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Abstract

Hematopoietic stem cells (HSCs) are the immature, pluripotent cells from which all myeloid and lymphoid
cell types originate. As stem cells, HSCs are capable of two very different fate choices: self-renewal,
ensuring they will persist throughout the lifetime of an organism, and differentiation to mature progeny.
Therapeutic applications of HSCs include their routine use in stem cell transplantation to treat hematopoietic
malignancies or bone marrow failure. Research and clinical experience have provided tools for the
immunophenotypic identification and functional analysis of HSCs and there is increasing evidence
suggesting that HSC regulation is greatly influenced by signals from their niches in the bone marrow.
Although they represent one of the most rigorously studied stem cell types, still more remains to be known
about how HSCs are regulated and respond to stress conditions. IBMS BoneKEy. 2011 February;8(2):96-
111.
©2011 International Bone & Mineral Society

Introduction

Research conducted over the past decade
has contributed greatly to our understanding
of the structural, cellular and molecular

The study of stem cell biology experienced a
paradigm shift with the 1978 work of
Schofield, who presented the idea of

hematopoietic stem cells (HSCs) in close
regulatory association with their
environment. This was in opposition to the
previously held belief that HSCs merely
passed through transient environments as
circulating cells. To account for variations in
HSC response to different cytotoxic
treatments and to explain the limited HSC
activity he observed following certain
transplantation scenarios, Schofield
reasoned that HSC fate decisions were not
solely cell-autonomous in nature. He
proposed that HSCs were in fact fixed-tissue
cells, with behaviors and responses that
were, at least in part, dictated by their local
environment (1). Studies using Drosophila
melanogaster later provided in vivo proof of
this hypothesis, demonstrating the existence
of niches in the Drosophila ovary and testis
to which germ-line stem cells are anchored
and from which they receive regulatory cues
(2;3).

aspects of the HSC niche. Two
microenvironments are usually discussed
when describing HSC niches in the bone
marrow (BM): the endosteum or bone
surface and the vasculature, though it is
important to keep in mind the close physical
proximity of these structures within the
microanatomy of the bone. In this
Perspective we begin by discussing these
two microenvironments’ diverse cellular
constituents,  structural attributes and
responses to external stimuli including
evidence for their distinct HSC regulatory
functions. Then we briefly review some of
the key soluble and cell-bound factors
specific to one or shared by both of these
two  microenvironments. Finally, we
conclude with examples of niche
components capable of participating in
hematopoietic = malignancy and bone
metastasis.
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Principal Cellular Components of the
HSC Niche

Endosteum

With the knowledge that normal adult
hematopoiesis in mammals resides in bone,
early efforts to characterize the HSC niche
focused on cells found at the endosteum —
cells of the osteoblastic lineage. In vitro
experiments using human osteoblasts (OBs)
revealed HSC-supportive properties, such
as the secretion of the hematopoietic growth
factors granulocyte colony-stimulating factor
(G-CSF), granulocyte-macrophage colony-
stimulating factor (GM-CSF) and leukemia
inhibitory factor, and the ability to sustain
and expand hematopoietic stem and
progenitor cells (HSPCs) 2-4-fold (4-8). In
an in vivo setting, El-Badri et al. found that
when OBs were transplanted with HSCs,
donor engraftment improved (9).
Subsequent reports have shown that
osteoblastic cells can affect numerous
aspects of HSC biology, including
quiescence (10-12), mobilization (13), and
even the expansion or restriction of HSC
numbers (14;15). Osteoblastic associations
with other cell types can also modify HSC
behavior. OB-derived RANKL activates
osteoclastic bone resorption, which has
been shown to impact HSC mobilization
(16). Hematopoietic impairment seen in
graft-versus-host disease was recently
found to occur through targeted destruction
of OB niche cells by donor T cells (17).
Several studies have also indicated that
osteoblastic cells translate systemic cues
directly to HSCs. Examples of such a
function include the emerging role of the
sympathetic nervous system in modulating
OB activity and signaling to control HSCs,
as occurs in G-CSF-induced HSPC
mobilization (18), and the evidence of
osteoblastic susceptibility to systemic factors
that can change the niche, thereby affecting
HSC behavior (19).

Our laboratory and others provided the initial
in vivo evidence suggesting that osteoblastic
activation in mice can affect the HSC pool.
Both a transgenic mouse model of
constitutively active parathyroid hormone
(PTH) signaling driven by the 2.3 kilobase

fragment of the a1(l) collagen gene
promoter and models of intermittent
systemic PTH treatment result in expansion
of phenotypic and functional HSCs, in
addition to increasing trabecular bone and
bone lining cells (20-22). Concurrently,
Zhang et al. found that conditional
inactivation of BMP receptor IA, which also
results in greater trabecular bone and
expansion of osteoblasts, elicits a similar
increase in functional and phenotypic HSCs
(23). This work also included
immunofluorescent images of Brd-U-labeled
HSCs interacting closely with N-cadherin-
expressing osteoblasts, implicating N-
cadherin as a potential HSC-regulating
factor. Because HSCs lack both PTH1R and
BMPRIA and because reciprocal
transplantation schemes (in which
genetically altered HSCs are placed in
normal microenvironments) do not
recapitulate these phenotypes, it can be
concluded that OBs modulate HSC behavior
or at least initiate changes in the BM
microenvironment that expand HSCs.
Further genetic evidence also supported the
central role of osteoblastic cells in HSC
regulation, this time in a model of OB loss
using transgenic mice expressing the herpes
virus thymidine kinase gene under the
control of a 2.3 kilobase fragment of the rat
al(l) collagen promoter. In this system,
ganciclovir treatment conditionally ablated
developing OBs. The ablated, ganciclovir-
treated animals not only experienced bone
loss due to disrupted bone formation but
also demonstrated a 3- to 10-fold decrease
in HSC numbers with coordinate defects in
hematopoietic progenitor populations,
reduced overall marrow cellularity and an
accompanying shift towards extramedullary
hematopoiesis in the liver and spleen,
indicating that OB dysfunction renders the
BM inhospitable to HSCs (24).

Taken together, these models of
osteoblastic manipulation and the dramatic
effects they exert on HSCs demonstrate a
regulatory role for osteoblastic cells in HSC
maintenance. However, general expansion
of OBs per se is not sufficient to expand
HSCs (25), just as general disruption of
osteoblastic function is not sufficient to
impair HSCs (26). These data strongly
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suggest that only a subpopulation of
osteoblastic cells is capable of HSC
regulation, however, the specific
osteoblastic differentiation stage responsible
for HSC support remains unknown.
Emerging data suggest that mesenchymal
stem cells (MSCs), the multipotent stromal
cells from which cells of the osteogenic
lineage develop, may be active components
of the HSC niche, as co-transplantation of
MSCs with HSCs has been shown to
improve donor engraftment (27) and
increase self-renewal of co-transplanted
HSCs (28). A recent report by Méndez-
Ferrer et al. identified a population of
predominantly perivascular, CD45- (non-
hematopoietic) Nestin+ MSCs that express
high levels of HSC maintenance genes at
steady state but downregulate these genes
following administration of the HSC-
mobilizing agent G-CSF (29). Furthermore,
depletion of Nestint MSCs resulted in
impaired BM HSC activity as evidenced by
the in vitro long-term culture-initiating cell
(LTC-IC) assay, an approximately 50%
reduction in phenotypically-defined HSCs
and a shift in hematopoiesis to the spleen. In
addition, the authors showed that a bone-
anabolic, HSC-expanding regimen of in vivo
PTH administration selectively induced
proliferation of Nestin+ MSCs, resulting in
twice as many Nestin+ MSCs at the end of
treatment. In contrast to these studies,
immunofluorescent data have demonstrated
HSCs residing close to osteocalcin+ OBs,
potentially revealing a functional role for this
osteoblastic population in HSC maintenance
(23). As techniques for isolating OBs have
improved, additional reports have
demonstrated a role for immature OBs in
HSC regulation (30) while still others have
found HSC-supportive properties in cells at
various stages of osteoblastic differentiation
(31;32). Later, in our discussion of
malignancy in the niche, we will review
another distinct population of osterix+
osteoprogenitors  that, if dysfunctional,
appears capable of provoking malignant
genetic changes in HSPCs (33). Future
studies will continue to improve our
understanding of which  osteoblastic
populations or OB-mediated mechanisms
are most relevant to HSC maintenance.

