally acts to negatively constrain the amount of HSC in the stem cell niche [73]. Further
confirming this role, Nilsson et al. demonstrated a marked increase in Bromodeoxyuridine
(BrdU) incorporation into HSC from OPN~~mice compared to wild type, and a suppression
of cycling during exogenous treatment with OPN in vitro [74]. Taken together, these data
underscore the importance of extracellular matrix components as a functional part of the HSC
niche.

Annexin Il (Anxa2) may provide another protein adhesive interaction between osteoblasts and
HSC. Jung et al. found that Annexin Il is expressed by both osteoblasts and HSC and that the
N-terminal portion of the peptides interact to adhere the cells together. Further, Anxa2~/~ mice
have fewer HSC in the bone marrow and exhibited less efficient engraftment and survival of
irradiated mice transplanted with whole bone marrow [75]. Thus, Anxa2 appears to play a
critical role in HSC homing and may function in the maintenance of HSC in the niche.

The niche is responsible for both attracting HSC to the bone marrow, during fetal development
and during bone marrow transplantation, and maintaining the cells there once they arrive. The
receptor tyrosine kinase Tie2 and its ligand Angiopoietin-1 (Ang-1) are important in these
processes. Tie2 is expressed in HSC, and long-term repopulating activity was found to be in
the Tie2* population of HSC in the fetal liver [76]. Mice lacking Tiel and Tie2 receptors did
not have any fetal hematopoiesis defects, but were unable to maintain stem cells in the adult
bone marrow [77]. Ang-1 is produced by osteoblasts [78] and the interaction of Tie2 on HSC
with Ang-1 induces HSC quiescence and increases their adherence to bone, resulting in
enhanced myeloprotection from 5-fluorouracil treatment [79]. Signaling through Tie2/Ang-1
induces expression of B1 integrin and N-cadherin in Tie2* HSC [80], which, as discussed
below, are interactions that promote quiescence. Thus, Tie2/Ang-1 signaling appears to be
critical for maintaining a protected and quiescent stem cell population in the bone marrow.

Non-cellular components of the niche

Structural molecules in the niche must also be involved in tightly binding HSC to the bone
lining and in releasing HSC from the microenvironment into the circulation. Integrins, which
are heterodimeric molecules composed of an o and a  subunit, have long been known to
function in engraftment and mobilization of hematopoietic cells [81]. It was observed that
mouse P17~ hematopoietic progenitors are unable to seed the fetal liver, but that these
progenitors function normally in colony-forming unit assays in vitro, suggesting that loss of
B1 does not cause a defect in hematopoietic cell function, but rather a defect in homing of the
cells [82]. Wagers et al. investigated the expression of different integrins on
Lin19Thy1.1°Sca-1*c-kit* HSC in the bone marrow and in the circulation after mobilization
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treatment and found that, in general, HSC express high levels of most 1 integrin subunits and
that mobilization downregulated a2 and upregulated a5. Further, mobilized cells did not home
as well to the bone marrow as did non-mobilized cells, suggesting that these integrin molecules
are indeed important in recruiting cells and retaining them in the bone marrow [83].

Zhang et al. defined the osteoblasts that constitute the support cell of the niche as N-cadherin-
positive and claimed that N-cadherin is also expressed in a portion of HSC and forms an
adherens complex with B-catenin between the osteoblast and HSC [25]. However, two aspects
of this hypothesis have recently been highly debated. First, these HSC were identified as BrdU-
retaining cells based on the theory that stem cells are more quiescent and divide asymmetrically,
thus retaining the BrdU longer than other cells [84], while more recent studies do not support
this theory [85]. In addition, further data have challenged the importance of N-cadherin in
maintaining HSC within the niche by suggesting that bone marrow cells with HSC activity do
not express N-cadherin [86]. This latter observation is in contrast to a number of studies which
have found N-Cadherin in cells of the hematopoietic lineage [25;79;87]

Also important in HSC homing to the bone marrow and promoting quiescence are CXCL12
and its receptor, CXCR4. CXCL12 is produced by osteoblasts in the bone marrow [88].
CXCL12/CXCR4 are important in HSC retention in the niche [41;89] and are regulated in
osteoblasts by PTH [24,90]. Mice lacking CXCL12 have fetal hematopoietic defects [91;92].
CXCL12 and CXCR4 are necessary for hematopoietic repopulation, since treatment of
primitive CD34" human bone marrow cells with an antibody to CXCR4 prevented their
engraftment in SCID mice [93]. Further, treatment with a CXCR4 antagonist caused rapid
mobilization of mouse long-term repopulating (LTR) cells and human CD347 cells, along with
more mature hematopoietic cells, strongly suggesting that CXCL12/CXCR4 interactions retain
HSC in the bone marrow microenvironment [94]. Interestingly, Sugiyama et al. illustrated that
conditional deletion of CXCR4 decreased HSC and actually slightly increased more mature
hematopoietic progenitors, underscoring the specific role that CXCL12 plays in primitive HSC.
In addition, they found that an increased proportion of HSC exited Gy and entered the cell cycle
in CXCR4 conditionally deficient mice. Intriguingly, chimeric mice generated from donor
CD34 c-kit*Sca-1* bone marrow cells with the floxed CXCR4 and competitor CD34 c-
kit*Sca-1* bone marrow cells with wild-type CXCR4 had a decreased percentage of HSC in
Go not only in the CXCR4 deficient donor cells, but also in the wild-type competitor cells,
suggesting a microenvironmental effect [95].

