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Hematopoietic stem cells (HSCs) interact dynamicallywith an intricate network of cells in the
bone marrow (BM) microenvironment or niche. These interactions provide instructive cues
that influence the production and lineage determination of different types of blood cells and
maintenance of HSC quiescence. They also contribute to hematopoietic deregulation and
hematological myeloidmalignancies. Alterations in the BMniche are commonly observed in
myeloid malignancies and contribute to the aberrant function of myelodysplastic and leuke-
mia-initiating stem cells. In this work, we review how different components of the BM niche
affect normal hematopoiesis, the molecular signals that govern this interaction, and how
genetic changes in stromal cells or alterations in remodeled malignant BM niches contribute
to myeloid malignancies. Understanding the intricacies between normal and malignant
niches and their modulation may provide insights into developing novel therapeutics for
blood disorders.

One of the critical and unique functions of
the skeleton is to provide the anatomical

spaces for maintaining and facilitating differen-
tiation of hematopoietic progenitors and pre-
cursors. Emerging evidence from several studies
shows that all these populations require a sup-
portive stromal-cell microenvironment in the
bone marrow (BM) and that disruptions in
this microenvironment can lead to aberrant he-
matopoiesis and even hematopoietic malignan-
cies in mice. Nonhematopoietic cells in the BM
and their secreted products provide cellular and
molecular components that are critical for the
regulation of hematopoiesis and affect the devel-
opment and progression of hematological mye-
loid and lymphoid malignancies. This article

will review the principal stromal-cell types and
their signals that have been implicated as regu-
latory cellular components of the hematopoietic
stem-cell (HSC) niche in health and in malig-
nancy. These components not only illustrate the
complexity of the functions of bone, but may
also provide critical clues to novel therapeutic
targets for HSC expansion in conditions of mye-
loablation or in cases of malignant transforma-
tion of HSCs in hematological cancers.

BONE IS THE HOME OF HEMATOPOIESIS

In adults, bone is the home of hematopoiesis
and within it, BM is the main site of residence
for HSCs, where they stand on top of a hierarchy
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of multipotent progenitors that become pro-
gressively restricted to several committed pre-
cursors and/or single lineages that give rise to
the different types of mature blood cells (Fig. 1)
(Orkin 2000). Largely, all HSC activity has
been shown to be confined within the lineage
(Lin)−/lo/Sca1+/c-kithi (also known as LSK)
HSC compartment (Spangrude et al. 1988).

Nevertheless, this compartment is comprised
by a functionally heterogeneous cell population
regarding self-renewal, life span, and differenti-
ation. The current model of definitive hemato-
poiesis relies on the idea of two functionally
different HSC populations: the long-term
HSCs (LT-HSCs) that give rise to the other
one, and the short-term HSCs (ST-HSCs). LT-
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Figure 1. Hematopoiesis. The long-term reconstitution potential of the pluripotent long-term hematopoietic
stem cells (LT-HSCs), can further differentiate toward the multipotent short-term (ST)-HSCs in the bone
marrow (BM). Subsequent differentiation gives rise to either the common-lymphoid progenitors (CLPs), able
to generate the complete lymphoid lineage (natural killer [NK] cells as well as B and T lymphocytes) or the
common-myeloid progenitors (CMPs), which are able to differentiate into the myeloid lineage. Following these
committed progenitors, both megakaryocyte/erythroid progenitors (MEPs) and granulocyte-macrophage pro-
genitors (GMPs) are able to form all mature myeloid lineage cells in the BM.
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HSCs have lifelong self-renewing potential,
whereas the ST-HSC—that showmore restricted
self-renewing capacity—produce common my-
eloid progenitors (CMPs) and common-lym-
phoid progenitors (CLPs) (Yang 2005). CLPs
are the source of committed precursors of B
and T lymphocytes, whereas CMPs give rise to
megakaryocyte/erythroid progenitors (MEPs)
and granulocyte-macrophage progenitors
(GMPs) (Fig. 1). GMPs give rise to the commit-
ted precursors of mast cells, eosinophils, neutro-
phils, andmacrophages. The different properties
of these HSCs vary, probably reflecting diverse
BM niches that support their expansion and/or
differentiation as well as intrinsic characteristics
at each stage.

THE BONE MARROW NICHE

The involvement of the BM niche in hemato-
poiesis emerged when it was suggested that
HSCs reside and are regulated by a specialized
BM microenvironment, the so-called niche
(Schofield 1978). This concept implies that for
hematopoiesis to take place, a specialized BM
microenvironment needs to provide essential
autocrine, endocrine, and paracrine signals as
well as direct cell-to-cell interactions necessary
for the ability of HSCs to self-renew and to dif-
ferentiate into all blood-cell lineages. Many
years of research have validated the niche con-
cept, shedding light onto the molecular and cel-
lular nature of the HSC niche in the BM, yet the
exact contributions of the multiple cell types
that comprise the BM niche are still under in-
vestigation. The BM microenvironment is not
one niche but rather a collection of several “mi-
croniches” that create and at the same time are
created by chemotactic gradients and distinct
cell populations. Each of these microniches in-
duces different responses in HSCs such as hom-
ing, mobilization, quiescence, self-renewal, or
lineage commitment (Fig. 2).

The Endosteal Niche

In the adult BM, under homeostatic conditions,
HSCs reside very close to the endosteal bone
surface (Lord et al. 1975; Gong 1978). Studies

in mice have shown that, on transplantation,
HSCs preferentially migrate to the endosteal re-
gion in close association with the bone-lining
cells (Fig. 2) (Nilsson et al. 2001; Celso et al.
2009; Xie et al. 2009; Kim et al. 2017). Addition-
ally, HSCs isolated from this region show higher
proliferative potential as well as better long-term
hematopoietic reconstitution potential (Hay-
lock et al. 2007; Grassinger et al. 2010), whereas
more differentiated hematopoietic progenitors
are found mainly in the central BM region
around the perivascular niche. The different
cell types that comprise the endosteal niche are
discussed below.