Over the past decade in vivo studies have
attempted to visualize the localization of
immature hematopoietic cells within the BM
microenvironment. Immunofluorescent
analysis revealed hierarchical patterns of
HSPC distribution, in which the most
immature progenitors engrafted closest to
the interior bone surface while the maturing
precursor populations radiated inwards
towards the longitudinal central axis of the
marrow (34). As imaging techniques
improved, these results were enhanced by
the use of high-resolution confocal and two-
photon video microscopy in mouse calvaria
to observe HSPC migration and engraftment
in real-time. These videos again revealed
differentiation status-dependent lodging in
the marrow (35). Remarkably, this work as
well as the analysis of transverse sections of
femoral BM found that HSPCs engrafted
significantly closer to the endosteum in
irradiated hosts (36). Confocal microscopy
and real-time imaging have also revealed a
very close associaton of OBs and
endothelial cells at the endosteum (35;37),
again emphasizing the intimate relationship
between niche components.

Vasculature

Data suggest that HSCs possess the ability
to migrate rapidly through the circulation,
trafficking between marrow interstitium to
the bloodstream and back to marrow (38).
Of course it is the BM blood vessels,
particularly the sinusoids, which form the
interface between peripheral blood and
hematopoietic marrow space; therefore, it is
not surprising that endothelial cells (ECs)
may play a regulatory role in the BM
microenvironment. Tissue sections stained
for endothelial-specific MECA-32 antigen
and HSC subset-specific SLAM family
receptor expression illustrate the association
of HSCs with sinusoidal endothelial cells in
homeostatic BM and spleen (39). To
exclude the possibility that these HSCs may
be relocating to the vasculature just as they
begin cycling, cell cycle analysis of the
tissue sections was performed and revealed
that less than 4% of HSCs are in S/G2/M,
leaving the majority of the population in
G0/G1. Because these observations are
made in a healthy, unperturbed system,
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perivascular positioning of HSCs is likely to
reflect a real functional relationship between
the two cell types as opposed to a transient
location during HSC mobilization (39).
Additional support for such a relationship
between HSCs and the BM sinusoidal
endothelium is found in examples of other
stem cell microenvironments, such as the
adult neural stem cell niche in which stem
cells reside on or near vessels of the
subventricular zone, poised to receive
soluble regulatory signals from vascular
endothelial cells (40).

BM endothelial function not only appears to
be an important component of homeostatic
HSC maintenance and trafficking but it is
also critical to recovery from hematopoietic
injury. Conditioning radiation or
chemotherapeutic regimens are used to
myeloablate host BM and prepare patients
for BM transplants and although such
preparations are necessary, the vascular
side effects may be severe. In vitro studies
have shown that even sublethal doses of
radiation damage BM sinusoids, stimulating
EC apoptosis (41;42). The
chemotherapeutic agent 5-fluorouracil (5-
FU) or total body irradiation results in
marked dilation and eventual fusion of BM
sinusoids (43). Immunohistochemical
staining for DNA damage, apoptotic and cell
cycle markers demonstrated that irradiation
predominantly causes limited, non-apoptotic
sinusoidal EC loss and extreme vessel
dilation that must be countered by DNA
repair mechanisms, proliferation of
remaining ECs and support from
surrounding hematopoietic cells (44). While
it appears that sinusoidal integrity requires
physical support from hematopoietic cells of
the BM interstitium, the reciprocal
relationship also exists. Hooper ef al.
blocked vascular endothelial growth factor A
(VEGF-A) signaling through pharmacologic
VEGFR2 inhibition or conditional VEGFR2
deletion in mice exposed to radiation and
subsequent BM cell transplantation. Not only
did VEGFR2 inhibition block sinusoidal
repair but it also resulted in failure to
reconstitute the hematopoietic system,
suggesting proper sinusoidal function is
necessary for HSPC engraftment (45).

Adipocytes

In additon to OBs, osteoclasts and
endothelial cells, the BM is also home to an
abundant number of  MSC-derived
adipocytes;  however, their role in
hematopoiesis is still controversial.
Examination of adipocytic  cytokines
revealed that through their production of
TNF-o. and adiponectin, adipocytes can
stimulate self-renewal of primitive HSCs
while inhibiting proliferation of hematopoietic
progenitors (46;47). In contrast,
hematopoietic analysis of mice that do not
develop adipocytes suggested instead that
adipocytes suppress hematopoiesis,
physiologically and following myeloablation
(48).

Molecular Components of the Niche

Notch  signaling is an evolutionarily
conserved cell fate specification pathway
known to function in a variety of cell types
and stem cell fate decisions. Expression of
Jagged1, a Notch ligand, by human BM
stromal cells was previously found to inhibit
differentiation of murine myeloblast-like cells
in vitro (49). Furthermore, activation of the
Notch receptor in hematopoietic cells is
capable of suppressing transcriptional
activity — inhibiting HSC differentiation and
promoting  primitive  self-renewal (50).
Experiments in our laboratory demonstrated
that PTH induced in vivo Jagged1
expression by trabecular and spindle-
shaped OBs, but not by osteocytes or
periosteal osteoblastic cells. In vitro PTH
stimulated Jagged1 expression in rat
osteosarcoma UMR106 cells, through an
adenylate cyclase, protein kinase A pathway
(51), providing a direct mechanism for PTH-
dependent activation of osteoblastic cells
initiating stimulation of the Notch signaling
pathway. HSC expansion in a transgenic
mouse model of osteoblastic activation of
PTH receptor signaling was found to
coincide with greater Notch activation in
HSCs and was abolished by inactivation of
the Notch-processing enzyme vy secretase,
thereby demonstrating the involvement of
Notch signaling in this phenotype (22).
Emerging lines of data also suggest a role
for endothelial expression of Notch ligands
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in proliferation of immature hematopoietic
cells at the expense of their differentiation
(52). Further investigation of the specific role
of Notch in HSC regulation by the BM
microenvironment is necessary as Notch
signaling has also been found to be
nonessential in homeostatic hematopoiesis
(53;54).

Several sources have provided evidence for
the involvement of N-cadherin (N-CAD), a
calcium-dependent homotypic adhesion
molecule that forms adherens junctions, in
OB-HSC regulation (10;23;55). These
findings, however, have been called into
question by reports of low N-CAD
expression among HSC subsets, with the
highest N-CAD-expressing hematopoietic
cells not representing stem cells at all and
by other results that found undetectable
levels of N-CAD expression in populations
containing HSC activity (56;57). One recent
account, however, using N-CAD shRNA
found that decreasing N-CAD caused
greater cell cycling and deficient HSPC
adhesion to the endosteum following
transplantation (58). Given the controversy
surrounding N-CAD, further studies are
necessary to clarify the role of this adhesion
molecule.

Annexin A2 (AnxA2), another calcium-
dependent binding protein expressed by
osteoblasts and BM endothelial cells, has
been postulated to play a role in HSC
engraftment in the BM. When AnxA2 is
inhibited, fewer BM HSCs are observed and
in vitro binding assays demonstrate that
AnxA2-deficient OBs have reduced HSC
adhesion ability (59). Interestingly, hypoxia
and VEGF were recently found to induce
AnxA2 expression by OBs and ECs through
a Src and MEK kinase-dependent pathway
(60). These data imply that heightened
AnxA2 expression in hypoxic niches of the
endosteal BM may support HSC lodging and
retention.

