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Abstract After birth, the hematopoietic system develops
along with bone formation in mammals. Osteolineage cells
are derived from mesenchymal progenitor cells, and dif-
ferentiate into several types of bone-forming cells. Of the
various types of cell constituents in bone marrow, osteo-
lineage cells have been shown to play important roles in
hematopoiesis. Early studies have identified osteoblasts as
a hematopoietic stem cell niche component. Since that
time, the role of endosteal microenvironment as a critical
regulator of hematopoietic stem/progenitor cell (HSC/
HPC) behavior has been appreciated particularly under
stress conditions, such as cytokine-induced HSC/HPC
mobilization, homing/engraftment after bone marrow
transplantation, and disease models of leukemia/myelo-
dysplasia. Recent studies revealed that the most differen-
tiated osteolineage cells, i.e., osteocytes, play important
roles in the regulation of hematopoiesis. In this review, we
provide an overview of recent advances in knowledge of
regulatory hematopoietic mechanisms in the endosteal
area.
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Introduction

The hematopoietic organ, bone marrow (BM), is encap-
sulated by highly mineralized bone. Given their anatomic
proximity, bone cells are thought to have a functional
relationship with hematopoietic cells. To date, numerous
studies have shown a relationship between bone tissue and
BM. Osteolineage cells are derived from mesenchymal
progenitor cells (MPCs) that have the capacity to differ-
entiate into cells of three different lineages—chondrocytes,
adipocytes, and osteoblasts—in vivo. Various stromal cell
types, including CXCLI12 abundant reticular cells [1],
Nestin-GFP positive cells [2], Prx-1-Cre-derived cells [3,
4], and NG2+4 pericytes [5], are reported to exhibit MPC
activity. These cells have also been shown to be essential
constituents of the hematopoietic stem/progenitor cell
(HSC/HPC) niche with some degree of redundancy. Oste-
olineage cells are divided into MPCs, pre-osteoblasts,
osteoblasts, and osteocytes, as determined by their stage of
differentiation in vivo (see Fig. 1). During the process of
differentiation, unique expression patterns of transcription
factors identify these cells at each differentiation stage.
Runt-related transcription factor 2 (Runx2) and Osterix
(OSX) are the master regulator genes that lead MPCs to
differentiate into the osteolineage [6, 7] and the high
expression of these two genes is a hallmark of pre-osteo-
blasts [7, 8]. Bone-lining osteoblasts are a more mature
subset and play major roles in osteogenesis by producing
collagen. These mature osteoblasts are characterized by the
expression of osteocalcin, alkaline phosphatase, and oste-
opontin. Osteoblasts are known to adopt three fates: (1)
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Fig. 1 Differentiation of osteolineage cell

become embedded within the matrix and convert into ter-
minally differentiated osteocytes, (2) become inactive
bone-lining cells [9], or (3) undergo apoptosis [10]. In this
lineage, osteocytes are the most terminally differentiated
cell type. A number of important roles for osteocytes in
bone biology, such as mechanosensation and mineral
metabolism, have been identified in previous studies [11].
A series of recent studies, including one by our group, has
revealed the importance of osteocytes in the regulation of
hematopoiesis [12-14]. In this review, we provide an
overview of advances in our knowledge of regulatory
mechanisms in the hematopoietic system by osteolineage
cells in the endosteal area.

Osteoblast progenitor (Pre-osteoblast) and osteoblast

Early studies showed that bone-forming osteoblasts have
the capacity to support immature hematopoietic cells
in vitro [15]. The following studies used murine experi-
mental models to show that intravenously transplanted
HSCs homed to the BM and localized in the vicinity of
endosteal area, suggesting that HSC niche-contributing
cells are found near the border between BM and bone. In
2003, two groups using different mouse models demon-
strated that osteolineage cell activation led to an increase in
HSC number in vivo [16, 17]. One group used transgenic
mice, in which parathyroid hormone (PTH) signaling is
constitutively active, or systemic PTH administration to
activate osteolineage cells [16]. The other analyzed mutant
mice with conditional inactivation of bone morphogenetic
protein (BMP) receptor type IA [17]. In both models, the
numbers of osteoblasts and HSCs were positively
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correlated. These findings shed light on the role of osteo-
lineage cells as a HSC niche. It has also been reported that
among the heterogeneous endosteal osteoblasts, spindle-
shaped N-cadherin positive osteoblastic (SNO) cells
establish a niche for quiescent HSCs [17]. The results of an
in vivo study, in which the number of osteoblastic cells,
excluding SNO cells, were manipulated by strontium
treatment and showed no remarkable change in HSC
numbers, further supporting the importance of SNO cells
for the HSC niche [18]. For endosteal osteoblastic cells,
Nakamura et al. [19] subdivided endosteal cells by their
expression of activated leukocyte cell-adhesion molecule
(ALCAM) and Sca-1, and showed that ALCAM+ Sca-1-
osteoblastic cells harbor a greater capacity to support HSCs
than other osteoblastic cell fraction in vitro.

