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Abstract

Purpose of Review This review focuses on evidence
highlighting the bidirectional crosstalk between the hemato-
poietic stem cell (HSC) and their surrounding stromal cells,
with a particular emphasis on cells of the osteoblast lineage.
The role and molecular functions of osteoblasts in normal
hematopoiesis and in myeloid hematological malignancies is
discussed.

Recent Findings Cells of the osteoblast lineage have emerged
as potent regulators of HSC expansion that regulate their re-
cruitment and, depending on their stage of differentiation,
their activity, proliferation, and differentiation along the lym-
phoid, myeloid, and erythroid lineages. In addition, mutations
in mature osteoblasts or their progenitors induce myeloid ma-
lignancies. Conversely, signals from myelodysplastic cells can
remodel the osteoblastic niche to favor self-perpetuation.
Summary Understanding cellular crosstalk between osteo-
blastic cells and HSCs in the bone marrow microenvironment
is of fundamental importance for developing therapies against
benign and malignant hematological diseases.
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Introduction
The Hematopoietic Stem Cell

In addition to its well-established role in providing a mechan-
ical frame for the body and protecting vital organs, the bone is
the home of hematopoiesis. Indeed, the skeleton has recently
emerged as an important regulator of multiple hematopoietic
functions in health as well as in the development and progres-
sion of hematological myeloid malignancies. There is ample
opportunity for the bone cells and blood cells to influence
each other’s fate since an intimate physical interaction be-
tween them is established early in life, when blood precursors
migrate and colonize the embryonic bone and cartilage spaces,
establishing the medullar hematopoiesis and creating the bone
marrow cavity. This interaction occurs within the bone mar-
row (BM), an intricate organ, composed by many different
hematopoietic and stromal cells and surrounded by highly
vascularized and innervated bone. Approximately one trillion
blood cells arise daily in adult human BM, and all of them are
derived from a small fraction of cells—0.05 to 0.1% of total
cells in the marrow—the hematopoietic stem cells (HSC).
The study of HSCs began right after the bombing of
Hiroshima and Nagasaki in 1945. People in the outskirts of
affected areas that were exposed to lower radiation doses dur-
ing a prolonged period of time, showed compromised hema-
topoiesis associated with lethality. Shortly after, studies de-
signed to replicate such conditions demonstrated that mice
exposed to whole-body gamma irradiation, developed the
same radiation syndromes and that at the minimal lethal-dose,
mice died from hematopoietic failure within 2 weeks of expo-
sure. We now know that exposure to radiation has a devastat-
ing effect in mitotically active cells, with the hematopoietic
system being the most sensitive vital organ affected. It was in
the 1950s, when it was demonstrated that clonal HSCs in the
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BM could not only self-renew but also reconstitute blood cell
production by multi-lineage reconstitution in irradiated (aka
myeloablated) mice [1, 2]. Since these initial discoveries, the
definition of the HSC has evolved, and nowadays an HSC is
defined as a cell that has the ability to both generate the entire
hematopoietic system, including the myeloid and lymphoid
lineages, and to replace itself throughout the lifetime of an
adult [3]. Essentially, all HSC activity has been shown to be
contained within the lineage ® (Lin "'°) Scal* c-kit" (LSK)
HSC compartment [4]. However, this compartment contains a
functionally heterogeneous cell population in terms of self-
renewal, life span, and differentiation. The prevailing model
of hematopoiesis relies on the existence of two functionally
different HSC subpopulations, the short- and the long-term
population (LT-HSCs and ST-HSCs, respectively), the behav-
ior of which differs following transplantation into lethally ir-
radiated hosts. LT-HSCs have life-long self-renewing poten-
tial, while the ST-HSCs—that show more restricted self-
renewing capacity—can differentiate into all types of blood
cells following transplantation [5].