The receptor tyrosine kinase Tie2 is found
exclusively on ECs and primitive HSCs (61-
63). In vitro studies revealed that HSCs
stimulated with the Tie2 ligand angiopoietin
1 (Ang-1) had a survival advantage over
control cultures (64). Subsequent in vivo

studies by Arai et al. (10) detected
hematopoietic Tie2 expression confined to a
quiescent subset of HSCs, the majority of
which adhered tightly to the endosteum.
Immunofluorescent colocalization of Ang-1
and the results of Western blot analysis of
OB cell lysate confirmed that OBs are
indeed a principal source of Ang-1 in BM.
Co-culture experiments demonstrated that
Tie2+ HSCs grown with Ang-1-expressing
OP9 stromal cells downregulated chemokine
(C-X-C motif) receptor 4 (CXCR4), o4-
integrin and VEGFR2 but upregulated
adhesive B1-integrin expression.
Importantly, ex vivo Ang-1 ftreatment of
Tie2+ HSCs conferred a quiescent, non-
proliferative phenotype to these cells when
they were transplanted. The authors also
demonstrated a protective effect when
animals pretreated with exogenous Ang-1
were challenged with 5-FU or lethal doses of
radiation, as shown by their increased
survival rates. A subsequent study proposed
an explanation for this protective effect,
showing that the homeostatic level of Tie2
expression by the BM endothelium is low but
can be upregulated following exposure to
chemotherapeutic agents (65). Inhibiting
Tie2 signaling resulted in impaired
neoangiogenesis of the BM vasculature and
negatively affected hematopoietic recovery,
thus evidencing a role for Ang-1/Tie2-
mediated vascular regeneration in
hematopoietic recovery from
myelosuppressive injury (65). Together
these studies provide multiple roles for Ang-
1/Tie2 signaling in the maintenance of HSCs
directly by osteoblastic cells and indirectly
by the BM vasculature.

Soluble and Non-cellular Components of
the Niche

The chemokine stromal cell-derived factor-1
(SDF-1, also known as CXCL12), which
activates CXCR4, is known to regulate
HSPC trafficking between the BM and
peripheral circulation (66-67). In the BM,
OBs and ECs produce SDF-1 (68) and both
hematopoietic and stromal cells express
CXCR4 (69). CXCR4 on stromal and
endothelial cells facilitates the internalization
and release of SDF-1, allowing translocation
of the chemokine across blood-BM barriers
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(69). On hematopoietic cells, CXCR4 does
not mediate SDF-1 transcytosis as it does
on stromal cells and ECs (69), but rather it
has been shown to function in HSC
maintenance — both at steady state and
during hematologic stress situations such as
exposure to cytotoxic agents or in response
to HSPC-mobilizing  strategies  (70).
Sugiyama et al. (70) conditionally inactivated
CXCR4 in mice and observed a significant
reduction in BM HSC populations, a defect
they attributed to impaired HSC response to
sinusoidal reticular cell-derived SDF-1. Not
only can OBs and stromal cells modulate
their expression of CXCR4 and SDF-1 to
affect HSCs, but there is also evidence that
neutrophil- and osteoclast-derived matrix-
metalloproteinase-9 (MMP-9) and cathepsin
K (CTK) proteolytically inactivate BM SDF-1,
causing HSC release from the BM (16;71-
73). The dipeptidylpeptidase IV CD26 also
has the capacity to proteolytically inactivate
SDF-1 and moreover, inhibition of CD26 on
HSPCs has been found to improve homing
and engraftment of transplanted cells
(74;75). Subsequent studies have shown
that disrupting SDF-1/CXCR4 signaling
through the use of the CXCR4 antagonist
AMD3100 was sufficient to mobilize
functional HSCs in mice and humans, as
early as 4 hours following administration (67;
76), and thus AMD3100 has been adopted
clinically as a method of peripheral blood
HSC mobilization for BM transplantation.
Another commonly used clinical strategy for
mobilizing HSCs - administration of the
cytokine G-CSF — has been found to act, at
least in part, through downregulation of
SDF-1 in the BM (71;72;77). These data
clearly indicate that SDF-1/CXCR4 signaling
between osteoblastic, osteoclastic,
endothelial and hematopoietic  cells
represents an important intersection of many
HSC regulatory mechanisms in the BM.

Osteoblasts are also capable of producing
the inflammatory mediator prostaglandin E;
(PGEZ2) (78), an arachidonic acid derivative
that has been shown to affect HSC
regulation. Ex vivo stimulation of PGE2
production in zebrafish BM cells expanded
HSCs (79). In a mammalian system, the ex
vivo treatment of murine BM with the
synthetic analog 16,16-dimethyl PGE2 prior

to transplantation resulted in increased
frequency of repopulating HSCs and
improved engraftment in irradiated recipients
(79;80). Most recently, we have
demonstrated that in vivo PGE2 treatment
increases short-term HSCs and multipotent
progenitors in the BM, even in the absence
of injury (81).

HSC niches within the BM are subject to the
dynamic physiology of bone, notably the
maturation of cells of the osteoblastic
lineage to form bone and the concurrent
osteoclast-mediated resorption of bone and
release of calcium ions. HSCs possess
calcium-sensing receptors (CaR) and
demonstrate calcium-dependent localization
in the BM (82). In fact, HSCs lacking the
CaR show impaired homing to the BM,
especially non-myeloablated BM in which
CaR-deficient cells must compete with wild-
type HSCs for niches or niche factors (82).
Similarly, studies in  which calcium
homeostasis is disrupted by deletion of the
vitamin D receptor find the resultant BM
unable to retain HSCs, which are instead
found specifically in the spleen (83;84).
These phenotypes may be explained by
direct effects of calcium on HSC function
through the CaR, or if HSCs preferentially
home to regions of extracellular calcium
release as has been suggested, they may
undergo altered calcium-dependent
adhesive interactions at the endosteum.

BM hypoxia, a condition most severe in
poorly perfused regions of the endosteum,
has recently been shown to correlate with
HSC activity and to possibly exert regulatory
control over stem cells through
transcriptional actions of HIF-1a in HSCs. It
has been established that the most
quiescent HSCs reside in the least perfused
niches, thought to be enriched for locally
secreted factors (85-88). In hypoxia, HIF-1a
protein that would otherwise undergo prolyl
hydroxylation and subsequent degradation
is stabilized and transcriptionally activates
target genes (89;90). HIF-1a in HSCs may
be further stabilized by molecules found in
the niche, including thrombopoietin and
stem cell factor, even in normoxia (91;92). In
a study by Takubo et al., HSCs were shown
to express HIF-1a in vivo and in a murine
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model of inducible HIF-1a deletion, HSCs
demonstrated reduced quiescence during
BM transplantation and other physiologic
stresses. These data were in agreement
with previous in vitro results showing
enhanced HSC quiescence under hypoxic
culture conditions (93;94). Such an effect is
reasonable given the hypothesis that lower
oxidative stress makes HSCs less likely to
differentiate (95). Genetic analysis revealed
that transplanted HIF-1a-deficient HSCs had
elevated levels of Ink4a, a gene associated
with stem cell senescence (96). In the
absence of HIF-1a, genetic changes and
accumulation of reactive oxygen species
(97) provide potential explanations for HSC
senescence. The authors concluded that
stable expression of HIF-1a at the
endosteum confers anti-senescent
properties to HSCs, potentially via
suppression of Ink4a.