Osteoblasts

Osteoblasts are the main contributors of the
endosteal niche and act as the first interface be-
tween the calcified bone and the BM. Cells of the
osteoblast lineage were early identified as key
cellular players in the control of hematopoiesis
(Lord et al. 1975; Gong 1978; Taichman 1994;
El-Badri et al. 1998).More recent studies suggest
that osteoblast regulation of hematopoiesis may
depend on their differentiation state (Sacchetti
et al. 2007; Wu et al. 2008; Méndez-Ferrer et al.
2010; Calvi et al. 2012; Kunisaki et al. 2013; He
et al. 2017).

In 2003, two studies provided the first evi-
dence that cells of the osteoblast lineage regulate
HSC self-renewal and expansion in vivo (Calvi
et al. 2003; Zhang et al. 2003). Conditional dele-
tion of the bone morphogenetic protein (BMP)
receptor type IA or osteolineage-specific activa-
tion of parathyroid hormone (PTH) led to an
increase in osteoblast numbers that correlated
with increased HSC numbers. Nevertheless, al-
terations in the osteoblast lineage have also
shown opposite effects, with some studies show-
ing limited HSC expansion (Nilsson 2005; Stier
et al. 2005). In fact, LT-HSCs isolated from os-
teoblast-ablated mice show reduced long-term
engraftment and self-renewal capacity as well as
loss of quiescence (Bowers et al. 2015). A de-
crease in osteoblast numbers favors myeloid
but suppresses lymphoid and erythroid expan-
sion (Krevvata et al. 2014). Interestingly, this
shift to myeloid bias at the expense of lympho-
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poiesis, resembles characteristics of hematopoi-
etic aging and may precondition the BM to eas-
ier engraftment and development of acute mye-
loid leukemia (AML) (Krevvata et al. 2014).
Osteoblasts also appear to regulate HSC homing
(Heissig et al. 2002). Studies in mice have shown
that, upon transplantation, HSCs preferentially
localize at the endosteal surface in close associ-
ation with the bone-lining cells, whereas more
differentiated progenitors localized mainly in
the central marrow region around the perivas-
cular niche (Fig. 2) (Nilsson et al. 2001; Zhang

et al. 2003; Celso et al. 2009; Xie et al. 2009; Kim
et al. 2017). HSCs found tightly adhered to the
endosteal surface show higher proliferative and
long-term engrafting potential (Haylock et al.
2007; Grassinger et al. 2010), In addition, co-
transplantation of HSCs with osteoblasts in-
crease their engraftment rate (El-Badri et al.
1998).

Several mechanisms may implement the
cross talk between osteoblasts and HSCs in the
endosteal niche. Osteoblasts produce several cy-
tokines and growth factors that regulate HSC
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Figure 2. The bone marrow (BM) niche. Hematopoietic stem cells (HSCs) reside inside specialized microenvi-
ronments or niches within the BM. The organization of the BM niche and its association with HSCs are depicted
within the two main niches: the endosteal and perivascular niche. The principal cell types of the endosteal niche
are osteocytes, osteoblasts, and osteoclasts, with osteoblasts being the main cells supporting myelopoiesis
throughout the release of soluble factors. Osteoblasts in the endosteal niche as well as endothelial cells, leptin-
receptor-expressing perivascular cells (LepR+), CXCL12-abundant reticular (CAR) cells, and Nestin+ mesen-
chymal stem cells (Nes+ MSCs) in the perivascular niche, secrete the CXC-chemokine ligand 12 (CXCL12),
which controls HSC homing, retention, and repopulation of HSCs. Osteoblasts, Nestin+ MSCs, and mainly
perivascular cells release stem-cell factor (SCF), a key niche component thatmaintains the homing, retention and
repopulation of HSCs.
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homing, mobilization, and quiescence, such as
CXC-chemokine ligand 12 (CXCL12), stem-cell
factor (SCF), osteopontin (OPN), granulocyte
colony-stimulating factor (G-CSF), annexin 2
(ANXA2), angiopoietin 1 (ANG1), or thrombo-
poietin (TPO) (Taichman 1994; Ponomaryov
et al. 2000; Calvi et al. 2003; Arai et al. 2004; Stier
et al. 2005; Jung et al. 2007; Yoshihara et al.
2007). CXCL12 (or stromal-derived factor 1
[SDF-1]) is mainly produced by immature oste-
oblasts but also by endothelial cells and controls
HSC homing, retention, and repopulation (Po-
nomaryov et al. 2000). Although SCF is mainly
secreted by perivascular cells (Ding et al. 2012)
and is a key component involved in HSC main-
tenance, osteoblasts are also contributing to its
pool. Similarly, osteoblasts—as well as other cell
types—secreteOPN, a glycoproteinmatrix com-
ponent that exerts a critical role in the retention,
migration, and control of HSC proliferation and
differentiation in the endosteal surface (Nilsson
2005; Stier et al. 2005; Grassinger et al. 2009). G-
CSF is necessary to support myelopoiesis and is
mainly released by osteoblasts (Lord et al. 1975;
Morad et al. 2008). ANXA2, highly expressed by
both osteoblasts and endothelial cells, regulates
HSChoming and engraftment (Jung et al. 2007).
Osteoblast-expressed ANG1 interacts with TIE2
to promote HSC quiescence and adhesion (Puri
and Bernstein 2003; Arai et al. 2004). Expression
of TPO by osteoblasts has been involved in the
regulation of LT-HSC quiescence (Yoshihara
et al. 2007). A PTH-activated signaling pathway
in osteoblasts simultaneously increases osteo-
blast numbers and HSC self-renewal and repop-
ulating potential through Jagged-1 expression by
osteoblasts and consequent Notch-1 activation
in HSCs (Milner and Bigas 1999; Karanu et al.
2000; Calvi et al. 2003; Weber et al. 2006; Kode
et al. 2016). A different study suggested that cell-
autonomous canonical Notch signals are not es-
sential for HSC maintenance in vivo (Maillard
et al. 2008). These results may indicate that ac-
tivation of Notch signals in HSCs is induced by
additional cells in the BM niche. Indeed, defec-
tive canonical Notch signaling in endothelial
cells alters hematopoietic homeostasis leading
to a myeloproliferative-like disease (Wang et al.
2014). More recently, mesenchymal stem cells