Bone and the Hematopoietic Stem Cell Niche

Self-renewal occurs in a cell-autonomous manner but it is
greatly influenced by the so-called stem cell niche. R.
Schofield proposed the concept of the BM HSC niche in
1978 [6] suggesting for the first time that HSCs reside in a
specialized BM microenvironment (niche). Schofield’s
groundbreaking concept implied that the process of hemato-
poiesis requires a supportive BM structure surrounding the
HSCs. Indeed, in vitro culture of HSCs without a supportive
stromal cell layer leads to loss of their long-term engraftment
capacity which eventually occurs even if HSCs are cultured in
the presence of cytokines and growth factors promoting their
stemness [7], such as stem cell factor (SCF), thrombopoietin
(TPO), FIt3 ligand, interleukin-3, —6, and —11 [8—12],
pleiothropin, insulin-like growth factor 2 (IGF-2), fibroblast
growth factor (FGF), angiopoietin-like proteins [13—16], and/
or their combinations. In fact, robust ex vivo maintenance of
repopulating cells has not yet been achieved or is limited to
extremely short culture periods. It is nowadays clear that in
adults, HSCs are localized in highly specialized microanatom-
ical environments within the BM that provide the signals nec-
essary for their maintenance and regulation. This dynamic
microenvironment that tightly regulates HSC homeostasis
consists of a combination of stromal cell types, as well as a
plethora of secreted factors, surface receptors, and extracellu-
lar matrix molecules with different functional roles, all of
which support HSCs (see Fig. 1). These stromal niches are
comprised by osteoblastic, endothelial, and mesenchymal
stromal cells [17]. Interestingly, several studies have shown
that alterations of the BM microenvironment finally lead to
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hematopoiesis disruption and/or malfunction, ultimately
resulting in hematopoietic malignancies [18, 19, 20ee, 21¢].

This review will focus on evidence highlighting the bidi-
rectional crosstalk between the HSC and their surrounding
stromal cells, with a particular emphasis on cells of the oste-
oblastic lineage. The role of these cells in normal hematopoi-
esis and in hematological malignancies will be discussed. The
impact of these observations lies with the fact that understand-
ing the molecular interactions between osteoblasts and HSCs
may allow to target these pathways to promote hematopoiesis.
Alternatively, interrupting interacting signals may help to cre-
ate a niche hostile to dysplastic cells in hematological
malignancies.

Hematopoiesis and the Endosteal Niche

Osteoblasts, the main contributors to the endosteal niche, are
organized in teams of cells layering the endosteal bone sur-
face, acting as the first interface between calcified bone and
the BM (see Fig. 1). Cells of the osteoblast linecage have been
early pointed as key players in the control of hematopoiesis
[22-25]. In contrast, osteoclasts, the bone resorbing cells, ap-
pear to not be involved in the maintenance and mobilization of
HSCs [26].

In 2003, two studies identified cells of the osteoblast line-
age, as critical components of the HSC-niche that regulate
hematopoiesis by affecting HSC-renewal and expansion [27,
28]. In these studies, genetic or pharmacological manipulation
of osteoblasts provided the first evidence that specific cells of
the osteoblast lineage regulate HSC fate in vivo (although
whether they do it directly or indirectly) was unclear.
Alterations in the number of cells of the osteoblast linecage
have also shown opposite effects, with some studies showing
limited HSC expansion [29, 30]. Indeed, LT-HSCs from
osteoblast-ablated mice demonstrate loss of quiescence and
reduced long-term engraftment and self-renewal capacity
[31] and develop a hematological phenotype that favors my-
eloid but suppresses lymphoid and erythroid expansion [21¢].
Interestingly, this shift to myeloid bias at the expense of
lymphopoiesis may precondition the BM to easier engraft-
ment and development of acute myeloid leukemia (AML)
[21e].

Interestingly, osteoblasts appear to regulate homing of
HSCs [32]. Studies in mice have shown that upon transplan-
tation, HSCs preferentially colonize the endosteal region in
close association with the bone lining cells [33-37].
Moreover, HSCs isolated from the endosteal region show
higher proliferative potential as well as greater long-term he-
matopoietic reconstitution potential [38, 39], whereas more
differentiated hematopoietic progenitors are found mainly in
the central BM region, around the perivascular niche. Two
recent studies in HSC-transgenic reporter mice revealed that
the majority of the quiescent HSC are located in the
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Fig. 1 Cellular and molecular structure of the bone marrow niche.
Hematopoietic stem cells (HSCs) reside inside specialized
microenvironments or niches within the bone marrow. Different cells
constitute the niches and contribute to the maintenance and
differentiation of HSCs. The endosteal niche is comprised by
osteocytes, osteoblasts, and osteoclasts, with osteoblasts being the main
cells supporting myelopoiesis throughout the release of soluble factors
such as granulocyte colony-stimulating factor (G-CSF), Osteopontin
(OPN), Annexin-2 (Anxa2), Thrombopoietin (TPO), and Angiopoietin-
1 (Ang-1). Osteoblasts in the endosteal niche as well as endothelial cells,

perivascular niche and localized all along the marrow [40e,
41ee].