Malignancy in the BM Microenvironment

Metastases to bone are a frequent
consequence of certain types of cancer that
usually signify worsening survival outcomes
(98;99). Because selective metastases
originate from the seeding of mobilized
cancer cells, the well-perfused regions of
red marrow may provide an ideal site for
development of metastasis (100). However,
it has been suggested that it is not merely
the degree of blood perfusion that
determines metastatic frequency (101);
rather it is the local environment cancer cells
encounter. As a location of hematopoietic
cell trafficking and engraftment, the
microenvironment of the BM is not only
uniquely accessible to circulating cancer
cells but it possesses structural and
molecular components that engage with
cancer cells to allow the growth of
metastases. In fact, many of the same
cellular mechanisms employed by HSPCs to
home to the BM can be used by malignant
cells to lodge within bone. Prostate cancer
(PCa) metastases are a well characterized
example of this. Taichman et al. have
demonstrated that PCa cells, through their
expression of CXCR4 and CXCR7, respond
to SDF-1 produced by OBs and BM ECs
(68) with greater invasiveness, expression of
proangiogenic molecules including IL-8 and

VEGF and stimulation of anti-apoptotic AKT
signaling pathways (102-105). In this way,
physiologic signals involved in HSC
guidance and retention offer a hospitable
environment for metastatic cancer cells as
well.

In addition to being an appropriate “soil” for
the seeding of tumor cells, there is emerging
evidence that dysfunction within the bone
can create a malignant microenvironment
capable of initiating neoplastic changes in
immature hematopoietic cells. One such
study observed myeloproliferative disorders
when the gene for cell cycle regulator
retinoblastoma was globally deleted but then
found that conditional inactivation of the
gene specifically in HSCs or in the BM
microenvironment was not sufficient to
recapitulate the myeloproliferative
phenotype (106). The same phenotype was
only achieved when retinoblastoma was
deleted from both HSCs and the
microenvironment. Moreover, retinoic acid
receptor vy deficiency in the BM
microenvironment has been found to be
sufficient  for  the development  of
myeloproliferative disorders, however, this
phenotype is not initiated by the
hematopoietic cells themselves but arises
when wild-type hematopoietic cells are
transplanted into a retinoic acid receptor y-
deficient microenvironment (107). In another
example, Raaijmakers et al. manipulated
osterix+ osteoprogenitor cells in the niche by
deleting a gene essential for RNA
processing and microRNA biogenesis,
Dicer1 (33). Mice with the conditional Dicer1
deletion experienced myelodysplastic BM
changes, peripheral blood cytopenia and
extramedullary hematopoiesis in the spleen.
Transplantation strategies revealed that
myelodysplasia was not initiated by
hematopoietic BM cells from
osteoprogenitor-specific Dicer1(-/-) animals
given a normal BM microenvironment but
that the mutant Dicer1(-/-) microenvironment
was sufficient to induce myelodysplastic
hematopoiesis in wild-type BM cells.
Collectively, these data demonstrate the
susceptibility of otherwise healthy
hematopoietic cells to malignant cues from
their niche.
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Concluding Remarks

HSCs are exposed to a host of cell types
and signals within the BM
microenvironment. Recent findings clearly
demonstrate the instructive role osteoblasts
play in HSC regulation; however, the
complexity of the niche and the changes in
HSC activity that can occur when other
elements of the BM are altered makes it
likely that proper stem cell function relies on
the coalescence of many different and
dynamic factors. Although we typically think
of HSCs as being reactive to their
microenvironment, there is also some
evidence that HSCs actively shape their
niche according to external stimuli
(108;109). Together these mechanisms
define an exquisitely controlled, yet delicate,
system of HSC maintenance. This complex
area of investigation has benefited from
contribution from the hematopoiesis and
stem cell fields, bone and mineral
metabolism, vascular biology,
bioengineering as well as the tumor
microenvironment research community, and
it is likely that interactions bridging these
disciplines will be most productive in
defining the characteristics and therapeutic
potential of both benign and malignant
niches. Particularly, emerging data on
endothelial interaction with HSCs through
Notch signaling, the evidence for HSCs
actively shaping their niche and the concept
of malignant niches reveal exciting areas of
research that will likely advance our
understanding of regulatory interactions in
the HSC niche. Improving our understanding
of the ways in which HSC behavior is
specified will continue to provide novel
targets for disease treatments, both for
hematologic malignancies and cancer
metastases to bone.

Acknowledgments

The authors would like to thank members of
the Calvi laboratory for helpful discussion
and suggestions. This work is supported by
NIH/NIDDK  grants DK076876 and
DK081843, both to LMC.

Conflict of Interest: None reported.

Peer Review: This article has been peer-reviewed.

References

1.

Schofield R. The relationship between
the spleen colony-forming cell and the
haemopoietic stem cell. Blood Cells.
1978;4(1-2):7-25.

Spradling A, Drummond-Barbosa D, Kai
T. Stem cells find their niche. Nature.
2001 Nov 1;414(6859):98-104.

Decotto E, Spradling AC. The
Drosophila ovarian and testis stem cell
niches: similar somatic stem cells and
signals. Dev Cell. 2005 Oct;9(4):501-10.

Taichman RS, Emerson SG. Human
osteoblasts  support hematopoiesis
through the production of granulocyte
colony-stimulating factor. J Exp Med.
1994 May 1;179(5):1677-82.

Marusi¢ A, Kalinowski JF, Jastrzebski S,
Lorenzo JA. Production of leukemia
inhibitory factor mRNA and protein by
malignant and immortalized bone cells.
J Bone Miner Res. 1993 May;8(5):617-
24,

Taichman RS, Emerson SG. Human
osteosarcoma cell lines MG-63 and
Sa0S-2 produce G-CSF and GM-CSF:
identification and partial characterization
of cell-associated isoforms. Exp
Hematol. 1996 Mar;24(4):509-17.

Taichman RS, Reilly MJ, Emerson SG.
Human osteoblasts support human
hematopoietic progenitor cells in vitro
bone marrow cultures. Blood. 1996 Jan
15;87(2):518-24.

Taichman RS, Reilly MJ, Emerson SG.
The hematopoietic microenvironment:
osteoblasts and the hematopoietic
microenvironment. Hematology.
2000;4(5):421-6.

El-Badri NS, Wang BY, Cherry Good
RA. Osteoblasts promote engraftment of
allogeneic hematopoietic stem cells.
Exp Hematol. 1998 Feb;26(2):110-6.

103

Copyright 2011 International Bone & Mineral Society



IBMS BoneKEy. 2011 February;8(2):96-111
http://www.bonekey-ibms.org/cgi/content/full/ibmske;8/2/96
doi: 10.1138/20110495

10.

1.

12.

13.

14.

15.

16.

Arai F, Hirao A, Ohmura M, Sato H,
Matsuoka S, Takubo K, lto K, Koh GY,
Suda T. Tie2/angiopoietin-1 signaling
regulates hematopoietic stem cell
quiescence in the bone marrow niche.
Cell. 2004 Jul 23;118(2):149-61.

Yoshihara H, Arai F, Hosokawa K,
Hagiwara T, Takubo K, Nakamura Y,
Gomei Y, Iwasaki H, Matsuoka S,
Miyamoto K, Miyazaki H, Takahashi T,
Suda T. Thrombopoietin/MPL signaling
regulates hematopoietic stem cell
quiescence and interaction with the
osteoblastic niche. Cell Stem Cell. 2007
Dec 13;1(6):685-97.

Fleming HE, Janzen V, Lo Celso C, Guo
J, Leahy KM, Kronenberg HM, Scadden
DT. Wnt signaling in the niche enforces
hematopoietic stem cell quiescence and
is necessary to preserve self-renewal in
vivo. Cell Stem Cell. 2008 Mar
6;2(3):274-83.

Mayack SR, Wagers AJ. Osteolineage
niche cells initiate hematopoietic stem
cell mobilization. Blood. 2008 Aug
1;112(3):519-31.

Stier S, Ko Y, Forkert R, Lutz C,
Neuhaus T, Grinewald E, Cheng T,
Dombkowski D, Calvi LM, Rittling SR,

Scadden DT. Osteopontin is a
hematopoietic stem cell niche
component that negatively regulates

stem cell pool size. J Exp Med. 2005
Jun 6;201(11):1781-91.