In contrast to the results of prior studies, Sugiyama et al. analyzed the expression of CXCL12
in the bone marrow using CXCL12 knock-in mice and found a population of reticular cells
within the intertrabecular space that abundantly expressed CXCL12, which they named
CXCL12-abundant reticular (CAR) cells. Although it was previously reported that osteoblasts
lining the trabeculae expressed CXCL12 [88], they found only low levels of expression in
osteocalcin positive osteoblasts. However, CAR cells were shown to express high levels of
Jagged1, which was previously detected in osteoblasts that supported HSC expansion in Col1-
caPTHL1R mice [24]. Interestingly, identifying stem cells as Lin~c-kit*sca-1" or with SLAM
receptor markers, shown previously to identify cells enriched for HSC activity [37],
demonstrated that most HSC were adjacent to CAR cells. These CAR cells are surrounded by
endothelial cells, which could mean that CAR cells are regulating a niche supported by
endothelial cells. However, CAR cells have not been fully characterized, nor has their cell of
origin been identified.

Additional non-cellular components of the HSC niche

Within the niche, it is clear that osteoblasts and possibly other cells regulate HSC behavior.
However, the niche concept is complex, and it involves variables such as extracellular fluid
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concentrations of electrolytes and local chemical mediators. Unexpectedly, the ability of HSC
to sense ambient calcium is crucial to their homing and retention to the bone marrow,
suggesting that ionized calcium is also an important HSC regulator. The calcium-sensing
receptor (CaR) is present on HSC and HSC lacking the CaR do not properly home.
Interestingly, bone is a unique organ in that it has a much higher extracellular calcium
concentration than normally found in serum, especially near osteoclasts that are resorbing bone
[96]. HSC may have exploited this characteristic and depend on their CaR to properly home
and engraft into the endosteal niche [97]. Fluctuations in the calcium concentration within the
bone marrow during different physiologic or pathologic states could also influence the activity
of HSC via this receptor.

Prostaglandins are arachidonic acid derivatives produced through cyclooxygenase 1 and 2
(COX-1 and COX-2) activation in a variety of tissues, where they are involved in a number of
local physiologic and pathologic processes. Osteoblasts produce prostaglandins [98].
Interestingly, PTH is one of the principal stimulators of prostaglandin E; (PGE,) in osteoblastic
cells mainly through COX-2 [99]. Recently, ex vivo treatment of zebrafish bone marrow with
chemicals that stimulate production of PGE2 caused an increase in HSC numbers and had a
myeloprotective effect on the kidney marrow [100]. Additionally, in vitro and in vivo effects
of PGE> treatment were also observed in murine models (reviewed in [101]), thus PGE, may
act as a local mediator of the HSC niche. Therefore, locally produced PGE, could mediate
some of the effects of PTH-dependent HSC expansion, through niche activation by PGE», and/
or through direct PGE, effects on the HSC.

Modifying the HSC niche

Understanding the components and regulation of the HSC niche allows for its specific
manipulation for therapeutic purposes. This is desirable in situations of bone marrow failure
and hematologic malignancies which require bone marrow transplantation. The cellular
components, adhesion molecules and signaling pathways discussed above could all serve as
potential targets for modifying the bone marrow microenvironment and subsequently the
biologic activity of HSC within the niche. For example, intermittent treatment of mice with
PTH targets osteoblasts causing not only an anabolic effect on bone but also a parallel increase
in HSC [24]. The effect of intermittent PTH on bone metabolism is well known in humans
(reviewed in [102]), and clinical studies are now being initiated to investigate whether the
hematopoietic effects demonstrated in mice are also present in humans.

As we uncover more components of the HSC niche, we may learn that multiple factors are
activated concurrently. For example, PTH increases osteoblastic numbers, potentially
increasing HSC niches. It increases local production of the Notch ligand Jagged1, and of
CXCL12 [24;44], and it increases osteoclastic numbers [98]. OPN is also increased [103], and
osteoblastic production of PGE2 is stimulated by upregulation of osteoblastic COX-2 [99].
Some of these potential mediators of PTH action on osteoblastic regulation of HSC are
summarized in Figure 2. Such level of complexity, especially if these factors contribute
similarly to HSC regulation, may make genetic analysis of these interactions particularly
challenging.

