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Abstract

Hematopoietic Stem Cells (HSCs) are supported by the bone marrow microenvironment to maintain normal production of
blood cells. The niche may be considered an “ecosystem” that support the function of HSCs and other supportive cells. Altera-
tions in the bone marrow niche are commonly observed in hematologic malignancies. Here, we review recent insights into the
location and the molecular and cellular components of the bone marrow niche. Moreover, we discuss how the niche interacts
with HSCs to drive the pathogenesis of hematopoietic malignancies. Overall, a better understanding of the influences on the
HSC niche may drive therapeutic development targeting defective and aberrant hematopoiesis.

Keywords: Hematopoietic stem cells; Mesenchymal stem cells; Bone marrow; Niche; Microenvironment; CXCL12; Stem cell fac-
tor; Thrombopoietin; G-CSF; Angiogenin; Metabolism; Myelodysplastic syndrome; Acute myeloid leukemia.

Introduction

Hematopoietic Stem Cells (HSCs) are rare, self-renewing and
multipotent progenitors that sustain hematopoiesis throughout
the lifespan [1]. This process involves a complex variety of inter-
actions with supporting cells and ultimately generates all types
of blood cells, including erythrocytes, platelets, and leukocytes.
In this process, HSCs first give rise to an array of hematopoietic
stem progenitors which have restricted self-renewing capacity
before terminal differentiation into mature cells, such as eryth-
rocytes, megakaryocytes that produce platelets, and leukocytes.
In homeostasis, HSCs are mostly in a dormant state, striking a
remarkable balance between quiescence and self-renewal. But
in cases of hematopoietic stresses such as severe infection or
blood loss, HSCs activate to regenerate hematopoietic cells.

HSCs normally reside in the bone marrow within the central
cavities of long and axial bones, although they can transiently
expand into facultative niches in extramedullary tissues such as

the liver and the spleen under severe hematopoietic stresses
[1]. The bone marrow microenvironment provides signals for
the maintenance and regulation of HSCs, directing proliferation,
apoptosis, extra-medullary mobilization, and quiescence [2].
In the past decade, advancements in imaging, HSC biomarker
discovery, and improvement in functional genomic techniques
have allowed for a deeper understanding of the mechanisms
within the bone marrow microenvironment that regulate HSCs.
This review will summarize the current understanding of the
adult hematopoietic bone marrow microenvironment, focusing
on cellular and molecular participants and their contributions
to normal HSC regulation as well as the crosstalk between the
niche and HSCs in malignant transformation.

The HSC niche

Human bone marrow is located within the trabecular region
of the large bones, which is lined by the endosteum, formed
from osteoblasts [3,4]. This is highly vascularized and rich in
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microvessels and capillaries [4,5]. In the center of the bone
marrow, longitudinal large arteries give rise to smaller radical
arteries, which then branch into arterioles. Arterial circulation
transits into venous circulation near the endosteal surface. The
network of arterial vessels progressively transforms into wider,
irregularly shaped sinusoids which eventually coalesce into a
big collecting central sinus and drain into the venous circulation
[4,5].

Within the bone marrow, local tissue microenvironments
with a distinct cellular and molecular makeup, termed “niches”,
maintain and regulate HSCs [6]. The bone marrow is a complex
cellular environment with HSCs residing in close contact with
multiple cell types, including perivascular mesenchymal stromal
cells and endothelial cells [4-7]. These cells secrete growth fac-
tors and chemokines that participate in normal hematopoiesis
and support progenitor cells. Confocal imaging and spatial mod-
elling studies have confirmed that HSCs are widely distributed
throughout the bone marrow but are more common in at the
periphery of the marrow near the bone surfaces compared to
the medullary regions of the bone, and in the metaphysis of the
bone (Figure 1) [8]. In these niches, approximately 80% of HSCs
reside adjacent to sinusoidal blood vessels in the bone marrow,
the remainder are mainly associated specifically with arterioles
or adjacent to transition zone vessels in the endosteal region
[1,4,5,9].

Growth factors that modulate HSC function

The normal function of HSCs is supported by cells that reside
within the bone marrow niche. These supporting cell types are
responsible for the production of growth factors are known to
be required for HSC maintenance, including C-X-C motif chemo-
kine 12 (CXCL12), Stem Cell Factor (SCF) and Thrombopoietin
(THPO) [1]. Other factors in the bone marrow may also modu-
late HSC function in a non-cell-autonomous way by promoting
hematopoietic regeneration after injury, although they are not
necessarily required for HSC maintenance or hematopoiesis.

