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This past decade has witnessed a renewed interest in the function and biology of matrix-embedded osteocytes
and these cells have emerged as master regulators of bone homeostasis. They secrete two very powerful proteins,
sclerostin, a Wnt-inhibitor, that suppresses bone formation, and receptor-activator of NF-kB ligand (RANKL), a
cytokine required for osteoclastogenesis. Neutralizing antibodies against these proteins are currently used for
the treatment of osteoporosis. Recent studies however, ascribed yet another function to osteocytes: the control
of hematopoiesis and the HSPC niche, directly and through secreted factors. In the absence of osteocytes there
is an increase in HSC mobilization and abnormal lymphopoiesis whereas in the absence of Gsx signaling in
these cells there is an increase of myeloid cells. How exactly osteocytes control hematopoiesis or the HSPC
niche is still not completely understood. In this review we summarize the actions of osteocytes in bone and

Niche then analyze the effects of these cells on hematopoiesis. Future directions and gaps in current knowledge are fur-
ther discussed.

© 2018 Elsevier Inc. All rights reserved.
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1. Introduction

The skeleton is needed to protect vital organs, to serve as a major
reservoir of mineral ions, to allow locomotion and, postnatally, to sup-
port hematopoiesis. Any pathological condition affecting the skeleton
might compromise one or all of its functions. For example, osteopetrosis
is characterized by defects in the bones and changes in hematopoiesis.

The importance of the bone microenvironment in controlling and
maintaining the hematopoietic stem cell (HSC) niche, a specialized stro-
mal microenvironment required to support HSCs, was described in
2003 when osteoblasts where first identified as niche-supporting cells
[1]. Over the last decade, however, the complexity and identity of the
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cells comprising the niche has greatly expanded to delineate an intricate
and sophisticated network between bone marrow cells and different
hematopoietic cell subtypes, as described below. Recently, new studies
have identified osteocytes, the long forgotten cells of bone, as important
regulators of bone metabolism and hematopoiesis [2,3]. This review will
provide a summary of recent advancements in the understanding of os-
teocytes and bone-supporting niche cells and then discuss the role of
osteocytes in hematopoiesis, both directly or through secreted factors
or intermediate cells.

2. Osteocytes

Deeply encased within the hard mineralized matrix of bone, osteo-
cytes have eluded and intrigued scientists for decades. Pioneers in the
field of bone biology identified osteocytes as important regulators of
bone metabolism but their impervious location delayed progress in
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unraveling the biology of these cells. Genetic studies linking human
high bone mass diseases, sclerosteosis and Van Buchem disease, to
sclerostin [4,5], a protein made predominantly by mature osteocytes,
have refocused the attention of scientists to these matrix-embedded
cells. The last few years have brought a wealth of insight into osteocyte
function and their molecular make-up and they have emerged as skele-
tal mechanosensors and central regulators of bone homeostasis and po-
tentially fat metabolism [6]. Osteocytes are terminally differentiated
osteoblasts that, for mechanisms still largely unknown, remain
entrapped within the matrix during active bone apposition. Two models
have been proposed; self-entrapment or embedding by adjacent cells.
One theory suggested that, on the mineralizing front, few osteoblasts
lag behind their collagen synthesis and this “slow collagen production”
dictates their entombment into the matrix. Alternatively, some studies
suggest that the embedding is an active process in which the nascent os-
teocyte actively degrades the mineralized matrix to create the lacuna-
canalicular system [7,8]. Whichever mechanism is responsible for in-
ducing the osteoblast-to-osteocyte transformation the end result is a
mature cell, the osteocyte, which displays a unique genetic makeup
and a distinct morphology. Several molecules are required for a proper
osteocyte “transformation”. For example, expression of E11 (or
podoplanin) and matrix metalloproteinase 14 (MMP-14) are needed
for the formation and elongation of the dendrites [7-9]. In their absence,
the lacuna-canalicular system is compromised and the result is
osteopenia. The mature osteocyte resides within a lacuna and it is con-
nected to adjacent osteocytes and to endosteal and periosteal osteo-
blasts via cellular extensions that travel within canaliculi. Through this
quite extensive lacuna-canalicular system the osteocyte receives nutri-
ents, signals and hormonal cues and communicates with the surround-
ing cells. Osteocytes near the endosteal surface can also communicate
directly with bone marrow cells by extending some dendrites to the
marrow space and by secreting molecules (and possibly macrovesicles)
such as sclerostin, parathyroid hormone related peptide (PTHrP), pros-
taglandin E2 (PGE,), fibroblast growth factor-23 (FGF23) and RANKL
(and possibly many more) capable of acting locally or on distant organs.
Osteocytes express also a plethora of genes required for proper matrix
mineralization and phosphate homeostasis such as phosphate-
regulating neutral endopeptidase (Phex), dentin matrix protein 1
(DMP1), matrix extracellular phosphoglycoprotein (MEPE) and FGF23.
Finally, they synthesize osteopontin (OPN), a phosphoprotein involved
in mineralization and hematopoiesis [10].