In addition to HSCs, B lymphopoiesis is regulated by mi-
croenvironmental factors in the BM. B cell precursors (pre-
pro-B cells and plasma cells) require CXCL12 to differentiate
and are localized in direct contact with stromal cells in the
marrow space that express this chemokine [42]. Among them,
osteoblasts have been shown to play a role in the regulation of
B lymphopoiesis. A common regulation of B cell and osteo-
blast formation or function was suggested by the fact that
several factors that regulate B-cell homeostasis exert direct
effects on osteoblasts; conversely, factors that regulate the
bone remodeling influence B-cell maturation. Osteoblasts
support the differentiation of primitive HSC through lym-
phoid commitment and subsequent differentiation to all stages
of B-cell precursors and mature B cells [43] whereas depletion
of osteoblasts leads to loss of B lymphocytes prior to the
decrease in HSC numbers [44]. Similarly, cells of the osteo-
blast lineage extrinsically regulate B lymphopoiesis by a
mechanism involving Gy signaling in an at least in part, IL-
7-dependent manner [45]. More recently, the inflammatory
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leptin-receptor expressing perivascular cells (LepR*), CXCL12-abundant
reticular (CAR) cells, and Nestin* mesenchymal stem cells (MSC) in the
perivascular niche, secrete the CXC-chemokine ligand 12 (CXCL12)
which controls HSC homing, retention, and repopulation of HSCs.
Osteoblasts, Nestin® MSC and mainly perivascular cells release Stem
cell factor (SCF), a key niche component that maintains HSCs homing,
retention/and repopulation. Opposite gradients of oxygen (O,) and
calcium (Ca®*) characterize the niche and influences HSC maintenance,
self-renewal, and differentiation

cytokine granulocyte colony-stimulating factor (G-CSF) was
proposed to reprogram BM stromal cells (including CXCL12-
abundant reticular CAR cells and osteoblasts) resulting in
suppression of B lymphopoiesis in mice [46]. Remarkably,
in the BM stroma osteoblasts are the main cells with a
myelopoietic supportive capacity, which is mediated by
sustained G-CSF release [23, 47]. Therefore, BM stromal
cells, and in particular osteoblasts, support B lymphopoiesis
and inhibiting this capacity could favor myelopoiesis.

Lastly, and as will be discussed below, recent studies have
refined the intricate functions of the osteoblastic niche on reg-
ulation of hematopoiesis, suggesting that those may depend
on their differentiation stage [45, 48—52¢].

Mechanisms of Crosstalk between Osteoblasts and HSCs

In the endosteal niche, several mechanisms are involved in the
crosstalk between osteoblasts and HSCs. Osteoblasts produce
numerous soluble growth factors and cytokines that regulate
HSC homing/mobilization and quiescence such as CXC-
chemokine ligand 12 (CXCL12), Stem-Cell Factor,
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Osteopontin, granulocyte colony-stimulating factor, Annexin
2, Angiopoietin-1 or Thrombopoietin [23, 27, 30, 53-56] (see
Fig. 1). Moreover, several signaling pathways such as Notch
or parathyroid hormone (PTH) pathways have been involved
in this crosstalk. Activation of PTH-receptor on osteoblasts
induces not only an increase in osteoblast numbers (bone vol-
ume) but also increases the expression of the Notch-ligand
Jagged-1 [27, 57], and at the same time stimulates self-
renewal of HSC. Self-renewing HSCs show Notch-1 activa-
tion in vivo and inhibition of Jagged-1/Notch-1 signaling ab-
rogates the PTH-dependent increase in HSCs [27].
Interestingly, the increase in HSC numbers occurs despite
these cells are lacking the PTH receptor PTHIR, suggesting
a microenvironmentally mediated effect and proving that os-
teoblastic cells are a regulatory component of the HSC niche
in vivo that influences stem cell function through Notch acti-
vation [27]. Along with other pathways, Notch signaling in-
duced by ligands expressed by stromal cells of the BM niche,
is indeed known as a mediator of HSC self-renewal [58—60].
Subsequent studies have further highlighted the role of Notch
signaling between osteoblasts and HSC in maintaining
repopulating potential [61], and in the context of 3-catenin
activation in osteoblasts, in inducing myeloid malignancies
[20ee, 60]. These studies examined the results of enhanced
Notch signals in the regulation of self-renewal or differentia-
tion of HSCs in vitro and in vivo, but they did not address the
contribution of Notch signaling under physiological condi-
tions. Another study using Notch-deficient HSCs showed nor-
mal LT-HSC activity as well as low expression of Notch target
genes in primitive HSCs, suggesting that cell-autonomous ca-
nonical Notch signals are not essential for HSC maintenance
in vivo [62]. However, this study does not exclude the possi-
bility that the role of canonical Notch signaling in HSCs might
occur through induction of Notch ligand expression by the
BM microenvironment, indicating the need for further
assessing the role of Notch signaling in the context of the
HSC niche, especially in pathological conditions such as he-
matological malignancies (discussed later).