C-X-C motif chemokine 12 (CXCL12)

CXCL12, also known as stromal cell-derived factor 1, is a che-
mokine protein ubiquitously expressed in many tissues and cell
types and functions as a HSC homing signal to the marrow [3].
In the bone marrow, CXCL12 is constitutively expressed at high
levels by perivascular stromal cells. When deleted from mice,
absence of CXCL12 is universally fatal shortly after birth [10]. Its
receptor, CXCR4, is mainly expressed on immature and mature
hematopoietic cell types. This CXCL12/CXCR4 signaling closely
regulates HSC retention and maintenance in bone marrow
niches [11-13]. Disruption of this connection leads to release of
HSCs into the peripheral blood with limited effect on the func-
tion of HSC [3,14]. Additionally, depletion of bone marrow mac-
rophages reduces CXCL12 expression in the bone marrow and
promotes HSC mobilization and extrameduallary hematopoiesis
[15]. Similarly, deletion of Cxcl/12 from arteriolar NG2-express-
ing cells results in HSC reductions and altered HSC localization
within the bone marrow [16].

This signaling is also vital for subsequent repopulation of HSCs
in the bone marrow [12]. Deletion of Cxcr4 in adult mice result-
ed in severe reduction of HSC numbers and increased sensitivity
to myelotoxic injury [17]. Deletion of Cxcl12 from perivascular
stromal cells or endothelial cells depletes HSCs from the bone
marrow. In contrast, conditional deletion of Cxc/12 from osteo-
blasts in murine lines leads to loss of lymphoid progenitors but

had little or no effect on the number of HSCs [18,19]. Despite
this, mice with deletion of Cxc/12 maintain normal levels of B-
cell and T-cell progenitors [10]. However, ablation of osteoblasts
eventually results in pancytopenia, likely implicating an indirect
regulation of HSCs by osteoblasts [20-22]. Indeed, proximal
osteolineage cells upregulate genes encoding cell surface and
immune response proteins, such as CXCL12 and vascular cell ad-
hesion molecule 1 (VCAM-1), providing a possible mechanism
by which osteoblasts can regulate HSCs, however their exact
function in hematopoiesis is incompletely understood [18,23].

Stem Cell Factor (SCF)

SCF, also known as KIT ligand, is a growth factor that is re-
quired for HSC maintenance. In the bone marrow, SCF is pri-
marily expressed by perivascular and endothelial cells, in prox-
imity to cells that also express CXCL12 [18,20,21]. It activates
signaling by the c-KIT receptor tyrosine kinase, which is widely
expressed on HSCs and mast cells [24,25]. SCF is present in both
membrane-bound and soluble forms [1]. HSCs are depleted in
SI/Sld mutant mice, which lack the membrane-bound SCF but
express soluble form [26]. This indicates that the membrane-
bound SCF is more important for HSC maintenance. Endothelial
and leptin receptor-expressing perivascular stromal cells are
the major sources of SCF for HSC maintenance in normal adult
bone marrow [20]. Deletion of Scf from each cell population
has additive effects on HSC depletion. HSCs are depleted from
bone marrow when Scf is deleted from either endothelial cells
or leptin receptor-expressing perivascular stromal cells [20]. In
this scenario, adipocytes have the capacity to synthesize SCF to
maintain the HSC population [27]. In fact, adipocytes in the long
bones promote hematopoietic recovery through production of
SCF after irradiation [27]. In contrast, HSC frequency or function
was no affected by conditional deletion of Scf from osteoblasts,
hematopoietic cells, or perivascular mesenchymal stem cells
(MSCs) [20].

Thrombopoietin (THPO)