2.1. Osteocytes and bone homeostasis

The identification of sclerostin as a potent inhibitor of bone forma-
tion [11], established the importance of osteocytes as regulators of
bone formation. Sclerostin is a Wnt inhibitor that binds to and blocks
LRP5/6 signaling. This glycoprotein requires the expression of LRP4 to
anchor to the bone surface and to bind to LRP5/6 [12]. Sclerostin is high-
ly regulated by mechanical stimuli (an increase in load suppresses pro-
tein expression whereas a decrease in mechanical forces induces its
expression) [13-15], PTH and several other factors, as evidenced in
humans and animals [16,17]. Osteocytes are also key regulators of
bone resorption by secreting both pro- and anti-osteoclastogenic fac-
tors, such as RANKL, macrophage-colony stimulating factor (M-CSF)
and osteoprotegerin (OPG) [18-20]. RANKL, together with M-CSF, is es-
sential for proper osteoclastogenesis. Genetic ablation of RANKL in mice
is characterized by severe osteopetrosis whereas its overexpression is
associated with osteoporosis. Not surprisingly, RANKL neutralizing anti-
bodies are currently used as anti-resorptive therapy for the treatment of
osteoporosis. Osteocyte-derived RANKL, as is the case for sclerostin, par-
ticipates in skeletal responses to mechanical cues and animal models, in
which RANKL is ablated from osteocytes, are resistant to unloading-
induced bone resorption [19]. At the molecular level, both RANKL and
sclerostin expression is controlled by PTH through mechanisms involv-
ing c-AMP-regulated transcriptional coactivators (CTRCs) and histone

deacetylases 4 and 5 (HDAC4/5), respectively, as recently reported
[21]. Taken together, these pieces of evidence highlight the multifunc-
tional role of osteocytes in regulating, in the adult skeleton, both bone
formation and bone resorption (Fig. 2). Few decades ago, Harald Frost
hypothesized the existence of a mechanism (named the
“mechanostat”) capable of distinguishing between bone modeling
(changes in shape) and remodeling (continuous replacement) and he
identified the osteocyte as the “mechanostat” of bone [22]. It is now
clear that these cells are not only mechanosensors of bone, but also hor-
monal targets, as well as endocrine cells capable of controlling distant
organs (for a comprehensive review see [23]).

3. Hematopoiesis and the niche

Normal HSCs are located in special microenvironments or ‘niches’
within the bone marrow. In 1978 Schofield described the existence of
signals between niche cells and HSC regulating HSC entry into cell
cycle and differentiation programs [24]. Since then, with the help of so-
phisticated technologies including in vivo imaging, whole mount im-
munofluorescence and multiparameter sorting of niche cells, multiple
studies have shown the importance of the bone marrow microenviron-
ment (BMM) for the normal physiology of HSC. The BMM represents a
complex entity consisting of different cell populations, including endo-
thelial cells, osteoblasts, osteocytes, adipocytes, neurons, mesenchymal
stem cells and macrophages, as well as extracellular matrix proteins and
physical factors such as oxygen content or mechanical forces essential
for the maintenance, proliferation and differentiation of HSC [25] [26].