CXCLI12 or stromal-derived factor-1 (SDF-1) is produced
mainly by immature osteoblasts as well as by endothelial cells
and controls HSC homing, retention, and repopulation [56].
Stem cell factor (SCF) is a key niche component that maintains
HSCs and is secreted by osteoblasts although its main sources
are perivascular cells [63]. In the adult BM, the expression of
Osteopontin (OPN) is restricted to the endosteal surface where
HSCs that show higher proliferative potential and homing ef-
ficiency reside [38]. OPN is a phosphorylated matrix glycopro-
tein secreted by osteoblasts (and many other different cell
types) that has been demonstrated to be critical for the retention,
migration, and negative regulation of HSC proliferation and
differentiation within the endosteal region [29, 30, 64].
Interestingly, in the BM stroma, osteoblasts are the main cells
with a myelopoietic supportive capacity which is mediated by
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sustained release of granulocyte colony-stimulating factor (G-
CSF) [23, 47]. Both osteoblasts and endothelial cells express
Annexin 2 (Anxa2) at high levels, and Anxa2-deficient animals
show impaired adhesion of HSC to osteoblasts. Moreover,
treatment of mice with Anxa2 inhibitors impaired HSC homing
and engraftment [55]. Angiopoietin-1 (Ang-1) is expressed by
osteoblasts and, through its interaction with the receptor tyro-
sine kinase Tie2, promotes stronger adhesion and quiescence in
HSCs [53]. Genetic deletion of both Tiel and Tie2 in mice
results in a loss of HSC maintenance in the marrow, again
suggesting a role of Ang-1 in the regulation of hematopoiesis
[65]. Finally, Thrombopoietin (TPO), is expressed by osteo-
blastic cells and plays a critical role in the regulation of LT-
HSC quiescence [54].

Not only soluble growth factors and cytokines secreted by
osteoblasts determine HSC fate choices but also, short-lived
biological active compounds can act as potential osteoblastic-
dependent HSC regulators. This is the case for prostaglandin
E, (PGE,), known to affect both stromal and hematopoietic
components of the BM. Specifically, in vivo treatment with
PGE, preferentially increases ST-HSC without affecting LT-
HSC [66]. Ex vivo treatment of HSCs with dimethyl-PGE,
increases HSC repopulating potential both in mouse BM and
in human cord blood samples [67—69]. Moreover, in an effort
to clinically exploit this effect to accelerate hematopoietic re-
covery after BM transplantation, it has been shown that exog-
enous, short-term exposure to PGE, leads to a transient in-
crease in HSC homing and engraftment potential in mice,
suggesting that in vivo manipulation of the HSC pool could
be used to improve hematopoietic recovery [69-71].

In addition to its specific cellular composition, the endos-
teal niche has two characteristics that make it unique. First,
there is a low oxygen tension or hypoxia state (less than 2%
0,), despite the dense vascularity of the endosteum [72].
Hypoxia has recently been identified as an important regulator
of HSC quiescence in the niche [73, 74]. Second, the endos-
teal niche is exposed to elevated levels of Ca®* due to the
intense bone remodeling activity of the bone (see Fig. 1).
During this continuous remodeling, soluble Ca** ions are be-
ing released by both the removal of mineralized bone by os-
teoclasts and by the following formation of the bone by oste-
oblasts. HSCs respond to extracellular ionic Ca®* gradients
through the calcium-sensing receptor (CaR) [75]. Mice defi-
ciency in this receptor show HSC in the blood and spleen but
not in the endosteal niche, indicating that Ca®* sensing
through the CaR is required for retaining HSCs in close prox-
imity to the endosteal surface.