Factors that mediate the relationship between osteoblast
(so-called “osteoblastic niche”) and quiescent HSCs have
been reported by several studies. The interaction of an-
giopoietin-1, which is expressed by osteoblastic niche, with
its receptor Tie2 on HSCs has been shown to be critical for
HSC quiescence [20]. Subsequent studies reported that
thrombopoietin/MPL signaling is a niche factor that pro-
motes HSC quiescence [21, 22]. More recently, researchers
provided evidence that Flamingo and Frizzled 8-mediated
noncanonical Wnt signaling in N-cadherin-positive osteo-
blastic niche cells promote quiescence of HSCs in
homeostasis [23]. [Ca”] has also been shown to be an
important factor to recruit HSCs to endosteum via calcium-
sensing receptors following intravenous transplantation, in
which bone remodeling actively produces [Ca®"] locally
[24].

Osteoclasts are derived from HSCs in the BM, and
are indispensable for bone modeling and remodeling.
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Osteoclasts interact with osteoblasts through various cell
surface molecules and secreted proteins. Recent studies
have implicated osteoclasts in HSC niche regulation.
Activation of osteoclasts enhances mobilization of HSCs/
HPCs through the degradation of Cxcl12, stem cell factor
(SCF), and osteopontin on the osteoblast surface by
secretion of enzymes, such as matrix metalloproteinase 9
(MMP-9) and cathepsin K [25], suggesting that osteoclasts
modulate the endosteal osteoblastic niche. It has also been
reported that osteoclasts play a major role in HSC niche
formation. Oc/oc mice, in which osteoclasts are inactive
due to the loss of normal proton production, leading to
severe osteopetrosis, show a dramatic reduction in HSCs
and impaired osteoblastic commitment, without deficits in
perivascular mesenchymal cells [26]. This result indicates
that active osteoclasts are indispensable for endosteal HSC/
HPC niche formation. Another group reported that osteo-
petrotic mice models, op/op, c-Fos-deficient, and receptor
activator of nuclear factor kappa B ligand-deficient mice,
in which osteoclasts are deficient and BM cavity is absent,
have normal capacity for HSC/HPC mobilization induced
by granulocyte colony-stimulating factor (G-CSF) [27].
Therefore, the role of osteoclasts in hematopoietic system
remains a matter of debate.

Biology of osteocytes, the third player in bone
metabolism

Osteocytes, terminally differentiated osteolineage cells, are
embedded in mineralized bone. Osteocytes arise from
MPCs through multiple steps of osteoblast maturation, and
are the most abundant osteolineage cells, constituting more
than 90 % of all cells in bone [11]. Although these cells
were once considered to be inert bystanders surrounded by
hard mineralized bone matrix, advances in technology,
such as transgenic mouse models, cell lines, and imaging
techniques, have enabled the acquisition of new knowledge
about function of osteocytes over the past decade. The best
known function of osteocytes is mechanosensation.
Recently, the osteocyte in vivo depletion model has
revealed that osteocytes sense load stress on bone and
orchestrate bone remodeling by controlling both osteo-
blasts and osteoclasts [28]. Osteocytes also play an
important role in the metabolism of minerals such as
phosphate and calcium, not only locally, but also whole
body regulation through the production of sclerostin, dentin
matrix protein-1 (DMP-1), phosphate-regulating endopep-
tidase homolog X-linked (Phex), matrix extracellular
phosphoglycoprotein (MEPE), and fibroblast growth factor
23 (FGF23) [11]. Osteocytes extend long dendritic pro-
cesses that connect with osteoblasts and bone-lining cells
on the endosteal surface and neighboring osteocytes [29],

and communicate intercellularly through gap junctions,
consisting of mainly connexin-43 [30], or by paracrine
signaling using small molecules such as prostaglandins,
nitric oxide, and adenosine triphosphate through the
extracellular fluid in the canaliculi.