In mammals the location of hematopoietic stem and progenitor cells
(HSPC) may depend on their maturation state [27] and/or their activity
[28]. To this day some controversies exist about the exact nature and
function of the endosteal [1,29,30] versus the vascular niches [31-35]
in the bone marrow, and how niche location of HSPC may correlate
with function remains to be elucidated. However, more evidence for
the essential role of the vascular niche for HSPC is accumulating, sug-
gesting that HSCs exist close to arterioles and hematopoietic ‘stress’
leads to HSC proliferation and distribution away from arterioles
[31,36,37]. Low permeability of arterioles and low concomitant reactive
oxygen species in their vicinity seems to lead to maintenance of the qui-
escence of HSCs, while high permeability of sinusoids and a high local
concentration of reactive oxygen species around sinusoids leads to dif-
ferentiation and migration of HSCs [38,39]. Sinusoids, in whose proxim-
ity 67% of HSCs were found [37], are radially distributed within the bone
marrow, are lined with endothelial cells and are surrounded by
perivascular cells. These perivascular cells, which are also found close
to arterioles, predominantly consist of mesenchymal stromal cells
(MSC), a heterogeneous population of cells defined by a set of different
markers. Depending on the location in the BMM (periarteriolar or
perisinusoidal) these MSCs are positive for nestin [40], neural-glial anti-
gen (NG)-2 [35], leptin receptor (LepR) [35] or paired related
homeobox-1 (Prx-1) [34]. MSCs are characterized by their self-
renewal ability and their ability to give rise to different lineages such
as osteoblasts, chondrocytes, adipocytes etc. Depletion of nestin+
MSC, which reside in close proximity to adrenergic nerve fibers, from
the bone marrow led to reduction of CD48~ Lin~ Sca-17" c-Kit™ (LSK)
cells and CD150" CD48~ LSK SLAM cells by almost 50%, partially due
to mobilization to extramedullary sites [41]. Different subsets of MSCs
have been shown to be associated with HSCs [2] but, generally, MSCs
are known to secrete HSC-supportive factors such as C-X-C Motif Che-
mokine Ligand 12 (CXCL12), angiopoietin, stem cell factor (SCF/Kit li-
gand) etc. However, differences according to MSC ‘type’ and ‘location’,
i.e. arteriolar or sinusoidal, have been uncovered [42]. For example,
the use of stem cell factor (SCF-GFP) knock-in mice and various murine
niche cell-specific conditional deletion models of SCF have demonstrat-
ed that SCF is primarily expressed by endothelial cells or leptin
receptor-expressing perivascular cells, which regulate HSC number
(35). Similarly, nestin-GFP cells (expressing GFP under the nestin
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promoter), which express high amounts of CXCL12, have been found in
close proximity of HSCs [40]. Nestin+ cells oscillate according to the cir-
cadian rhythm and, thereby, speak to the role of the sympathetic ner-
vous system for the maintenance of the perivascular niche [43].
Finally, endothelial cells themselves have been shown to support HSC
maintenance by providing factors like CXCL12, SCF, angiopoietin, fibro-
blast growth factor (FGF) 2, Delta like 1 etc. [28,44], and E-selectin dele-
tion from endothelial cells increased HSCs quiescence and self-renewal,
confirming an HSC-supportive role of E-selectin [45].

A fraction of HSPCs can also be found next to the endosteal bone sur-
face, which lies at the interface between bone and bone marrow and
which is lined primarily by osteoblastic cells. Evidence from ex vivo
[46] culture systems, as well as in vivo experiments support the notion
of regulation of HSC niche size and HSC function by these cells. PTH, a
potent regulator of bone turnover, increased the number of osteoblastic
cells [47] and led to a 2-fold expansion of HSCs, while conditional inac-
tivation of BMP receptor type IA (BMPRIA) increased the number of
spindle-shaped N-cadherin™ CD45~ osteoblastic cells [48], concurrent-
ly leading to a ~2.4-fold expansion of HSC within the bone marrow. Fur-
thermore, conditional ablation of the osteoblastic lineage after
treatment with ganciclovir in a transgenic mouse model led to loss of
the lymphoid, erythroid and myeloid progenitors, followed by a 3 to
10-fold decrease of the absolute number of phenotypic HSC [49]. Addi-
tionally, osteoblastic cells maintain the quiescence and the repopulating
activity of Tie2 receptor kinase-expressing HSC in vivo via the Tie2/Ang-
1 signaling pathway [50].