(MSCs) of the endosteal niche were shown
to express distinct molecular profiles based
on their proximity to HSCs (Goncalves et al.
2016; Silberstein et al. 2016). Those in closest
proximity expressed three secreted or cell-sur-
facemolecules not previously connected to HSC
biology: the RNase angiogenin, the cytokine in-
terleukin (IL)-18, and the adhesion molecule
embigin (Silberstein et al. 2016). All of these
factors were found to be HSC quiescence regu-
lators.

Osteocytes

Osteocytes—terminally differentiated osteo-
blasts—comprise 90% of mature bone cells. Os-
teocytes are embedded in the bone matrix and
extend long projections to connect with sur-
rounding osteocytes as well as bone-lining oste-
oblasts (Fig. 2). Given their anatomical location,
the effect of osteocytes on theHSC pool may not
be direct but rather through the endosteal oste-
oblasts. Osteocytes have been involved in the
control of HSCs through the secretion (Fulzele
et al. 2013) and responsiveness (Asada et al.
2013) to G-CSF. Disruption of Gs-α signaling
in osteocytes leads to bone loss associated with
an expansion of the myeloid lineage, in part
through G-CSF osteocyte production (Fulzele
et al. 2013). Ablation of osteocytes does not af-
fect HSC numbers, but impairs the ability of
HSCs to be mobilized in response to G-CSF
(Asada et al. 2013). Osteocyte-specific activation
of the PTH receptor 1 (PTHR1), despite ex-
panding the osteoblast pool, was not enough
to increase HSCs numbers nor their function
(Calvi et al. 2012). Moreover, activation of β-
catenin in osteocytes enhances components of
the Notch signaling pathway, but does not alter
hematopoiesis or survival (Tu et al. 2015).

The Perivascular Niche

Another HSC-supporting niche identified in
close proximity to blood vessels in the adult
BM is the perivascular niche, essential for gas
exchange and delivery of nutrients and waste
removal in the BM (Kiel et al. 2005). The asso-
ciations between HSCs and perivascular and en-
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dothelial stromal cells suggest that these cell
populations coexist in an environment that pro-
motes their maintenance and expansion. It has
been proposed that dormant (quiescent) HSCs
reside specifically in the proximity of arterioles
preferentially found in the endosteal surface
rather than sinusoids, suggesting that there are
separate, spatially distinct perivascular niches
for quiescent and proliferating HSCs in the
BM (Kunisaki et al. 2013). Two recent studies
using HSC-transgenic reporter mice revealed
that, indeed, the majority of the quiescent
HSCs are located in the perivascular niche,
more closely associated with sinusoids and lo-
calized all along the marrow (Acar et al. 2015;
Chen et al. 2016b). Similarly, a recent study us-
ing high-resolution in vivo imaging confirmed
that HSCs preferentially interact with the peri-
vascular niche (Koechlein et al. 2016). The peri-
vascular niche itself is heterogeneous and con-
tains distinct cell types discussed below.

Endothelial Cells

The blood vessels that deliver both oxygen and
nutrients to cells and establish the perivascular
niche are lined by the endothelial cells. HSCs, as
well as hematopoietic progenitors, localize to
these endothelial structures near the endosteal
surface (Kiel et al. 2005). In vivo imaging of the
BM niche shows HSCs in areas localized be-
tween closely located endothelial cells and end-
osteal osteoblasts, suggesting that both cell types
might be essential components of a particular
niche (Celso et al. 2009; Ellis et al. 2011). The
endothelial cells regulateHSC fate both by direct
cell-to-cell contact as well as by the secretion of
angiocrine factors (Butler et al. 2010; Kobayashi
et al. 2010). Despite the fact that specific deletion
of SCF in endothelial cells did not result in loss
of HSC function—suggesting that these cells
may not directly support HSC populations
(Ding and Morrison 2013)—the secretion of
CXCL12, vascular endothelial growth factor A
(VEGF-A), fibroblast growth factor 2 (FGF2),
ANG1, thrombospondin-1 (TSP1), and Notch
ligands, has been described to maintain the
stem-cell pool and regulate self-renewal of
HSCs (Butler et al. 2010; Kobayashi et al. 2010;

Poulos et al. 2013; Rafii et al. 2016). In fact, either
arteriolar or sinusoidal cell populations may or-
chestrate mesenchymal populations found in
their proximity, responsible for HSC support
(Ding et al. 2012; Winkler et al. 2012; Kunisaki
et al. 2013; Acar et al. 2015; Itkin et al. 2016).