THPO is mostly produced by the liver and kidneys in addition
to the bone marrow stroma (to a much lesser extent) is critically
involved in the maintenance of adult quiescent HSCs [21,28-30].
Unlike other hormones, THPO is not negatively regulated, rath-
er it is directly regulated by platelet quantities [21,28-30]. In its
normal state, THPO produced by the liver promotes megakaryo-
cyte growth, migration and platelet production [31]. Secreted
THPO binds to the THPO receptor, which is also known as the
myeloproliferative leukemia protein (MPL) and activates a sig-
naling cascade that results in megakaryocyte maturation within
the marrow [31]. Maturing megakaryocytes within the marrow
interact with numerous cells, including osteoblasts, osteoclasts,
HSCs, and plasma cells [31]. Loss of THPO or THPO signaling
results in amegakaryocytic thrombocytopenia and eventually
progresses to bone marrow failure via loss of HSC quiescence
[28,29,32]. Murine THPO-knockout models have demonstrated
that absence of THPO results in failure to reconstitute marrow
cellularity following irradiation [32]. Further, liver-specific dele-
tion of murine Thpo reduces both marrow megakaryocytes and
HSCs without decreasing the overall marrow cellularity, impli-
cating THPO as a critical factor in the maintenance of HSCs [32].
THPO ensures HSC chromosomal integrity and function in re-
sponse to irradiation by regulating their DNA-damage response
[33]. THPO receptor agonists drive HSCs into self-renewing divi-
sions, leading to quantitative expansion of functional HSC [2].
Further, depletion of megakaryocytes results in a loss of HSC
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quiescence and increases the expansion of HSCs, likely by a con-
comitant increase in THPO-signaling [34,35]. In ex vivo models,
supplementation of HSC cultures with THPO results in acceler-
ated expansion of HSCs [30].

Indeed, during times of hematopoietic distress in which THPO
signaling may be enhanced such as during periods of throm-
bocytopenia or during treatment with THPO-mimetics such as
eltrombopag and romiplostim, HSCs exit their quiescent phase
and being to divide through an MPL-mediated mechanism [36].
However, long term increases in THPO or treatment with THPO-
mimetics results in bone marrow fibrosis through transform-
ing growth factor beta (TGFb), platelet-derived growth factor,
and mechanisms resulting in increased bone marrow reticulin
production [31,37]. THPO-mediated marrow fibrosis may be
reversible upon normalization of THPO levels or cessation of
therapy with THPO-mimetics [37].

Angiogenin

Angiogenin is a secreted ribonuclease with a broad range
of effects, including angiogenesis, neurogenesis, and immune
regulation [28]. In HSCs, angiogenin promotes quiescence, how-
ever it promotes proliferation in lineage-committed myeloid
progenitors; the exact mechanism is not yet understood [28].
Angiogenin is expressed at a higher level in mesenchymal pro-
genitors, osteolineage-committed progenitors, and periarterio-
lar sheath cells. It restricts the proliferation of early lymphoid
progenitors and HSCs, thereby promoting HSC self-renewal and
repopulating potential [29]. Supplemental therapy with angio-
genin promotes hematopoietic regeneration following bone
marrow failure in stem cell transplantation, while deletion of
angiogenin from those cells resulted in an increased number of
long-term HSCs and more active cycling of HSCs [28].

Granulocyte Colony Stimulating Factor (G-CSF)

G-CSF is a cytokine that is mainly produced by the endotheli-
um and macrophages. It is clinically used to promote HSC mobi-
lization into the bloodstream and to increase the production of
granulocytes, either to reconstitute a depleted immune system
or to prepare a patient for a bone marrow donation. To promote
mobilization, G-CSF suppresses the expression of CXCL12 from
marrow stromal cells, downregulating the homing signal that
attracts HSCs to the marrow niche while upregulating CXCR4
[3,10]. Interestingly, activating osteoclasts via administration of
RANK-ligand results in mobilization of HSCs, but inhibition of os-
teoclasts with calcitonin mitigates the G-CSF-induced mobiliza-
tion of HSCs [3]. It has been hypothesized that activated osteo-
clasts secrete cathepsin K which may cleave CXCL12 and result
in mobilization of HSCs [3]. Further, neutrophils are believed to
play a role in G-CSF-mediated HSC mobilization, although this
too is incompletely understood [3]. Recently, it was found that
these two functions induced by G-CSF work independently.
While cells with limited regenerative potential are induced to
repopulate by G-CSF, dormant HSCs are only mobilized into the
blood without any proliferation [30].

Bone marrow niche cells that regulate HSCs

The HSC niche can be regulated by various types of cells, in-
cluding perivascular stromal cells and endothelial cells, which
can produce factors including CXCL12 and SCF. Several other
cell types also contribute to maintenance of the HSC niche [7],
and can leverage additional factors including CXCL4, G-CSF, and
TGFB.