Nilsson SK, Johnston HM, Whitty GA,
Williams B, Webb RJ, Denhardt DT,
Bertoncello |, Bendall LJ, Simmons PJ,
Haylock DN. Osteopontin, a key
component of the hematopoietic stem
cell niche and regulator of primitive
hematopoietic progenitor cells. Blood.
2005 Aug 15;106(4):1232-9.

Kollet O, Dar A, Shivtiel S, Kalinkovich
A, Lapid K, Sztainberg Y, Tesio M,
Samstein RM, Goichberg P, Spiegel A,
Elson A, Lapidot T. Osteoclasts degrade
endosteal components and promote

17.

18.

19.

20.

21.

22.

23.

mobilization of hematopoietic progenitor
cells. Nat Med. 2006 Jun;12(6):657-64.

Shono Y, Ueha S, Wang Y, Abe J,
Kurachi M, Matsuno Y, Sugiyama T,
Nagasawa T, Imamura M, Matsushima
K. Bone marrow graft-versus-host
disease: early destruction of
hematopoietic  niche after MHC-
mismatched hematopoietic stem cell
transplantation.  Blood. 2010  Jul
1;115(26):5401-11.

Katayama Y, Battista M, Kao WM,
Hidalgo A, Peired AJ, Thomas SA,
Frenette PS. Signals from the
sympathetic nervous system regulate
hematopoietic stem cell egress from
bone marrow. Cell. 2006 Jan
27;124(2):407-21.

Mayack SR, Shadrach JL, Kim FS,
Wagers AJ. Systemic signals regulate
ageing and rejuvenation of blood stem
cell niches. Nature. 2010 Jan
28;463(7280):495-500.

Calvi LM, Sims NA, Hunzelman JL,
Knight MC, Giovannetti A, Saxton JM,
Kronenberg HM, Baron R, Schipani E.
Activated parathyroid
hormone/parathyroid  hormone-related
protein receptor in osteoblastic cells
differentially = affects  cortical and
trabecular bone. J Clin Invest. 2001
Feb;107(3):277-86.

Adams GB, Martin RP, Alley IR,
Chabner KT, Cohen KS, Calvi LM,
Kronenberg HM, Scadden DT.
Therapeutic targeting of a stem cell
niche. Nat Biotechnol. 2007
Feb;25(2):238-43.

Calvi LM, Adams GB, Weibrecht KW,
Weber JM, Olson DP, Knight MC, Martin
RP, Schipani E, Divieti P, Bringhurst FR,
Milner LA, Kronenberg HM, Scadden
DT. Osteoblastic cells regulate the
haematopoietic stem cell niche. Nature.
2003 Oct 23;425(6960):841-6.

Zhang J, Niu C, Ye L, Huang H, He X,
Tong WG, Ross J, Haug J, Johnson T,

104

Copyright 2011 International Bone & Mineral Society



IBMS BoneKEy. 2011 February;8(2):96-111
http://www.bonekey-ibms.org/cgi/content/full/ibmske;8/2/96
doi: 10.1138/20110495

24,

25.

26.

27.

28.

20.

Feng JQ, Harris S, Wiedemann LM,
Mishina Y, Li L. ldentification of the
haematopoietic stem cell niche and
control of the niche size. Nature. 2003
Oct 23;425(6960):836-41.

Visnjic D, Kalajzic Z, Rowe DW, Katavic
V, Lorenzo J, Aguila HL. Hematopoiesis
is severely altered in mice with an
induced osteoblast deficiency. Blood.
2004 May 1;103(9):3258-64.

Lymperi S, Horwood N, Marley S,
Gordon MY, Cope AP, Dazzi F.
Strontium can increase some
osteoblasts without increasing

hematopoietic stem cells. Blood. 2008
Feb 1;111(3):1173-81.

Ma YD, Park C, Zhao H, Oduro KA Jr,
Tu X, Long F, Allen PM, Teitelbaum SL,
Choi K. Defects in osteoblast function
but  no changes in long-term
repopulating potential of hematopoietic
stem cells in a mouse chronic
inflammatory arthritis model. Blood.
2009 Nov 12;114(20):4402-10.

Masuda S, Ageyama N, Shibata H,
Obara Y, lkeda T, Takeuchi K, Ueda Y,
Ozawa K, Hanazono Y.
Cotransplantation with MSCs improves
engraftment of HSCs after autologous
intra-bone marrow transplantation in
nonhuman primates. Exp Hematol. 2009
Oct;37(10):1250-7 .e1.

Ahn JY, Park G, Shim JS, Lee JW, Oh
IH. Intramarrow injection of beta-
catenin-activated, but not naive
mesenchymal stromal cells stimulates
self-renewal of hematopoietic stem cells
in bone marrow. Exp Mol Med. 2010
Feb 28;42(2):122-31.

Méndez-Ferrer S, Michurina TV, Ferraro
F, Mazloom AR, Macarthur BD, Lira SA,
Scadden DT, Ma'ayan A, Enikolopov
GN, Frenette PS. Mesenchymal and
haematopoietic stem cells form a unique
bone marrow niche. Nature. 2010 Aug
12;466(7308):829-34.

30.

31.

32.

33.

34.

35.

36.

Chitteti BR, Cheng YH, Streicher DA,
Rodriguez-Rodriguez S, Carlesso N,
Srour EF, Kacena MA. Osteoblast
lineage cells expressing high levels of
Runx2 enhance hematopoietic
progenitor cell proliferation and function.
J Cell Biochem. 2010 Oct 1;111(2):284-
94.

Chitteti BR, Cheng YH, Poteat B,
Rodriguez-Rodriguez S, Goebel WS,
Carlesso N, Kacena MA, Srour EF.
Impact of interactions of cellular
components of the bone marrow
microenvironment on hematopoietic
stem and progenitor cell function. Blood.
2010 Apr 22;115(16):3239-48.

Nakamura Y, Arai F, Iwasaki H,
Hosokawa K, Kobayashi |, Gomei Y,
Matsumoto Y, Yoshihara H, Suda T.
Isolation and  characterization  of
endosteal niche cell populations that
regulate hematopoietic stem cells.
Blood. 2010 Sep 2;116(9):1422-32.

Raaijmakers MH, Mukherjee S, Guo S,
Zhang S, Kobayashi T, Schoonmaker
JA, Ebert BL, Al-Shahrour F, Hasserjian
RP, Scadden EO, Aung Z, Matza M,
Merkenschlager M, Lin C, Rommens
JM, Scadden DT. Bone progenitor
dysfunction induces myelodysplasia and
secondary leukaemia. Nature. 2010 Apr
8;464(7290):852-7.

Nilsson SK, Johnston HM, Coverdale
JA. Spatial localization of transplanted
hemopoietic stem cells: inferences for
the localization of stem cell niches.
Blood. 2001 Apr 15;97(8):2293-9.

Lo Celso C, Fleming HE, Wu JW, Zhao
CX, Miake-Lye S, Fujisaki J, Coté D,
Rowe DW, Lin CP, Scadden DT. Live-
animal tracking of individual
haematopoietic stem/progenitor cells in
their  niche. Nature. 2009 Jan
1,457(7225):92-6.

Jiang Y, Bonig H, Ulyanova T, Chang K,

Papayannopoulou T. On the adaptation
of endosteal stem cell niche function in

105

Copyright 2011 International Bone & Mineral Society



IBMS BoneKEy. 2011 February;8(2):96-111
http://www.bonekey-ibms.org/cgi/content/full/ibmske;8/2/96
doi: 10.1138/20110495

37.

38.

39.

40.

41.

42.

43.

response to stress. Blood. 2009 Oct
29;114(18):3773-82.