Leptin Receptor Perivascular-Expressing
Cells

The receptor for the fat-cell-specific hormone,
leptin, is a well-established marker for MSCs.
Indeed, 94% of colony-forming unit fibroblasts
(CFU-Fs) in adult mouse BM are leptin-recep-
tor-positive (LepR+) cells (Zhou et al. 2014).
Both LepR+ stromal cells and CXCL12-abun-
dant reticular (CAR) cells (discussed below) are
locatedmainlyoverlapping around the sinusoids
and are crucial forHSCmaintenance (Ding et al.
2012; Acar et al. 2015) and are the major source
of growth factors (including CXCL12 and SCF)
for the maintenance of HSCs (Ding et al. 2012;
Ding and Morrison 2013). These stromal cells
are responsible for the trilineage differentiation
of MSCs into fat (adipocytes), bone (osteo-
blasts), and cartilage (chondrocytes) in the adult
BM (Zhou et al. 2014). Of note, all of these stud-
ieswereperformedusingnoninducibleCre lines;
therefore, they reflect the effects of lack of LepR
in cells since development and not necessarily at
the time analyzed.

Nestin-Expressing Mesenchymal Stem Cells

Nestin-positive (Nes+) cells, despite constituting
a small fraction of the BM cells, contain all of the
MSC activity of the marrow (Méndez-Ferrer
et al. 2010). Moreover, these Nes+ cells, confined
in the perivascular region, colocalize with HSCs,
and depletion of this population results in HSC-
mobilization (Méndez-Ferrer et al. 2010). Nes+

cells produce soluble factors involved in HSC
maintenance, such as CXCL12 and SCF, leading
to the hypothesis that MSCs form a niche with
HSC directly and maintain HSC activity (Mén-
dez-Ferrer et al. 2010). Interestingly, Nestin is
expressed by Sca-1+/CD31high arterial endothe-
lial cells but not by Sca-1−/CD31+ sinusoid en-
dothelial cells (Itkin et al. 2016). The lower per-
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meability of the arterioles was suggested to pro-
vide a “metabolically inactive” microenviron-
ment that favors HSC quiescence (Itkin et al.
2016).

CXCL12-Abundant Reticular Cells

CAR cells are a subset of MSCs named for its
high expression of CXCL12, a key factor for
HSC proliferation (Omatsu et al. 2010). Most
of the cells that express CXCL12 and are closely
associated with the endothelial cells (Sugiyama
et al. 2006), are also LepR+ cells and, in fact,
deletion of CXCL12 from LepR+ cells and endo-
thelial cells removes all quiescent and serially
transplantable HSCs from adult BM.

SYMPATHETIC NERVOUS SYSTEM
NEURONAL CELLS AND GLIA

The sympathetic nervous system (SNS) has
emerged as a regulator of the HSC BM niche.
Catecholamines—produced by sympathetic
nerves—are delivered to the BM niche through
the blood circulation or by secretion from the
nerve endings acting in a paracrine mode (Ka-
linkovich et al. 2009). SNS affects the migration
of HSCs from the BM to the bloodstream
through direct actions on HSCs and also indi-
rectly through the microenvironment (Spiegel
et al. 2007; Kalinkovich et al. 2009). Osteoblastic
cells in theBMcan influenceHSCegress through
a process that is regulated by the SNS and in-
volves suppression of CXCL12 production.
Sympathectomy of one tibia in a mouse down-
regulates CXCL12 expression, without affecting
the sham-operated contralateral and impairs
HSC mobilization in response to G-CSF (Ka-
tayama et al. 2006; Méndez-Ferrer et al. 2008).
Inhibition ofCXCL12maypromoteHSCmigra-
tion by inducing critical pathways for cytokine-
induced mobilization (Katayama et al. 2006;
Christopher et al. 2009). Last, glial cells in the
BM are closely associated with HSCs and pro-
duce several factors previously identified as play-
ing a role in theHSCniche (Yamazaki et al. 2009,
2011). Glial cell ablation results in loss of HSC
dormancy and ultimately of HSC numbers (Ya-
mazaki et al. 2011).

THE ROLE OF THE BONE MARROW NICHE
IN HEMATOLOGICAL MYELOID
MALIGNANCIES

Deregulation of hematopoiesis is associated
with the development of hematological malig-
nancies. Emerging evidence shows that the BM
microenvironment, with its intricate and dy-
namic network of distinct cell types that support
and sustain hematopoiesis, plays a key role in the
maintenance, initiation, or outcome of myeloid
disorders. Some of the interactions between cells
of the BM niche and cells of the hematopoietic
compartment have been shown to be altered in
malignant diseases, and several other mecha-
nisms of interactions have been identified in a
wide array of hematological disorders.

Interactions between Components of the BM
Stromal Niche with Malignant Cells

Cells of the BM stromal niche are of particular
interest for their role not only in regulating be-
nign HSC functions but also their malignant
counterparts. A series of studies have shown bi-
directional, instructive signals between the two
types of cell populations.

Competition between HSCs and Leukemia
Cells in the BM Niche

Xenograft as well as syngeneic mouse models
have shown that leukemic cells compete with
benign HSCs for access to the HSC niche and
disrupt normal interactions between HSCs and
their microenvironment, thereby displacing
HSCs and inhibiting hematopoiesis (Colmone
et al. 2008; Glait-Santar et al. 2015). Interrup-
tion of such interactions between HSCs and
their niche can protect leukemia cells from che-
motherapy leading to relapse of the disease
(Ishikawa et al. 2007; Lane et al. 2011). In mod-
els of AML, this protection can be abrogated by
inhibition of the CXCL12/CXCR4 axis (Nervi et
al. 2009; Zeng et al. 2009). Conversely, inmodels
of acute lymphoblastic leukemia (ALL), it was
shown that, following chemotherapy, residual
leukemia cells persisted by residing in a special-
ized niche that was dependent on leukemic pro-
duction of chemokine ligand 3 (CCL3) and
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transforming growth factor (TGF)-β1 (Duan
et al. 2014).