Osteocyte and hematopoiesis

It has been reported that microgravity, which causes loss of
bone mass, leads to immune system dysfunction [31, 32].
These changes in hematopoietic cells under microgravity
conditions are widely thought to be cell intrinsic. A recent
study, however, showed that microgravity disrupts the
osteocyte network accompanied with a reduction in B cells
in the BM, and that the depletion of osteocytes leads to a
decrease in B and T lymphocytes in the blood, due to the
impaired development of stromal cells that support B cells
in the BM and T cells in the thymus, respectively [14].
Moreover, recent studies have revealed that osteocytes
embedded in the bone matrix have critical roles in regu-
lating hematopoietic cells. Fulzele et al. found that osteo-
cytes participate in the regulation of myelopoiesis through
the secretion of hematopoietic cytokines, such as G-CSF.
They showed that the deletion of Gsa specifically in
osteocytes greatly enhances G-CSF production, leading to
the expansion of myeloid-committed cells, but not HSCs,
in the BM [12].

Role of osteocytes for the mobilization of HSCs/HPCs

In the clinic, we use the cytokine G-CSF to mobilize HSCs/
HPCs from BM to peripheral circulation. Although the
mechanism of how G-CSF mobilizes these immature cells
has been investigated intensely, it is still not fully under-
stood. Osteoblasts at the endosteal surface play an essential
role in this process [33-35]. Mobilization is finely tuned by
complex signals from multiple cell types, such as the
sympathetic nervous system (SNS) [34, 36] and BM resi-
dent macrophages [37-39]. G-CSF increases sympathetic
tone and eliminates endosteal macrophages, which also
causes alteration of the HSC/HPC niches. In a recent study,
our group assessed osteocyte function in regulating HSC/
HPC mobilization induced by G-CSF [13]. Analysis of
gene expression profile of osteoblasts and osteocytes in
mice during G-CSF treatment revealed that osteocytes are
suppressed by G-CSF treatment in the same manner as
osteoblasts. The functional changes in osteocytes appear
earlier than those in osteoblasts. Morphological changes in
osteocytes following G-CSF treatment, which can be
appreciated by using phalloidin staining, are also remark-
able. Osteocytes protrude processes enriched in actin
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Fig. 2 Suppression of (a)
osteocytes by the treatment of
G-CSF. a Phalloidin staining of
mouse femoral bone. b G-CSF
treatment disrupted the dendritic
processes extending from
osteocytes to endosteal
osteoblasts

Bone tissue Bone marrow

Osteocyte

filaments and connect to one another and other cells inside
the BM. We found that such osteocyte processes were
dramatically thinned in G-CSF-treated animals (see Fig. 2).
These results indicate that G-CSF treatment induces tran-
scriptional and morphological changes in osteocytes. Since
it has been shown that SNS signals triggered by G-CSF
caused osteoblast suppression [34], we hypothesized that
SNS may also involved in the mechanism by which G-CSF
suppresses osteocyte activity. Surgical denervation of the
BM abolished the gene suppressive effect on osteocytes by
G-CSF. This suggests that the function of osteocytes is
regulated, at least in part, through the SNS. Together with
the increased sympathetic tone following G-CSF treatment,
the results raised the possibility that the functional changes
in osteocytes could play important roles for HSC/HPC
mobilization by G-CSF.