The contribution of bone-degrading osteoclasts to hematopoiesis is
far less studied, but a role of osteoclasts for mobilization of HSPC [51]
and a reduction of the number and self-renewal ability of HSC after in-
hibition of osteoclast function by bisphosphonates has been demon-
strated [52]. Considering that both osteoblasts and osteoclasts have
been identified as HSC supporting cells, it is not surprising that osteo-
cytes too, play a role in hematopoiesis, as discussed below.

Lastly, other cell types, including bone marrow macrophages,
nonmyelinating Schwann cells [53] and megakaryocytes [54] have
also been reported to be important for maintenance of the endosteal
HSC niche. Schwann cells and megakaryocytes have been proposed to
control the activation of latent transforming growth factor-p (TGF-R),
a key regulator of HSC dormancy and self-renewal. TGF-3 comprises a
large family of secreted poly-peptides that signal through cell surface
serine/threonine kinase receptors. TGF-{3 is produced by a variety of
cell types in the bone marrow and large quantities of latent TGF-[3 are
deposited into the bone matrix. During bone remodeling active TGF-3
is released from the matrix and acts as local recruiter of stromal ells
and potential regulator of HSCs. Granulocyte colony-stimulating factor
(G-CSF), the most commonly used mobilizing agent in clinical medicine,
for example, resulted in ablation of endosteal osteoblasts, depletion of
macrophages, inhibition of HSC-supportive cytokines and - as a conse-
quence - mobilization of HSC into the peripheral blood [55]. Further-
more, loss of macrophages led to enhanced CXCR4 antagonist- or
GCSF-induced egress of HSC into the peripheral blood, partially due to
loss of crosstalk between macrophages and nestin+ niche cells [56].

A non-cellular component of the BMM is the extracellular matrix
(ECM) which is known to contain factors that support the adhesion,
functionality and even the number of HSC. Almost 30 years ago heparin
sulfate, produced by marrow-derived stromal cells, was shown to be es-
sential for human hematopoietic blast colony-forming cells' binding to
the ECM in vitro [57]. Furthermore, induced deletion of Ext1, a gene es-
sential for the production of heparin sulfate, a major ECM component, in
BM stromal cells of adult mice resulted in HSPC egress from the bone
marrow and migration to the spleen while pharmacologic inhibition
of heparin sulfate led to mobilization of more potent HSPCs [58].
Tenascin-C, another ECM protein, expressed by stromal and endothelial
cells of the BMM, is essential for the reconstitution of hematopoiesis
after bone marrow ablation while promoting the proliferation of HSPC
via integrin a9 in vitro [59]. Finally, osteopontin (OPN), a matrix

glycoprotein, produced by osteoblastic cells in response to different
stimuli, negatively regulates the stem cell pool size through an increase
of stromal Jagged1 and angiopoietin-1 and reduction of hematopoietic
cell apoptosis [60]. Calcium ions, the oxygen tension and the pH are
among the extrinsic cues of the BM niche that can influence HSC behav-
ior. Calcium-sensing receptor (CaR) is responsible for the homing of
HSC to the endosteal region and for securing the effective adhesion of
HSC to the ECM protein collagen [61]. Further, it has been suggested
that the endosteal niche is hypoxic whereas the more oxygenated vas-
cular niche contains proliferative and differentiated hematopoietic pro-
genitors [62,63]. Finally, the shear stress in bone marrow vessels was
found to influence HSC status, as Runt-related transcription factor 1
(Runx1) was found to be upregulated in fetal CD41+ c-Kit+ hemato-
poietic progenitor cells leading to an increase of hematopoietic
colony-forming potential in response to these forces [64]. Though less
extensively studied, the ‘elasticity’ of the ECM is a likely contributor to
the maintenance of stem cell potential in the bone marrow niche [65].