Xie Y, Yin T, Wiegraebe W, He XC,
Miller D, Stark D, Perko K, Alexander R,
Schwartz J, Grindley JC, Park J, Haug
JS, Wunderlich JP, Li H, Zhang S,
Johnson T, Feldman RA, Li L. Detection
of functional haematopoietic stem cell
niche using real-time imaging. Nature.
2009 Jan 1;457(7225):97-101.

Wright DE, Wagers AJ, Gulati AP,
Johnson FL, Weissman IL. Physiological
migration of hematopoietic stem and

progenitor cells. Science. 2001 Nov
30;294(5548):1933-6.
Kiel MJ, Yilmaz OH, Iwashita T,

Terhorst C, Morrison SJ. SLAM family
receptors  distinguish  hematopoietic
stem and progenitor cells and reveal
endothelial niches for stem cells. Cell.
2005 Jul 1;121(7):1109-21.

Tavazoie M, Van der Veken L, Silva-
Vargas V, Louissaint M, Colonna L,
Zaidi B, Garcia-Verdugo JM, Doetsch F.
A specialized vascular niche for adult
neural stem cells. Cell Stem Cell. 2008
Sep 11;3(3):279-88.

Eissner G, Kohlhuber F, Grell M, Ueffing
M, Scheurich P, Hieke A, Multhoff G,
Bornkamm GW, Holler E. Critical
involvement of transmembrane tumor
necrosis factor-alpha in endothelial
programmed cell death mediated by
ionizing radiation and bacterial
endotoxin. Blood. 1995 Dec
1;86(11):4184-93.

Gaugler MH, Squiban C, Claraz M,
Schweitzer K, Weksler B, Gourmelon P,
Van der Meeren A. Characterization of
the response of human bone marrow
endothelial cells to in vitro irradiation. Br
J Haematol. 1998 Dec;103(4):980-9.

Narayan K, Juneja S, Garcia C. Effects
of 5-fluorouracil or total-body irradiation
on murine bone marrow
microvasculature. Exp Hematol. 1994
Feb;22(2):142-8.

44,

45.

46.

47.

48.

49.

Li XM, Hu Z, Jorgenson ML, Wingard
JR, Slayton WB. Bone marrow
sinusoidal endothelial cells undergo
nonapoptotic cell death and are
replaced by proliferating sinusoidal cells
in situ to maintain the vascular niche
following lethal irradiation. Exp Hematol.
2008 Sep;36(9):1143-56.

Hooper AT, Butler JM, Nolan DJ, Kranz
A, lida K, Kobayashi M, Kopp HG, Shido
K, Petit I, Yanger K, James D, Witte L,
Zhu Z, Wu Y, Pytowski B, Rosenwaks Z,
Mittal V, Sato TN, Rafii S. Engraftment
and reconstitution of hematopoiesis is
dependent on VEGFR2-mediated
regeneration of sinusoidal endothelial
cells. Cell Stem Cell. 2009 Mar
6;4(3):263-74.

DiMascio L, Voermans C, Ugoezwa M,
Duncan A, Lu D, Wu J, Sankar U, Reya
T. Identification of adiponectin as a
novel hemopoietic stem cell growth
factor. J  Immunol. 2007 Mar
15;178(6):3511-20.

Zhang Y, Harada A, Bluethmann H,
Wang JB, Nakao S, Mukaida N,
Matsushima K. Tumor necrosis factor
(TNF) is a physiologic regulator of
hematopoietic progenitor cells: increase
of early hematopoietic progenitor cells in
TNF receptor p55-deficient mice in vivo
and potent inhibition of progenitor cell
proliferation by TNF alpha in vitro.
Blood. 1995 Oct 15;86(8):2930-7.

Naveiras O, Nardi V, Wenzel PL,
Hauschka PV, Fahey F, Daley GQ.
Bone-marrow adipocytes as negative
regulators of the haematopoietic
microenvironment. Nature. 2009 Jul
9;460(7252):259-63.

Li L, Milner LA, Deng Y, Iwata M, Banta
A, Graf L, Marcovina S, Friedman C,
Trask BJ, Hood L, Torok-Storb B. The
human homolog of rat Jagged1
expressed by marrow stroma inhibits
differentiation of 32D cells through
interaction with Notch1. Immunity. 1998
Jan;8(1):43-55.

106

Copyright 2011 International Bone & Mineral Society



IBMS BoneKEy. 2011 February;8(2):96-111
http://www.bonekey-ibms.org/cgi/content/full/ibmske;8/2/96
doi: 10.1138/20110495

50.

51.

52.

53.

54.

55.

56.

Milner LA, Bigas A. Notch as a mediator

of cell fate determination in
hematopoiesis: evidence and
speculation. Blood. 1999 Apr

15;93(8):2431-48.

Weber JM, Forsythe SR, Christianson
CA, Frisch BJ, Gigliotti BJ, Jordan CT,

Milner LA, Guzman ML, Calvi LM.
Parathyroid hormone stimulates
expression of the Notch ligand Jagged1
in osteoblastic cells. Bone. 2006
Sep;39(3):485-93.

Butler JM, Nolan DJ, Vertes EL,

Varnum-Finney B, Kobayashi H, Hooper
AT, Seandel M, Shido K, White IA,
Kobayashi M, Witte L, May C, Shawber
C, Kimura Y, Kitajewski J, Rosenwaks
Z, Bernstein ID, Rafii S. Endothelial cells
are essential for the self-renewal and
repopulation of Notch-dependent
hematopoietic stem cells. Cell Stem
Cell. 2010 Mar 5;6(3):251-64.

Mancini SJ, Mantei N, Dumortier A,
Suter U, MacDonald HR, Radtke F.
Jagged1-dependent Notch signaling is
dispensable for hematopoietic stem cell
self-renewal and differentiation. Blood.
2005 Mar 15;105(6):2340-2.

Maillard 1, Koch U, Dumortier A,
Shestova O, Xu L, Sai H, Pross SE,
Aster JC, Bhandoola A, Radtke F, Pear
WS. Canonical notch signaling is
dispensable for the maintenance of
adult hematopoietic stem cells. Cell
Stem Cell. 2008 Apr 10;2(4):356-66.

Wilson A, Murphy MJ, Oskarsson T,
Kaloulis K, Bettess MD, Oser GM,
Pasche AC, Knabenhans C, Macdonald
HR, Trumpp A. c-Myc controls the
balance between hematopoietic stem
cell self-renewal and differentiation.
Genes Dev. 2004 Nov 15;18(22):2747-
63.

Haug JS, He XC, Grindley JC,
Wunderlich JP, Gaudenz K, Ross JT,
Paulson A, Wagner KP, Xie Y, Zhu R,
Yin T, Perry JM, Hembree MJ,
Redenbaugh EP, Radice GL, Seidel C,

57.

58.

59.

60.

61.

62.

63.

Li L. N-cadherin expression level
distinguishes reserved versus primed
states of hematopoietic stem cells. Cell
Stem Cell. 2008 Apr 10;2(4):367-79.

Kiel MJ, Radice GL, Morrison SJ. Lack
of evidence that hematopoietic stem
cells depend on N-cadherin-mediated
adhesion to osteoblasts for their
maintenance. Cell Stem Cell. 2007 Aug
16;1(2):204-17.

Hosokawa K, Arai F, Yoshihara H,
Iwasaki H, Nakamura Y, Gomei Y, Suda
T. Knockdown of N-cadherin
suppresses the long-term engraftment
of hematopoietic stem cells. Blood. 2010
Jul 29;116(4):554-63.

Jung Y, Wang J, Song J, Shiozawa Y,
Wang J, Havens A, Wang Z, Sun YX,
Emerson SG, Krebsbach PH, Taichman
RS. Annexin Il expressed by osteoblasts
and endothelial cells regulates stem cell
adhesion, homing, and engraftment
following transplantation. Blood. 2007
Jul 1;110(1):82-90.