To further explore this issue, we utilized transgenic (Tg)
mice, in which osteocytes are specifically ablated through
the targeted expression of a diphtheria toxin (DT) receptor
(DTR) under a DMP-1 promoter [28]. In this mouse model,
we were able to generate osteocyte-less (OL) mice by
treatment with DT. In OL mice, G-CSF-induced HSC/HPC
mobilization was significantly impaired, while the number
of these cells in the BM was unchanged. The number of
HSCs/HPCs in the spleen at steady state also decreased.
These findings indicate that osteocytes participate in HSC/
HPC egress from the BM to peripheral circulation in steady
state and G-CSF-induced mobilization. Since osteocytes
functionally communicate with their ancestor, osteoblasts,
at the endosteal surface through their dendritic processes
[40], we investigated whether the mobilization defect in
OL mice was due to impairment of osteoblastic niche
function. The depletion of osteocytes led to morphological
changes and dysfunctions of osteoblasts. Recently, the role
of the BM resident macrophages, so-called osteomacs,
located in the endosteum and functioning as an integral
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player in endosteal niche support, has been reported [39,
41]. The depletion of osteomacs in vivo leads to the dis-
appearance of osteoblasts and the mobilization of HSCs/
HPCs, which suggests that they are indispensable for the
endosteal niche [39]. Intriguingly, osteocytes extend den-
dritic processes into the marrow space near the endosteal
surface [42], and osteocyte depletion causes disappearance
of osteomacs from the endosteum. These findings raise the
possibility that osteocytes are associated with osteomacs as
one of the multiple regulatory pathways to control osteo-
blastic function. In summary, these results indicate that
osteocytes control endosteal niche from inside of bone (see
Fig. 3). In steady state, the integrity of the endosteal niche
is maintained by support signals from both osteomacs and
osteocytes. G-CSF administration intensifies the sympa-
thetic tone, which leads to direct suppression of osteo-
blasts. G-CSF also collapses osteomacs that send support
signals to endosteal niche cells. In addition to these path-
ways, the endosteal niche loses another support signals
from osteocytes that are suppressed by SNS signals
induced by G-CSF. Eventually, G-CSF mobilizes HSCs/
HPCs by inducing trifold negative effects on the endosteal
niche, leading to its collapse. The mechanism how osteo-
cyte regulates osteoblast during G-CSF-induced mobiliza-
tion is still unclear. Given the fact that conditional deletion
of connexin-43 led to dysfunction of osteoblasts and
mobilization defect by G-CSF [43], it is conceivable that
contact communication through gap junction between
osteocytes and endosteal niche cells might be involved in
the mechanism of niche regulation.

Osteolineage cells and hematopoietic malignant diseases

Osteolineage cells play roles not only in normal hemato-
poiesis but also in hematologic neoplasms. Human acute
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Fig. 3 Osteocytes regulate endosteal niche during G-CSF-induced
HSC/HPC mobilization. a In steady state, osteoblasts maintain the
niche function by taking supporting signals from osteomacs (M®) and
osteocytes (red solid arrows). b In G-CSF-induced mobilization,
osteoblasts are suppressed through three different pathways: / direct
suppression by SNS-mediated [,-adrenergic signaling, 2 loss of
supporting signals from osteomacs, and 3 loss of supporting signals
from osteocytes

myelogenous leukemia (AML) cells engrafted in immu-
nodeficient mice resided in the endosteal area, and the
osteoblastic niche promotes the quiescence of AML cells,
resulting in their survival after the chemotherapy [44, 45].
It has been reported that leukemic cells remodel the end-
osteal niche by activating the production of abnormal
osteoblastic lineage cells from MPCs, which alters the
microenvironment such that it is favorable for leukemic
cells and adverse for normal hematopoiesis [46]. An
emerging body of evidence suggests that osteolineage cells
are involved in the pathogenesis of hematopoietic neo-
plasms, which had been considered to be hematopoietic
cell-intrinsic diseases. The deletion of Dicerl, RNaselll
endonuclease essential for microRNA biogenesis and RNA
processing, in Osx positive osteo-progenitor cells in mice
caused myelodysplasia, eventually leading to the acute
leukemia [47, 48]. Most recently, constitutive activation of
B-catenin in osteoblasts has been reported to cause AML
through the activation of Notch signaling in HSCs/HPCs
[49]. These studies provide the evidence that single genetic
modification in osteolineage cells can induce hematopoi-
etic malignancy, and further suggests the importance of
endosteal microenvironment in the pathogenesis of hema-
topoietic disorders.

Concluding remarks

The osteoblastic microenvironment has been studied not
only in steady state, but also under “stress” conditions,
such as bone marrow transplantation, mobilization, and
hematologic disorders. The important roles of each stage of
osteolineage cells in regulation of hematopoietic system
are becoming increasingly clear. Considering the fact that
the entire osteolineage cells from the osteoblast progenitors
to the most differentiated osteocytes participate in the
regulation of hematopoiesis, the skeletal system may be an
important therapeutic target with clinical relevance in
hematology field.
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