Molecular Signals from the BM Niche
Affecting Leukemia

Osteoblasts are emerging as important regula-
tors of leukemia outcome. Ablation of osteoblas-
tic cells was shown to accelerate leukemia pro-
gression in several mouse models of AML and
ALL (Frisch et al. 2012; Krevvata et al. 2014).
Maintenance of osteoblast numbers during leu-
kemia by pharmacological inhibition of the
synthesis of duodenal serotonin through treat-
ment with the tryptophan–hydroxylase inhibi-
tor LP533401, stimulated normal hematopoie-
sis, delayed disease engraftment, reduced tumor
burden, and prolonged survival (Krevvata et al.
2014). More recently, the establishment of a hu-
man AML xenotransplant system into NSG
mice by coinfusion of patient-derived MSCs
(Reinisch et al. 2016) allowed the opportunity
to study interactions between human leukemia
cells and human stromal niche in vivo. Human
MSCs were able to grow and undergo effective
differentiation, forming a functional vascular-
ized ossicle with a BM cavity that fully recapit-
ulates its supportive function in vivo and
enhances AML cell-engraftment efficiency.

Metabolic Regulation of Leukemia Cells
by the BM Niche

TheBMniche ishypoxic ashasbeen indicatedby
increased oxygen tension in the BM or by in-
creased expression of hypoxia-inducible factor
(HIF)-1α and hypoxia markers (Takubo et al.
2010; Spencer et al. 2014). Hypoxic conditions
in the BM may affect the engraftment of leuke-
mia cells as indicated by studies showing that
silencingHIF-2α in humanAML cells decreased
their engraftment in xenograft models (Rouault-
Pierre et al. 2013). Consistent with these find-
ings, the hypoxia-activated prodrug TH-302 ef-
ficiently depleted leukemia cells and prolonged
survival of AML xenograft models (Benito et al.
2016), indicating that HIFs are required for leu-
kemia cell maintenance. In contrast, conditional
inactivation of HIF-1α and HIF-2α in mouse

models ofMEIS1/HOXA9- orMLL-AF9-driven
leukemogenesis favored engraftment, indicating
that HIF is a tumor suppressor in at least these
models of AML initiation (Vukovic et al. 2015).
Additionalmousemodels ofAMLandmodels of
patient-derived xenografts (PDXs) are required
to understand the involvement of different HIFs
in AML. In contrast to HSCs, which use glycol-
ysis for energy generation and to maintain qui-
escence, AML cells depend on oxidative phos-
phorylation for survival (Lagadinou et al. 2013).
It appears that, to fulfill this need, AML cells
uptake functional mitochondria from BM stro-
mal cells through an endocytic pathway and that
this uptake is enhanced by chemotherapeutic
agents (Moschoi et al. 2016). Thismitochondrial
transfer may provide a survival advantage fol-
lowing chemotherapy.

Neuropathy Induced by Malignant Cells
Alters the BM Niche

Nes+ MSCs and osteoblasts appear to be targets
of SNS signaling-dependent interactions with
malignant cells in different models of myeloid
malignancies. In an MLL-AF9-AML model,
leukemia cells induce sympathetic neuropathy
leading to aberrant expansion of Nes+ MSCs
while restricting the numbers of mature osteo-
blasts through β2-adrenergic signaling (Hanoun
et al. 2014). As a result, expression of HSC-re-
tention factors, including CXCL12, SCF, ANG1,
and VCAM1 was decreased. In a mouse model
of myeloproliferative neoplasms (MPNs) har-
boring the JAK2V617F mutation, the produc-
tion of IL-1β by mutant HSCs causes damage to
sympathetic nerve fibers and death of Schwann
cells, leading to loss of Nes+ MSCs and de-
creased CXCL12 production (Arranz et al.
2014). In turn, the impaired niche promotes ex-
pansion of mutant HSCs and facilitates MPN
progression. These events are prevented by
treatment with agonists of β3-adrenergic recep-
tors, which are expressed in MSCs.

Leukemia-Initiating Mutations in the Stroma

Under certain conditions, osteolineage cells
have been shown to function as leukemia-initi-
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ating cells. The first suggestion for a disease-ini-
tiating niche was provided by two studies show-
ing that genetic ablation of retinoblastoma (Rb)
or retinoic acid receptor γ (Rarγ) in mice in-
duced development of an MPN-like syndrome
(Walkley et al. 2007a,b). However, MPN devel-
opment required inactivation of either gene
in both hematopoietic and nonhematopoietic
cells. This type of HSC-extrinsic disorder shifted
attention to the BM niche as a required compo-
nent for the development of the MPN pheno-
type in both models. Shortly thereafter, another
study linked a defective Notch signaling in non-
hematopoietic cells to a de novoMPN (Kim et al.
2008). However, the specific identity of the dis-
ease-instigating cell(s) in the BM niche and
whether these findings were relevant to patients
remain unknown.

Cells of the osteoblast lineage were directly
implicated in this process in a study showing
that deletion of Dicer1 in osterix-expressing os-
teoprogenitors (but not in mature osteoblasts)
caused aberrant gene expression and led tomye-
lodysplasia (MDS) in mice (Raaijmakers et al.
2010). This work pinpointed a model of niche-
based oncogenesis in which primary alterations
in the stroma would render a malignant micro-
environment that could support further trans-
formation events in distinct cell types (Fig. 3).
In the same study, the observation that Dicer1
inactivation in osteoprogenitors was associated
with down-regulation of the expression of Sbds,
mutations that cause Shwachman–Bodian–Dia-
mond syndrome (a human BM failure and leu-
kemia predisposition condition), provided an
indirect first evidence that a perturbation in
the stroma could be at the center of deregulated
hematopoiesis in humans.