Role of Osteoblast Differentiation Stage in Hematopoietic
Functions

The role of the differentiation state of the osteolineage cells in
maintaining HSCs has been investigated. Self-renewing
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skeletal progenitors in BM sinusoids can form supportive
HSC niches [48], supporting the idea that the immature oste-
oblastic cells are critical for HSC regulation. Interestingly, in
several situations in which bone remodeling is compromised,
hematopoiesis is also deregulated. Mouse embryos lacking the
transcription factor Cbfal/RunX2—indispensable for osteo-
blast differentiation—show complete absence of osteoblastic
maturation as well as abnormal definitive hematopoiesis
(these mice showed extra-medullar hematopoiesis up until
E18.5), indicating that osteoblasts are required to initiate
BM hematopoiesis [76, 77]. Similarly, osteoblast ablation in
Col2.3-TK transgenic mice induces not only a progressive
bone loss that is consistent with the ablation of osteoblasts,
but also dramatic loss of BM cellularity, suggesting that oste-
oblasts are important for the development of active hemato-
poiesis [44].

A unique role for osteoprogenitor cells (skeletal stem cells
or mesenchymal stem cells, MSC) that express Nestin has
emerged as an essential HSC niche component. Nestin®
MSCs colocalize with HSC and express high levels of HSC-
maintenance genes. Depletion of Nestin™ MSCs results in a
reduction of HSC content in the BM [50]. On the other hand,
activation of the PTHR1 in mature osteocytes (terminally dif-
ferentiated osteoblasts), despite expanding the osteoblastic
pool, does not expand HSCs numbers neither their function
[51]. While some studies have shown that quiescent HSCs
specifically associate with small arterioles preferentially found
in the endosteal surface [52¢], two recent ones have indicated,
that those cells are more closely associated with sinusoids—
rather than with arterioles—and that Leptin-receptor (LepR)
cells play an important role in maintaining HSC quiescence
[40°]. Moreover, 94% of LT-HSCs (identified as homeobox
B35, Hoxb5" expressing cells) are located in the perivascular
space [4 1], suggesting that mature osteoblasts do not affect
BM-HSC maintenance directly. In fact, depletion of CXCL12
or SCF in osteoblasts using the Osterix-Cre or Col2.3-cre
mice, does not affect HSC numbers but instead, reduced the
numbers of B lymphoid progenitors [63, 78¢¢, 79¢¢], ruling out
a role for osteoblasts in BM-HSC maintenance. Another re-
cent study revealed how high-fat diet alters gut microbiota,
altering the HSC niche by shifting MSC differentiation into
adipocytes via activation of PPAR-y and decreasing the pop-
ulation of osteoblasts, finally altering hematopoiesis [80¢].
Nevertheless, one of the main problems still pending to be
solved in the study of the endosteal niche is the lack of spec-
ificity of the genetic promoters that define each mesenchymal
lineage subset [81].

Taken together these observations may suggest that differ-
entiating osteoblasts or osteolineage cells play a dual role in
HSC regulation: the most immature subset would influence
HSC proliferation, while the mature osteoblast subset would
favor HSC differentiation along the lymphoid, myeloid, and
erythroid lineages. As of today, the prevalent idea is that there

are several specialized niches for different types of HSC and
that multiple cell types might control each of those niches.
There is indeed an overlap between perivascular and endosteal
niches that impacts HSC function, involving also endothelial
and mesenchymal cells. The discrete BM region occupied by
the HSC provides a unique “cocktail” of signals that finally
determine its behavior and its different biological properties.

Hematological Malignancies and the Osteoblastic Niche

Deregulation of hematopoiesis is a hallmark of malignant dis-
eases such as leukemia, or MDS. In general, those arise from
stem cells or more committed progenitors that undergo several
stages of evolution during which they accumulate genetic and/
or epigenetic alterations [82—85]. These events contribute to
tumorigenic transformation (involving hyperproliferation, de-
regulation of apoptosis, immune evasion, telomere retention,
and/or upregulation/downregulation of either oncogenes or
tumor suppressor genes, respectively), clonal expansion, and
establishment of malignancy. In leukemia, these cells also
termed leukemia stem cells (LSCs), similar to HSCs, reside
in specific niches that help them maintain their properties,
escape the immune system, preserve their phenotypic plastic-
ity, and facilitate their metastatic potential. The niche once
again, plays a crucial role in tumor initiation and progression.
Importantly, since LSCs are able to survive many commonly
employed cancer therapies, targeting the niche components
involved in MDS or AML establishment and/or transforma-
tion may provide an additional therapeutic approach.