As more is understood about the molecular and cellular events that regulate the functions of
the niche, novel methods of modifying it therapeutically should be revealed. We have used
PTH to activate the osteoblasts and expand HSC. A recent study exploited a known interaction
between c-kit and Stem Cell Factor and showed that disruption via treatment with an antibody
to c-kit caused clearance of endogenous HSC from niches and allowed for more efficient
engraftment of cells transplanted into SCID mice [39].
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Clinical implications

HSC were the first type of stem cell to be used therapeutically and they are still commonly and
successfully used for treating hematologic malignancies and restoring normal hematopoiesis
after bone marrow failure. However, challenges in bone marrow transplantation still exist, such
as sufficient mobilization for harvesting of HSC in autologous transplants and delayed recovery
of mature hematopoietic cell numbers after myeloablation. Further definition of the HSC
microenvironment is likely to uncover specialized niches for HSC subsets and studies have
already suggested the existence of these niches [35]. Since less quiescent HSC (Short-Term
HSC and Multi Potent Progenitors) can more rapidly generate progeny, methods to stimulate
specific niches to amplify these cells may expedite recovery from toxic or iatrogenic
myeloablation.

In addition to the clinical implications of the niche supporting normal HSC, the niche may be
of critical importance in malignant conditions as well. The cancer stem cell (CSC) hypothesis
is gaining momentum [104], and there is ample evidence that cancer cells respond to
microenvironmental clues [105]. Since strong evidence, reviewed above, supports the role of
the niche in stem cell regulation, there is interest in understanding whether a specific CSC
niche exists, and whether such a niche shares any characteristics with a normal stem cell niche.
The HSC niche may be housing CSC and modification of the niche could prove to be critical
in eradication of disease. Alternatively, since the niche can clearly modulate the biological
activity of the cells that reside in it, it is possible that it could modify the differentiation state
of its resident cells and contribute to the development of malignancy. Further understanding
of the CSC may be essential for the management and cure of metastatic disease to bone and
bone marrow.

Given our recent progress in understanding the HSC niche, and abundant evidence supporting
the existence of Leukemic Stem Cells (LSC) [106], there is currently much interest in
determining the differences, if any, between the normal HSC niche and the LSC niche. For
example, it is now known that CD44 expression on leukemic cells allows them to attach to the
stroma of the bone marrow and that targeting of CD44 can eliminate human Acute
Myelogenous Leukemia cells [107], [108]. If the microenvironmental requirements of the
LSCs were revealed, these could provide exciting new targets for manipulation of the LSC
niche. Inaddition, as we manipulate the niche to expand HSC, it is essential to consider potential
effects on CSC and LSC behavior, since HSC expansion is often required after cancer and
leukemia treatment.

Also of clinical importance are the parallels between HSC homing to the niche and tumor
metastasis to bone. One such parallel is outlined by recent studies defining the role of CXCL12,
aknown osteoblastic and endothelial product which regulates HSC homing to the bone marrow,
in breast and prostate cancer cells homing to the bone [109;110]. These data provide exciting
new therapeutic venues for metastatic cancer treatment based on a more precise understanding
of HSC niche and homing mechanisms.

In conclusion, the extraordinary complexity of the bone marrow microenvironment is
beginning to come into focus. As cellular and non-cellular components of the HSC niche are
identified, new biological interactions are discovered, which are likely to revolutionize our
approach to stem cell manipulation for therapeutic purposes.
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Figure 1. Summary of the major signaling pathways involved in regulating self-renewal and
differentiation of HSC

PTH signaling through the PTH1R on osteoblasts (blue cell) acts via PKA and PLC to increase
expression of the Notch ligand Jagged1, which can then interact with Notch receptors on HSC
(tan cell). Notch signaling within the HSC causes cleavage of the Notch intracellular domain
(NICD) which translocates to the nucleus and results in self-renewal of the HSC. Wnt proteins
produced by osteoblasts interact with receptors on HSC such as Frizzled and LPRS5 and also
induce self-renewal via p-catenin. In contrast to these self-renewal signals, BMP signaling in
osteoblasts is thought to indirectly inhibit proliferation of HSC by limiting the niche cells
available to support HSC.
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Figure 2. Summary of potential differential effects of PTH signaling in the HSC niche

Signaling through the PTH1R on osteoblasts causes an increased production in RANKL, which
in turn recruits osteoclasts (gray cell). PTH also increases CXCL12 which can interact with
CXCR4 on HSC. Jagged1 expression is upregulated with PTH1R stimulation, which activates
Notch signaling in the HSC. Prostaglandin E2 production also increases with PTH signaling,
mostly through upregulation of COX-2. Osteopontin (OPN) produced by osteoblasts interacts
with receptors on HSC and negatively regulates the number of HSC in the niche.
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