4. Osteocytes and hematopoiesis

Considering that osteocytes orchestrate both osteoblast and osteo-
clast activities, it is not surprising that these cells directly, or indirectly,
control the hematopoietic microenvironment. There are few mecha-
nisms by which a cell embedded in the mineralized matrix can regulate
HSCs and their niche; a) a direct effect on the niche, b) through the se-
cretion of soluble factors capable of affecting the niche or c) by affecting
intermediate cells capable of controlling the niche, such as perivascular
cells, adipocytes, endosteal osteoblasts, osteoclasts or CAR cells (Fig. 1).
Whereas the first mechanism requires direct contact between the oste-
ocyte and the HSC, and therefore restricts this function to osteocytes
near the endosteal surface, the other two do not. Indeed, several studies
have described the role of osteocytes in hematopoiesis both via secreted
factors and through direct cell-to-cell communication with other cells in
the BM microenvironment. For example, mice lacking Gso in osteocytes
(Dmp1-Cre;Gsafl/fl; Dmp1-G,o¥©) are osteopenic (low bone mass) and
develop a striking myeloproliferation characterized by increased
granulocytes and platelets in the peripheral blood (PB) and in the
bone marrow, as well as marked splenomegaly [3]. BM transplantation
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Fig. 1. Mechanisms of the osteocyte-HSC interaction. Osteocytes (stellate shaped blue cells
on the left) can influence hematopoiesis a) via a direct influence on HSCs (pink round
cells), b) indirectly through the release of soluble factors or c) via regulation of
intermediate cells comprising the niche, such as endosteal osteoblasts, osteoclasts
(purple cells) or others.
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from control donor mice into lethally irradiated Dmp1-G,0*© recipients
demonstrated that the altered BM microenvironment of Gsa-deficient
osteocytes was required for initiation and maintenance of the
myeloproliferation and that the hematopoietic abnormalities were not
intrinsic to the hematopoietic cells but rather imposed by the abnormal
bone microenvironment. Ex vivo studies further demonstrated that the
effect was mediated by osteocyte-derived granulocyte colony-
stimulating factor (G-CSF). A similar phenotype (osteopenia and mye-
loid cell proliferation) is present in another mouse model in which
G, is ablated in mature osteoblasts and/or osteocytes (Oc-Cre;Goufl/
fl) (Divieti Pajevic unpublished data) whereas, when G, is eliminated
in early osteo-progenitors (0sx-Gsa°), the mice have small spleens
and develop B cell defects [66]. Whereas the osteopenia is common to
all these mouse models, the hematopoietic abnormalities have striking
differences underlining the complexity of the functions and interactions
between different bone cells and the bone marrow microenvironment.
Animals lacking Gso in osteocytes have significantly elevated serum
G-CSF and increased HSC mobilization. G-CSF is widely used clinically
to reduce chemotherapy-induced neutropenia, to treat isolated congen-
ital neutropenic states and to mobilize hematopoietic stem cells prior to
bone marrow transplantation. Indeed, HSC migration out of the BM
niche is a critical process for clinical stem cell transplantation. The biol-
ogy underlying HSC egress has been extensively studied; nevertheless
the exact molecular mechanism, intracellular signaling events and cel-
lular targets are still largely unknown. Recently, it was reported that ad-
ministration of G-CSF induced changes in gene expression in osteocytes
and disrupted their lacuna-canalicular network, suggesting a direct ef-
fect of the cytokine on these cells [2,67,68]. Administration of G-CSF to
wild type mice suppressed the expression of osteocytic markers such
as SOST, DMP1, MEPE and PHEX implying that osteocytes might directly
control the egress of HSCs possibly through the sympathetic nervous
system (SNS). Furthermore, using a mouse model in which Dmp1-
expressing cells are eliminated by diphtheria toxin injections (osteo-
cyte-less mice), it was shown that ablation of osteocytes induces
changes in lymphopoiesis and prevents HSC egress upon G-CSF admin-
istration [67]. Nevertheless, evidence of a direct effect of G-CSF on oste-
ocytes is lacking and the precise cellular mechanism(s) and signaling
pathway involved have remained largely unexplored. Interestingly,
osteocyte-less animals have marked osteopenia, osteoclast-mediated,
and increased marrow adiposity suggesting that osteocytes might
control hematopoiesis by osteoclasts or adipocytes-dependent mecha-
nisms, as described above (and shown in Fig. 1). Indeed, marrow
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adipocyte negatively regulate hematopoiesis, as demonstrated by a de-
crease in HSCPs in adipocyte-rich marrow [69].