AML is the most common adult leukemia, characterized by
the clonal expansion of immature myeloblasts initiating from
rare LSCs. MDS is a heterogeneous group of hematological
disorders associated with defective hematopoiesis. MDS rep-
resent a diverse cluster of clonal disorders with aberrant my-
eloid differentiation and dysplasia, showing an increased risk
of transformation into AML. The genetics events that ulti-
mately lead to the MDS/AML development are among the
ones most widely studied for human disease. However, de-
spite decades of research, MDS/AML remains considered as a
difficult-to-treat cancer, mainly due to its refractory nature to
targeted therapy.

The crucial role played by the stromal cells of the niche was
shown by the fact that genetic and functional alterations in
those cells are able to both affect and induce myeloid malig-
nancies. Ablation of osteoblastic cells leads to accelerated
leukemia progression in several murine models of leukemia
that include AML, chronic myeloid leukemia (CML),
myelomonocytic leukemia, and lymphoblastic leukemia
[21¢]. There is evidence that leukemic cells actively inhibit
osteoblastic cells (or induce the differentiation of functionally
altered osteoblasts), likely through inflammatory mediators
such as TPO or the chemokine CCL3 (also known as MIP-
1) to compromise their ability to maintain normal HSCs, but
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effectively support LSCs [86, 87¢]. Similarly, AML and
MDS decrease osteoblast numbers both in patients and in
mouse models of AML [21¢]. The reinstatement of osteoblasts
numbers and function by pharmacological approach—with
inhibitors of gut-derived serotonin—reduces tumor burden
in all sites and prolongs survival [21¢].

Furthermore, under certain conditions, osteolineage cells
have been demonstrated to trigger the formation of leukemia
initiating cells in the hematopoietic lineage. Primary stromal
dysfunction can result in secondary neoplastic disease,
supporting the concept of niche-induced oncogenesis [18,
20ee, 60]. Osteoblasts were directly implicated in the develop-
ment of myeloid malignancies when it was shown that global
disruption of gene expression in osteoblast progenitors by
deletion of Dicer leads to MDS in mice [ 18], and constitutive
activation of 3-catenin signaling in osteoblasts disrupts hema-
topoiesis, altering the differentiation potential of myeloid and
lymphoid progenitors, and initiating the development of
MBDS, rapidly progressing to AML [20e¢]. In the case of over-
expression of constitutively active [3-catenin, the development
of AML-like hematopoietic malignancy requires overexpres-
sion of the Notch ligand Jagged-1 on osteoblastic cells and
leads to clonal expansion characterized by recurrent chromo-
somal aberrations and somatic mutations [20ee, 60]. As a re-
sult, AML can be transferred to healthy irradiated recipients.
These findings are relevant to human disease, since 38% of
AML and MDS/AML patient, show activation of the [3-caten-
in/Jagged-1 leukemogenic signaling in osteoblasts.
Manipulating the osteoblast or its progenitor at different stages
of the lineage can differentially affect the functions and influ-
ences of these cells in whole body physiology. Indeed, activa-
tion 3-catenin in osteocytes enhances components of the
Notch signaling pathway, but does not alter hematopoiesis
or survival [88]. In addition to the fact that disparate outcomes
of 3-catenin activation depend on the stage of the osteolineage
at which activation occurs, these observations may also reveal
another important component in the mode of osteoblastic [3-
catenin-induced AML. They may indicate that cell-to-cell in-
teraction between osteoblast and HSC is required for AML to
develop. Further supporting the role of the stromal niche in
hematological myeloid malignancies, in another study, genetic
manipulation of mesenchymal stem/progenitor cells and
osteoprogenitors using the Nestin promoter, showed that in-
duction of activating mutations of the protein tyrosine phos-
phatase SHP2 promotes the development and progression to a
myeloproliferative neoplasm (MPN) [89e¢]. Interestingly, ad-
ministration of CCL3 receptor antagonists effectively reverses
MPN development [89<¢]. In addition, a Schwachman-
Diamond syndrome mutation in stromal cells drives MDS
through TLR signaling that predicts AML progression in pa-
tients [90].