In a subsequent study, a mutation in osteo-
blasts that rendered β-catenin constitutively ac-
tive (Ctnnb1CAosb), led to the development of
MDS, rapidly developing to AML (Kode et al.
2014). The AML-like hematopoietic malignan-
cy was shown to be completely dependent on
overexpression of the Notch ligand Jagged-1
on osteoblastic cells followed by subsequent ac-
tivation of Notch1-mediated signaling in LSK
cells (Fig. 3). Overexpression of Jagged-1 in os-
teoblasts with activated β-catenin was because of

its interaction with FoxO1 (Kode et al. 2016).
This pathway leads to clonal expansion charac-
terized by recurrent chromosomal aberrations
and somatic mutations (Kode et al. 2014,
2016). As a result, AML can be transferred to
healthy irradiated recipients. This pathway may
be relevant to human disease because more than
one-third of patients with MDS/AML showed
nuclear accumulation of β-catenin (a readout
of its constitutive activation), increased β-cate-
nin signaling, and Jagged-1 expression in osteo-
blasts, as well as increased Notch signaling in
MDS/AML cells. Interestingly, the fact that the
phenotypewas reversible in themousemodel by
pharmacological targeting of theNotch pathway
with a γ-secretase inhibitor may indicate a po-
tential new therapeutic strategy for a subset of
MDS and AML patients.

Amore recent study examined the contribu-
tion ofmutations in the stroma to hematological
myeloid malignancies in the context of Noonan
syndrome, a disorder that predisposes to the de-
velopment of juvenile myelomonocytic leuke-
mia (JMML), a childhood MPN (Dong et al.
2016). Noonan syndrome–activating mutations
of the protein tyrosine phosphatase SHP2 in
Nes+ MSC led to the development of JMML-
like MPN by hyperactivating HSCs via over-
production of the CC-chemokine CCL3 and
IL-1β (Fig. 3). Because Noonan syndrome is a
disorder that involves alterations in several genes
(RAS, CBL, B-RAF, SOS1, and SHOC2), a com-
prehensive study with a large cohort of patients
could clarify the relevance of these findings to
human disease.

Finally, another study examined the role of
the niche in the concept of genotoxic stress-in-
duced preleukemia. A Shwachman–Diamond
syndrome mutation in stromal cells was shown
to drive MDS in mice through an inflammatory
axis that involves secretion by the stromal cells
of the endogenous damage-associated mole-
cular pattern (DAMP) molecules S100A8/9,
and activation of Toll-like receptor (TLR) sig-
naling in HSCs, driving oxidative stress and
DNA-damage response (Fig. 3) (Zambetti et
al. 2016). Notably, expression of S100A8/9 pre-
dicted the transformation of low-risk MDS pa-
tients to AML. Collectively, these observations
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suggest that genetic alterations in osteoblasts,
their progenitors, and other stromal-cell niche
lineages can initiate amultistep pathway toMDS
and progression to AML.

Dysplastic Cells Remodel the Bone Marrow
Stromal Niche

More recently, emerging evidence indicates that
leukemic and other types ofmyelodyspastic cells
can remodel and shape the BM niche into a self-
reinforcing leukemic microenvironment. The
signals that emanate from the leukemia stem
cells (LSCs) include a variety of cytokines and
chemokines with proinflammatory and angio-

genic properties such as CXCL12, VEGF, tumor
necrosis factor (TNF)-α, IL-1, IL-6, and IL-8
(Medyouf et al. 2014; Zambetti et al. 2016;
Zhang et al. 2016). This concept of leukemia-
initiating inflammation on the marrow niche
was depicted by a study describing the use of
an inducible double transgenic BCR-ABL
mouse model of human chronic myelogenous
leukemia (CML) to dissect the effects of MPNs
on the niche. Leukemic cells are able to directly
increase osteoblast production byMSCs through
cell-to-cell contact and enhanced secretion of
inflammatory mediators such as CCL3 and
TPO (Fig. 3). As a result of this proinflammatory
milieu, CML remodels the endosteal niche so as
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Figure 3. The role of the bone marrow (BM) niche in hematological malignancies. (A) Reprogramming of the
niche. Leukemic cells reprogram BM mesenchymal stem cells (MSCs) into a self-reinforcing leukemic micro-
environment. Leukemia blasts promote osteoblast formation by MSCs through cell-to-cell contact and secretion
of chemokine ligand 3 (CCL3) and thrombopoietin (TPO). Myelodysplasia (MDS) patient-derived MSCs in-
struct the stroma to secrete N-cadherin, insulin-like growth factor-binding protein 2 (IGFBP2), vascular endo-
thelial growth factor A (VEGF-A), and leukemia inhibitory factor (LIF), favoring MDS expansion. Exosomes
containing microRNAs (miRNAs) are secreted and uptaken by MDS or BM stromal cells, impairing hemato-
poietic stem-cell (HSC) function, and favoring proliferation of dysplastic cells. Endothelial cells can protect and
shelter acute myeloid leukemia (AML) cells from chemotherapy, while responding to them by up-regulation of
c-FOS, interferon (IFN) signaling, and type III collagen A (COL3A). (B) Niche-driven malignancies. Mutations
in niche components have been linked to initiation of myeloid malignancies: an activating mutation of β-catenin
in osteoblasts induces AML in mice through up-regulation of Jagged-1 expression in the same cells. As a result,
Notch1 signaling is activated in long-term HSCs (LT-HSCs). An activating mutation of the protein tyrosine
phosphatase SHP2 (encoded by Ptpn11) in Nestin+ MSC cells leads to the development of myeloproliferative
neoplasm (MPN) by hyperactivating HSCs via overproduction of CCL3 and interleukin (IL)-1β. A mutation in
Dicer1 in osterix (Osx)+-mesenchymal progenitor cells (MPCs) deregulates global gene expression and leads to
MDS. A Shwachman–Diamond syndrome (Sbds) mutation in the same cell type drives MDS in mice through
secretion of the proinflammatory secreted proteins S100A8/9 and subsequent activation of Toll-like receptor
(TLR) signaling in HSCs that become dysplastic and eventually transform to AML.
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to reenforce and self-perpetuate the blast crisis
(Schepers et al. 2013). In line with this concept,
MDS patient–derived MSCs were able to in-
struct the stroma to overproduce N-cadherin,
insulin-like growth factor-binding protein 2
(IGFBP2), VEGF-A, and leukemia inhibitory
factor (LIF); this, in turn, promotedMDS expan-
sion (Medyouf et al. 2014). Of note, in this study
cotransplantation of CD34+ cells together with
patient-derivedMSCs into the BMofNSGmice,
exemplifies the possibility to use PDXmodels as
a preclinical platform for personalized drug de-
velopment.