Further highlighting the complexity of the HSCs niche is the recent
finding that expansion of the HSC niche, induced by PTH administration
or by expression of a constitutively active (Ca) PTHR in 2.3Col1-positive
cells, is not present when the receptor is expressed in osteocytes [70].
Dmp1-CaPTHR animals have a skeletal phenotype very similar to
2.3Col1-CaPTHR mice, characterized by increased osteoblasts and tra-
becular bone [1,70]. Surprisingly, no changes in BM cellularity, HSCs or
hematopoiesis are present in Dmp1-CaPTHR mice, demonstrating that
neither the osteoblastic cell expansion nor osteocyte activation was suf-
ficient to expand the HSCs [1,70]. One hypothesis is that PTH supports
hematopoiesis by expanding and activating spindle-shaped Nestin+
cells (early osteoblast lineage), whereas it promotes bone anabolism
by acting on all cells of the osteoblastic lineage, from progenitors to ma-
ture osteocytes, to bone lining cells. Support of the hypothesis that less
differentiated cells of the osteolineage are the “constituents” of the
niche comes from elegant work by Silberstein et al. [71], in which, by
using a combination of micro-anatomical proximity and single cell
RNA-seq they demonstrate that cells adjacent to HSPC are less differen-
tiated osteoblasts, characterized by expression of angiogenin [72]. One
important osteocyte-derived molecule (and PTH-target) is sclerostin, a
potent Wnt-inhibitor capable of suppressing bone formation. Sclerostin
knock-out (Sost-/-) animals have increased bone volume and hyperos-
tosis due to hyperactive osteoblasts. They display a high bone mass phe-
notype with reduced BM cavity volume and a relative decrease in BM
cellularity. Similar to the Dmp1CaPTHR animals, the Sost-/- animals, de-
spite the osteoblast expansion, have no differences in the frequency or
absolute number of HSCs, common lymphoid progenitors (CLP), com-
mon myeloid/megakaryocyte erythroid progenitors (CMP/MEP), or
granulocyte/monocyte progenitors (GMP) [73], suggesting that expan-
sion of osteoblasts is not sufficient to affect HSCs. In these animals
there is a defect in B cells and mice have a marked reduction in commit-
ted lymphoid and myeloid cells and a significant increase in B cell apo-
ptosis driven by increased CXCL12 expression. Whether this
hematopoietic abnormality is due to a direct osteocyte effect or through
an intermediate cell type has to be determined.

Taken together, these studies recognize osteocytes as regulators of
hematopoietic cells and identify G-CSF, sclerostin and OPN as possible
factors. Despite these advancements in understanding the role of osteo-
cytes further studies will be needed to completely characterize the role
of these cells in hematopoiesis.
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Fig. 2. Osteocyte control of skeletal and mineral homeostasis. The osteocyte expresses several membrane receptors including receptors for PTH, PGE2, NE and others and controls both
osteoblast and osteoclast functions though sclerostin and RANKL. Osteocytes also secrete factors involved in phosphate homeostasis.
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5. Closing remarks

In summary, these recent studies demonstrate a role for osteocytes
in hematopoiesis, myeloid differentiation and lymphopoiesis. Addition-
al studies, both in vitro and in vivo, are needed to elucidate the exact
mechanisms, by which these cells regulate hematopoiesis, at the molec-
ular and cellular level. For example, absence of Gsa signaling in osteo-
cytes promotes myeloid cell proliferation [3], but the receptor(s) and
downstream signaling pathway(s) are still unclear. As shown in Fig. 1
osteocytes can control hematopoiesis and myeloid cells either directly
or indirectly via multiple mechanisms. As the field moves towards
more sophisticated imaging and genetic tools, understanding of the in-
teractions between bone-embedded osteocytes and the hematopoietic
cells will become more clear.
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