Genetos DC, Wong A, Watari S,
Yellowley CE. Hypoxia increases
Annexin A2 expression in osteoblastic
cells via VEGF and ERK. Bone. 2010
Dec;47(6):1013-9.

Dumont DJ, Yamaguchi TP, Conlon RA,
Rossant J, Breitman ML. tek, a novel
tyrosine kinase gene located on mouse
chromosome 4, is expressed in
endothelial cells and their presumptive
precursors. Oncogene. 1992
Aug;7(8):1471-80.

Iwama A, Hamaguchi |, Hashiyama M,
Murayama Y, Yasunaga K, Suda T.
Molecular cloning and characterization
of mouse TIE and TEK receptor tyrosine
kinase genes and their expression in
hematopoietic stem cells. Biochem
Biophys Res Commun. 1993 Aug
31;195(1):301-9.

Sato TN, Qin Y, Kozak CA, Audus KL.

Tie-1 and tie-2 define another class of
putative receptor tyrosine kinase genes

107

Copyright 2011 International Bone & Mineral Society



IBMS BoneKEy. 2011 February;8(2):96-111
http://www.bonekey-ibms.org/cgi/content/full/ibmske;8/2/96
doi: 10.1138/20110495

64.

65.

66.

67.

68.

69.

expressed in early embryonic vascular
system. Proc Natl Acad Sci U S A. 1993
Oct 15;90(20):9355-8.

Arai F, Ohneda O, Miyamoto T, Zhang
XQ, Suda T. Mesenchymal stem cells in
perichondrium express activated
leukocyte cell adhesion molecule and
participate in bone marrow formation. J
Exp Med. 2002 Jun 17;195(12):1549-63.

Kopp HG, Avecilla ST, Hooper AT,
Shmelkov SV, Ramos CA, Zhang F,
Rafii S. Tie2 activation contributes to
hemangiogenic regeneration after
myelosuppression. Blood. 2005 Jul
15;106(2):505-13.

Semerad CL, Christopher MJ, Liu F,
Short B, Simmons PJ, Winkler I,
Levesque JP, Chappel J, Ross FP, Link
DC. G-CSF potently inhibits osteoblast
activity and CXCL12 mRNA expression
in the bone marrow. Blood. 2005 Nov
1;106(9):3020-7.

Devine SM, Vij R, Rettig M, Todt L,
McGlauchlen K, Fisher N, Devine H,
Link DC, Calandra G, Bridger G,

Westervelt P, Dipersio JF. Rapid
mobilization  of  functional  donor
hematopoietic cells without G-CSF

using AMD3100, an antagonist of the
CXCR4/SDF-1 interaction. Blood. 2008
Aug 15;112(4):990-8.

Ponomaryov T, Peled A, Petit I,
Taichman RS, Habler L, Sandbank J,
Arenzana-Seisdedos F, Magerus A,
Caruz A, Fujii N, Nagler A, Lahav M,
Szyper-Kravitz M, Zipori D, Lapidot T.
Induction of the chemokine stromal-
derived factor-1 following DNA damage
improves human stem cell function. J
Clin Invest. 2000 Dec;106(11):1331-9.

Dar A, Goichberg P, Shinder V,
Kalinkovich A, Kollet O, Netzer N,
Margalit R, Zsak M, Nagler A, Hardan |,
Resnick I, Rot A, Lapidot T. Chemokine
receptor CXCR4-dependent
internalization and resecretion  of
functional chemokine SDF-1 by bone

70.

71.

72.

73.

74.

75.

76.

marrow endothelial and stromal cells.
Nat Immunol. 2005 Oct;6(10):1038-46.

Sugiyama T, Kohara H, Noda M,
Nagasawa T. Maintenance of the
hematopoietic stem cell pool by
CXCL12-CXCR4 chemokine signaling in
bone marrow stromal cell niches.
Immunity. 2006 Dec;25(6):977-88.

Petit 1, Szyper-Kravitz M, Nagler A,

Lahav M, Peled A, Habler L,
Ponomaryov T, Taichman RS,
Arenzana-Seisdedos F,  Fujii N,

Sandbank J, Zipori D, Lapidot T. G-CSF
induces stem cell mobilization by
decreasing bone marrow SDF-1 and up-
regulating CXCR4. Nat Immunol. 2002
Jul;3(7):687-94.

Lévesque JP, Hendy J, Takamatsu Y,
Simmons PJ, Bendall LJ. Disruption of
the CXCR4/CXCL12 chemotactic
interaction during hematopoietic stem
cell mobilization induced by GCSF or
cyclophosphamide. J Clin Invest. 2003
Jan;111(2):187-96.

McQuibban GA, Butler GS, Gong JH,
Bendall L, Power C, Clark-Lewis |,
Overall CM. Matrix metalloproteinase
activity inactivates the CXC chemokine
stromal cell-derived factor-1. J Biol
Chem. 2001 Nov 23;276(47):43503-8.

Christopherson KW 2nd, Hangoc G,
Broxmeyer HE. Cell surface peptidase
CD26/dipeptidylpeptidase IV regulates
CXCL12/stromal cell-derived factor-1
alpha-mediated chemotaxis of human
cord blood CD34+ progenitor cells. J
Immunol. 2002 Dec 15;169(12):7000-8.

Christopherson KW 2nd, Hangoc G,
Mantel CR, Broxmeyer HE. Modulation
of hematopoietic stem cell homing and
engraftment by CD26. Science. 2004
Aug 13;305(5686):1000-3.

Broxmeyer HE, Orschell CM, Clapp DW,
Hangoc G, Cooper S, Plett PA, Liles
WC, Li X, Graham-Evans B, Campbell
TB, Calandra G, Bridger G, Dale DC,
Srour EF. Rapid mobilization of murine

108

Copyright 2011 International Bone & Mineral Society



IBMS BoneKEy. 2011 February;8(2):96-111
http://www.bonekey-ibms.org/cgi/content/full/ibmske;8/2/96
doi: 10.1138/20110495

77.

78.

79.

80.

81.

82.

83.

and human hematopoietic stem and
progenitor cells with AMD3100, a
CXCR4 antagonist. J Exp Med. 2005
Apr 18;201(8):1307-18.

Semerad CL, Liu F, Gregory AD, Stumpf
K, Link DC. G-CSF is an essential
regulator of neutrophil trafficking from
the bone marrow to the blood. Immunity.
2002 Oct;17(4):413-23.

Rodan SB, Rodan GA, Simmons HA,
Walenga RW, Feinstein MB, Raisz LG.
Bone resorptive factor produced by
osteosarcoma cells with osteoblastic
features is PGE2. Biochem Biophys Res
Commun. 1981 Oct 30;102(4):1358-65.

North TE, Goessling W, Walkley CR,
Lengerke C, Kopani KR, Lord AM,
Weber GJ, Bowman TV, Jang IH,
Grosser T, Fitzgerald GA, Daley GQ,
Orkin SH, Zon LI. Prostaglandin E2
regulates vertebrate haematopoietic
stem cell homeostasis. Nature. 2007
Jun 21;447(7147):1007-11.

Hoggatt J, Singh P, Sampath J, Pelus
LM. Prostaglandin E2 enhances
hematopoietic stem cell homing,
survival, and proliferation. Blood. 2009
May 28;113(22):5444-55.

Frisch BJ, Porter RL, Gigliotti BJ, Olm-
Shipman AJ, Weber JM, O'Keefe RJ,
Jordan CT, Calvi LM. In vivo
prostaglandin E2 treatment alters the
bone marrow microenvironment and
preferentially expands short-term
hematopoietic stem cells. Blood. 2009
Nov 5;114(19):4054-63.

Adams GB, Chabner KT, Alley IR, Olson
DP, Szczepiorkowski ZM, Poznansky
MC, Kos CH, Pollak MR, Brown EM,
Scadden DT. Stem cell engraftment at
the endosteal niche is specified by the
calcium-sensing receptor. Nature. 2006
Feb 2;439(7076):599-603.