These studies highlight both the importance of osteolineage
cells for the maintenance of a benign HSC population, and the
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potential that the primary defect in many hematologic malig-
nancies may lay in the supportive BM microenvironment.
Together, these observations suggest that functional changes
in osteoblasts and/or osteoprogenitors might eventually im-
pact on their ability to regulate hematopoiesis. Conversely,
leukemic myeloid cells were shown to stimulate osteoblast
expansion into myeloproliferative cells that effectively sup-
port expansion of LSCs [87¢¢]. Therefore, a crosstalk exists
between the stromal niche and the pre-malignant HSC or the
LSC. Deregulation of specific signaling pathways in stromal
cells including osteoblasts, can trigger transformation of
healthy HSCs to malignant ones; and, signals from LSCs
can remodel the stromal niche to favor self-perpetuation.

Remodeling of the BM niche has been reported in blood
malignancies. AML and acute lymphoblastic leukemia (ALL)
cells target the HSC niche by directly competing with HSCs
for occupancy of the benign HSC niche [91, 92]. Moreover,
increasing the niche size promotes leukemia engraftment,
while decreasing it compromises dissemination. Once in the
niche, LSCs reduce HSC numbers by driving their terminal
differentiation. Studies in xenograft and syngeneic models of
AML and ALL have suggested that growth of leukemic cells
disrupts the BM niches of normal HSC and normal interac-
tions between HSCs and their microenvironment, making this
niche hospitable to them [91, 92]. Moreover, LSCs are able to
communicate with BM stromal cells through cytokines,
chemokines, and intracellular signals, and those interactions
can protect them from chemotherapy-induced apoptosis, lead-
ing to relapse of the disease [93, 94]. In AML models, this
protection can be abrogated by inhibition of the CXCL12/
CXCR4 axis [95, 96]. In models of ALL, it was demonstrated
that following chemotherapy, residual leukemic cells reside in
a specialized niche that is dependent on leukemic production
of CCL3 and TGF3-1 [97¢¢]. These observations suggest that
disruption of the interactions between LSCs and their micro-
environment may represent a promising strategy of
compromising LSCs by targeting their BM microenvironment
to restore normal hematopoiesis.

Conclusions

The importance of the endosteal microenvironment in the reg-
ulation of hematopoiesis—and thus in hematological malig-
nancies—is starting to be elucidated, setting the groundwork
for direct translation into the treatment of MDS, refractory
leukemia, metastasis, and hematopoietic recovery after stress
or injury. Several studies indicate that multiple cell popula-
tions of the BM microenvironment intersect to regulate the
complex of HSC fate. There is also evidence that the malig-
nant hematopoietic cells alter the number and function of spe-
cific stromal cell populations in the BM in an effort to expand
and resist treatment.
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With multiple anatomically and developmentally distinct
specialized niches providing support for different and separate
populations of HSCs or different HSC fates, as well as a pleth-
ora of secreted molecules, the BM niche, comprised of many
cell types, may also provide several potential therapeutic tar-
gets. Moreover, since hematological malignancies “hijack”
the healthy HSC niche, the identification of the different niche
components and their roles could also be exploited in the
treatment of hematological malignancies or prevention of re-
lapse with niche-targeted therapies.

Characterization of the different cells and their roles in the
HSC niche will likely continue to rapidly progress over the
next few years to increase our understanding of the complex
cellular relationships within the BM. Although the interplay
between the hematopoietic and non-hematopoietic compart-
ments is likely more complex than we imagine, common prin-
ciples will guide the design of new approaches to tackle he-
matologic diseases. Additionally, it is important to delineate
the extrinsic influences from the supportive niche that change
under different physiological conditions, such as aging.
Increased understanding of the aging process in the BM niche
may also uncover critical information for the treatment of age-
related BM illnesses like MDS/AML. Likewise, understand-
ing how the niche controls hematopoiesis during stress in the
acute settings of trauma, surgery, sepsis, radio- and chemo-
therapy, and/or stem cell transplantation may prove crucial for
improving blood cell production and survival.
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