Exosomes, cell-derived microvesicles of en-
docytic origin present in possibly all eukaryotic
fluids, may be another means of tumor-induced
remodeling of the BM stroma niche (Fig. 3). In
vitro studies show that AML-cell-derived exo-
somes enriched with RNA can be uptaken by
BM stromal and their uptake leads to secretion
of growth factors by the stroma as well as sup-
pression of the HSC-retention factors SCF and
CXCL12 in the stroma (Huan et al. 2015; Huang
et al. 2013, 2015). The latter could compromise
normal HSC functions. Exosomes released from
CML cells induce IL-8 production from BM
stromal cells (Corrado et al. 2016). Uptake of
chronic lymphocytic leukemia (CLL) exosomes
by MSCs and endothelial cells ex vivo repro-
grams these cells to become tumor-supportive
by enhancing leukemia-cell proliferation, releas-
ing cytokines, and promoting angiogenesis also
ex vivo (Paggetti et al. 2015). A reverse type of
intercellular communication has also been re-
ported: exosomes released from BM MSCs col-
lected from MDS patients can transfer miR-10a
and miR-15a to CD34+ cells in vitro and modify
the expression ofMDM2 andTP53 genes (Mun-
tión et al. 2016). However, exosomal transfer still
remains to be shown in vivo.

Endothelial cells and adipocytes can also be
targets for remodeling by malignant cells. Al-
though the function of endothelial cells in
AML models is not affected, their molecular
profiling indicates the development of a tran-
scriptional signature characterized by up-regu-
lation of c-FOS and senescence-related genes,
including interferon signaling and COL3A1
(Fig. 3) (Pizzo et al. 2016). In a xenograft model,

AML cells localize to the vessels in which they
becomemore quiescent, and they respond poor-
ly to cytarabine, indicating that endothelial cells
may serve as a sanctuary site for AML (Cogle
et al. 2014). Once adjacent to the vessels, AML
cells integrate in the endothelium to stimulate
the production of the beneficial endothelium-
like cells. Indeed, inhibition of AML cell tether-
ing to endothelial cells with tubulin-binding
combretastatins, which degrade endothelial cells
adhesion molecules rendered AML sensitive to
chemotherapy (Bosse et al. 2016). Leukemia
cells residing in gonadal adipose tissue induce
lipolysis, which in turns promotes fatty-acid
metabolism of leukemia cells and appears to
confer to the resistance to chemotherapy LSCs
(Ye et al. 2016). Last, hematopoietic clonal cells
directly generate altered niche components in
models of primary myelofibrosis, which is char-
acterized by increasedmyeloid proliferation and
progressive BM fibrosis (Verstovsek et al. 2016).
In these models, neoplastic monocyte-derived
fibrocytes produced collagen and fibronectin
thereby directly contributing to the BM fibrosis.

Bone Marrow Stromal Niche Changes
in Patients with Hematological Myeloid
Malignancies

Although the phenotypic profile of cell-surface
expression markers defining stromal MSCs in
the BM niche does not change between healthy
subjects and myeloid-malignancy patients, spe-
cific subpopulation numbers, functions, or mo-
lecular profiles appear to be altered. MDS and
AML patients show a reduction in osteoblast
numbers, reflecting a corresponding reduction
in bone-formation rate without any changes in
osteoclast numbers (Krevvata et al. 2014). This is
in agreement with clinical reports of osteopenia
or osteoporosis, owing to a decrease in osteoblast
function, noted in newly diagnosed children or
adults with acute leukemia (Shalet 1996; Haddy
et al. 2001; Sala and Barr 2007; Fitter et al. 2008;
Sinigaglia et al. 2008; El-Ziny et al. 2013). In
several of these studies, improvement of disease
burden following chemotherapy correlated with
an increase in osteoblast activity and bone mass,
despite whether corticosterone treatment was
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also used (Crofton et al. 1998; Fitter et al. 2008;
El-Ziny et al. 2013). In stromal cells fromMDS/
AML patients, expression of cell-surface mole-
cules involved in interaction with HSCs is de-
creased (Geyh et al. 2013), whereas the popula-
tion of CD271+ MSCs, which favor blast
expansion through up-regulation of CXCL12 is
increased (Kim et al. 2015a). In addition, CFU
activity and osteogenic differentiation are signif-
icantly impaired (Geyh et al. 2016).

Interestingly, increased expression of Jag-
ged-1, the Notch ligand that is required for
AML induction by constitutively active β-cate-
nin signaling in osteoblasts (Kode et al. 2014), is
frequently noted in BM stromal cells derived
from MDS or AML patients. Overexpression of
Jagged-1 AML-derived stroma, along with SCF
down-regulation, underlined the decreased
stromal hematopoietic support that impaired
the frequency of long-term culture-initiating
healthy CD34+ HSCs (Geyh et al. 2016). Simi-
larly, Jagged-1 expression levels were increased
in MDSMSCs, while production of SCF, Ang-1,
and chemokines was reduced, indeed correlat-
ing with an MDS-dependent hypermethylation
pattern of these MSCs and a compromised ca-
pacity to support HSCs (Geyh et al. 2013).MSCs
from patients with newly diagnosed AML ap-
peared to have been reprogrammed by leukemia
cells to express decreased levels of cell-cycle-
related genes, and increased levels of Jagged-1
and CXCL12 that favor leukemogenesis (Kim
et al. 2015a). Furthermore, niche composition
correlated with clinical outcome because pa-
tients with higher numbers of primitive MSCs
(CD146+/CD166−) showed earlier relapse. Sim-
ilarly, xenograft models of MDS patient-derived
cells showed that MDS cells reprogrammed
MSCs by genetic or epigenetic alterations, so
that MSCs maintained a strong hypoxia signa-
ture under normoxic conditions and overpro-
duced N-cadherin, IGFBP2, VEGF-A, and LIF
to promote expansion of MDS cells (Medyouf
et al. 2014).