Jeanson NT, Scadden DT. Vitamin D
receptor (VDR) deletion leads to
increased hematopoietic stem and
progenitor cells residing in the spleen.

84.

85.

86.

87.

88.

89.

90.

91.

Blood. 2010 Jul 27. [Epub ahead of
print]

Kawamori Y, Katayama Y, Asada N,
Minagawa K, Sato M, Okamura A,
Shimoyama M, Nakagawa K, Okano T,
Tanimoto M, Kato S, Matsui T.
Importance of Vitamin D receptor for
neuronal control of hematopoietic stem
cell niche. Blood. 2010 Sep 2. [Epub
ahead of print]

Cipolleschi MG, Dello Sbarba P, Olivotto
M. The role of hypoxia in the
maintenance of hematopoietic stem
cells. Blood. 1993 Oct 1;82(7):2031-7.

Winkler 1G, Barbier V, Wadley R,
Zannettino AC, Williams S, Lévesque
JP. Positioning of bone marrow
hematopoietic and stromal cells relative
to blood flow in vivo: serially
reconstituting hematopoietic stem cells
reside in distinct nonperfused niches.
Blood. 2010 Jul 22;116(3):375-85.

Parmar K, Mauch P, Vergilio JA,
Sackstein R, Down JD. Distribution of
hematopoietic stem cells in the bone
marrow according to regional hypoxia.
Proc Natl Acad Sci U S A. 2007 Mar
27;104(13):5431-6.

Kubota Y, Takubo K, Suda T. Bone
marrow long label-retaining cells reside
in the sinusoidal hypoxic niche. Biochem
Biophys Res Commun. 2008 Feb
8;366(2):335-9.

Semenza GL. Hypoxia-inducible factor 1
(HIF-1) pathway. Sci STKE. 2007 Oct
9;2007(407):cm8.

Simon MC, Keith B. The role of oxygen
availability in embryonic development
and stem cell function. Nat Rev Mol Cell
Biol. 2008 Apr;9(4):285-96.

Kirito K, Fox N, Komatsu N, Kaushansky
K. Thrombopoietin enhances expression
of vascular endothelial growth factor
(VEGF) in primitive hematopoietic cells
through induction of HIF-1alpha. Blood.
2005 Jun 1;105(11):4258-63.

109

Copyright 2011 International Bone & Mineral Society



IBMS BoneKEy. 2011 February;8(2):96-111
http://www.bonekey-ibms.org/cgi/content/full/ibmske;8/2/96
doi: 10.1138/20110495

92.

93.

94.

95.

96.

97.

98.

99.

Pedersen M, Loéfstedt T, Sun J,
Holmquist-Mengelbier L, Pahiman S,
Roénnstrand L. Stem cell factor induces
HIF-1alpha at normoxia in
hematopoietic cells. Biochem Biophys
Res Commun. 2008 Dec 5;377(1):98-
103.

Danet GH, Pan Y, Luongo JL, Bonnet
DA, Simon MC. Expansion of human
SCID-repopulating cells under hypoxic
conditions. J Clin Invest. 2003
Jul;112(1):126-35.

Hermitte F, Brunet de la Grange P,
Belloc F, Praloran V, Ivanovic Z. Very
low O2 concentration (0.1%) favors GO
return of dividing CD34+ cells. Stem
Cells. 2006 Jan;24(1):65-73.

Jang YY, Sharkis SJ. A low level of
reactive oxygen species selects for
primitive hematopoietic stem cells that
may reside in the low-oxygenic niche.
Blood. 2007 Oct 15;110(8):3056-63.

Naka K, Muraguchi T, Hoshii T, Hirao A.
Regulation of reactive oxygen species
and genomic stability in hematopoietic
stem cells. Antioxid Redox Signal. 2008
Nov;10(11):1883-94.

Miyamoto K, Araki KY, Naka K, Arai F,
Takubo K, Yamazaki S, Matsuoka S,
Miyamoto T, Ito K, Ohmura M, Chen C,
Hosokawa K, Nakauchi H, Nakayama K,
Nakayama Kl, Harada M, Motoyama N,
Suda T, Hirao A. Foxo3a is essential for
maintenance of the hematopoietic stem
cell pool. Cell Stem Cell. 2007 Jun
7;1(1):101-12.

Coleman RE, Rubens RD. The clinical
course of bone metastases from breast
cancer. Br J Cancer. 1987 Jan;55(1):61-
6.

Coleman RE. Metastatic bone disease
and the role of biochemical markers of
bone metabolism in benign and
malignant diseases. Cancer Treat Rev.
2001 Jun;27(3):133-5.

100.

101.

102.

103.

104.

105.

106.

107.

Willis RA. The Spread of Tumours in
the Human Body. 3d ed. London:
Butterworths; 1973.

Weiss L, Haydock K, Pickren JW,
Lane WW. Organ vascularity and
metastatic frequency. Am J Pathol.
1980 Oct;101(1):101-13.

Taichman RS, Cooper C, Keller ET,
Pienta KJ, Taichman NS, McCauley
LK. Use of the stromal cell-derived
factor-1//CXCR4 pathway in prostate
cancer metastasis to bone. Cancer
Res. 2002 Mar 15;62(6):1832-7.

Sun YX, Wang J, Shelburne CE,
Lopatin DE, Chinnaiyan AM, Rubin
MA, Pienta KJ, Taichman RS.
Expression of CXCR4 and CXCL12
(SDF-1) in human prostate cancers
(PCa) in vivo. J Cell Biochem. 2003
Jun 1;89(3):462-73.

Wang J, Shiozawa Y, Wang Y, Jung
Y, Pienta KJ, Mehra R, Loberg R,
Taichman RS. The role of
CXCR7/RDC1 as a chemokine
receptor for CXCL12/SDF-1 in
prostate cancer. J Biol Chem. 2008
Feb 15;283(7):4283-94.

Wang J, Wang J, Dai J, Jung Y, Wei
CL, Wang Y, Havens AM, Hogg PJ,
Keller ET, Pienta KJ, Nor JE, Wang
CY, Taichman RS. A glycolytic
mechanism regulating an angiogenic
switch in prostate cancer. Cancer
Res. 2007 Jan 1;67(1):149-59.

Walkley CR, Shea JM, Sims NA,
Purton LE, Orkin SH. Rb regulates
interactions between hematopoietic
stem cells and their bone marrow
microenvironment. Cell. 2007 Jun
15;129(6):1081-95.

Walkley CR, Olsen GH, Dworkin S,
Fabb SA, Swann J, McArthur GA,
Westmoreland SV, Chambon P,

Scadden DT, Purton LE. A
microenvironment-induced myelo-
proliferative syndrome caused by
retinoic acid receptor gamma

110

Copyright 2011 International Bone & Mineral Society



IBMS BoneKEy. 2011 February;8(2):96-111
http://www.bonekey-ibms.org/cgi/content/full/ibmske;8/2/96
doi: 10.1138/20110495

108.

deficiency. Cell.
15;129(6):1097-110.

2007 Jun

Jung Y, Song J, Shiozawa Y, Wang J,
Wang Z, Wiliams B, Havens A,
Schneider A, Ge C, Franceschi RT,
McCauley LK, Krebsbach PH,
Taichman RS. Hematopoietic stem
cells regulate mesenchymal stromal
cell induction into osteoblasts thereby
participating in the formation of the

109.

stem cell niche. Stem Cells. 2008
Aug;26(8):2042-51.

Shiozawa Y, Jung Y, Ziegler AM,
Pedersen EA, Wang J, Wang Z, Song
J, Lee CH, Sud S, Pienta KJ,
Krebsbach PH, Taichman RS.
Erythropoietin couples hematopoiesis
with bone formation. PLoS One. 2010
May 27;5(5):e10853.

111

Copyright 2011 International Bone & Mineral Society