Studies have reported the presence of cyto-
genetic aberrations in BM MSCs from patients
with AML, MDS, MPNs, or CML. In most of
these studies, MSC chromosomal abnormalities
are distinct from those in leukemia blasts from

the same patient (Blau et al. 2007, 2011; Lopez-
Villar et al. 2009; Klaus et al. 2010; Huang et al.
2015). Array-comparative genomic hybridiza-
tion (aCGH) analysis in MSCs from MDS pa-
tients identified one cluster linked to MDS with
5q− syndrome (Lopez-Villar et al. 2009). A large
number of patients with MDS (44%) or AML
(54%) presented structural chromosomal aber-
rations in their MSCs, with most abnormalities
observed in chromosome 1, 7, or 10 (Blau et al.
2007). Notably, patients with aberrations in
MSCs were more likely to experience leuke-
mia-related mortality, perhaps caused by chro-
mosomal instability after chromosome loss in
MSCs that could facilitate growth or even trans-
formation of MDS cells. However, another
study identified chromosomal abnormalities in
only 5% of patients with MDS/AML (Kim et
al. 2015b). In high-risk MDS patients, MSCs
showed increased levels of CDKN2B associated
with the induction of senescence in MSCs,
altered DNA methylation status, and shorter
telomeres when compared with healthy older
control donors (Poloni et al. 2014). Aberrant
methylation of the stroma may impair support
for normal HSCs and hematopoiesis in favor of
malignant cells. In low-riskMDSpatients,MSCs
showed distinct transcriptome profiles from
their healthy controls characterized by increased
expression of pathways involved in cellular stress
and inflammation (Chen et al. 2016c).

In CML, MSCs isolated from BCR-ABL+

patients do not express the t(9;22) transloca-
tion (Jootar et al. 2006; Wöhrer et al. 2007). In
contrast, MSCs at early passages from patients
with BCR-ABL-negative MPN carried the
JAK2V617F mutation in both MPN cells and
MSCs (Pieri et al. 2008; Mercier et al. 2009;
Bacher et al. 2010; Avanzini et al. 2014). How-
ever, other genetic abnormalities involving dif-
ferent chromosomes were identified in 17% of
patients with BCR-ABL-negative MPN (Avan-
zini et al. 2014). Whole-exome sequencing of
BMMSCs collected from AML patients at diag-
nosis, remission, and relapse identified a persis-
tent mutation in the PLEC gene in one patient.
PLEC encodes the key cytoskeleton player pectin
(von der Heide et al. 2017). RNA sequencing
revealed deregulation of proteoglycans, adhe-
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sion molecules, and cytokines in BMMSCs col-
lected from AML patients at diagnosis and sug-
gested alterations involved in metabolic path-
ways, endocytosis, and transcriptional and
epigenetic signatures. Last, in IDH1 and IDH2
mutant AML, leukemia blasts produce the on-
cometabolite R-2-hydroxyglutarate (R-2HG),
which alters epigenetics and differentiation in
leukemia cells and also activates the nuclear fac-
tor (NF)-κB pathway in MSCs (Chen et al.
2016a). Up-regulation of NF-κB signaling con-
tributes to enhanced proliferation and resistance
to chemotherapy of AML cells.

CONCLUDING REMARKS

The important role of the BM niche in hemato-
poietic regulation and in hematological myeloid
malignancies is shown by continuously emerg-
ing studies. Distinct niches within the BM mi-
croenvironment can differentially affect both
normal HSC function and malignant cell en-
graftment and fate. Separate niches provide sup-
port for distinct and separate populations of
HSCs and or different potential HSC fates. Sim-
ilarly, niches communicate with malignant cells
by stimulating pathways that can affect malig-
nant cell competition in the BM with normal
HSCs, adhesion, and protected residence within
specific niches, engraftment and quiescence, re-
sponse to neurological signals, and signals from
the hypoxicmicroenvironment. In amost recent
line of research, it is now appreciated that genet-
ic alterations in the stromal niche can initiate
myeloid malignancies, and that the molecular
signals involved are active, and in certain cases
predictive of the outcome in human disease.
Conversely, MDS and leukemic cells in myelo-
proliferative neoplastic models provide instruc-
tive signals that remodel osteoblasts in the end-
osteal BM niche and other stromal cells into a
self-reinforcingmalignant niche. Aside from the
impact of these observations in understanding
the pathogenesis of myeloid malignancies, un-
derstanding the molecular signals between BM
stromal and malignant cells can hold a transla-
tional potential. Despite decades of research,
MDS and AML remain largely recalcitrant to
targeted therapy. Thus far, few of the identified

mutations have been amenable to targeted ther-
apies. Furthermore, targeted therapies in hema-
tological malignancies have been limited by the
evolution of malignant subclones containing re-
sistant mutations, prompting a search for alter-
native targets that may be more stable. In this
context, the fact that the abnormal niche can be
fertile soil for disease development indicates that
targeting and interrupting niche-enabled sig-
naling pathways in myeloid malignancies may
be a novel therapeutic strategy in this family of
diseases.
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