Bone marrow stromal cells

CXCL12-abundant reticular cells reside in the marrow at
sites closely associated with HSCs [10]. They have been found
to largely overlap with nestin-GFP+ stromal cells, and leptin re-
ceptor-expressing cells, in studies where both of are defined by
transgenic expression using defined stromal-specific promoters
[17,20,41-43]. These stromal cells are all MSCs that have both
adipogenic and osteogenic potential. They differentiate into
adipocytic and osteoblastic mesenchymal lineages in the adult
bone marrow, producing large amounts of proteins for the stor-
age of nutritional energy or bone formation [41,43,44]. HSCs
are depleted from the bone marrow when Scf or Cxcl12 are
conditionally deleted from leptin receptor-expressing CXCL12
abundant reticular cells. This implicates them in a maintenance
role for the HSC niche [16,20,44].

Osteoblasts

It had been believed that osteoblasts do not directly pro-
mote HSC maintenance as they do not express the crucial niche
factors [20,21]. However, evidence that osteoblast ablation
eventually causes pancytopenia has led to the hypothesis that
osteoblasts indirectly regulate HSCs likely via crosstalk [22].
Recently, stable genome-wide transcriptional differences have
been identified by single-cell RNA-seq and transcriptional com-
parison between HSC-proximal stromal cells and osteolineage
cells either in proximity to transplanted HSCs or at a distance.
Proximal osteolineage cells displayed a significant upregulation
of genes encoding cell-surface proteins and those involved in
immune response, such as CXCL12 and VCAM-1, and angio-
genin, lending further support for osteoblastic regulation of
HSCs [23].

Adipocytes

The bone marrow-resident adipocytes are abundant and
their number in the bone marrow increases with age [42]. More-
over, malignant bone marrow stromal cells have been shown to
have increased adipogenic potential [45]. Adipocytes have been
shown to negatively affect HSC maintenance and are increasing-
ly present after chemotherapy and radiation [46]. Bone marrow
adipocytes were found to also synthesize SCF after depletion
of endothelial cells and leptin receptor-expressing stromal cells
[27]. Despite being an important source of SCF in both locations,
adipocytes in long bones promote hematopoietic recovery after
irradiation while in caudal vertebrae they inhibit hematopoietic
regeneration. Importantly though, adipogenesis can promote
initial hematopoietic recovery following irradiation [27]. This is
in accordance with the finding that adipocyte-rich bone marrow
has decreased numbers of HSCs compared with adipocyte-poor
bone marrow [46]. Leukemia cells have been shown to remodel
bone marrow adipocytes [47]. This may be critical as different
types of adipose tissue, defined as either white, beige or brown,
has been shown to be either healthy or associated with inflam-
mation and metabolic disease [48]. Notably, an adipose-regu-
lated pro-inflammatory bone marrow microenvironment has
been linked with acquired aplastic anemia [49]. We have also
reported a mouse model of obesity and leukemia highlighting
the importance of obesity-mediated inflammatory signaling to
hematopoietic malignancy development [50].

Endothelial cells

Endothelial cells lining the blood vessels of the bone marrow
are also indispensable for HSC maintenance through producing
niche factors CXCL12 and SCF and are a central component in
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the maintenance of these cells [1,19,20,51]. Despite the rela-
tively small amount of CXCL12 and SCF expressed, conditional
deletion of Cxcl12 or Scf from endothelial cells has been shown
to lead to the decrease of HSC number in bone marrow [19,20].
HSC frequency and function were not affected when Scf was
conditionally deleted from other cell types such as osteoblasts,
megakaryocytes or other hematopoietic cells [20]. The HSC
niche thus depends on SCF or CXCL12 that is produced by endo-
thelial cells and leptin receptor-expressing stromal cells.

Neuronal cells

Bone marrow is highly innervated [13]. Sympathetic nervous
fibers generally run alongside arterioles, yet subsets are also
found in the sinus wall and the hematopoietic parenchymal
tissue, indicating an existence of interconnected network [52].
The nervous system is not required for the maintenance of HSCs
in the bone marrow but is critical for bone marrow regeneration
after chemotherapy [53]. Signals from the sympathetic nervous
system coordinate the circadian egress of HSCs into the circula-
tion by regulating local production of CXCL12 in the synapsed
perivascular cells [52,54]. Genetic or pharmacological ablation
of adrenergic signaling inhibits G-CSF-induced HSC mobilization
[54]. Pharmacological or genetic ablation of adrenergic neu-
rotransmission inhibits G-CSF-induced HSC mobilization [13].
Lastly, nonmyelinating Schwann cells are autonomic nerve-en-
sheathing glial cells. They are a producer of TGF(, which is a
quiescence signal for HSC [55].

Megakaryocytes

Megakaryocytes are terminally differentiated hematopoietic
cells that have an inhibitory role in HSC expansion via the secre-
tion of CXCL4 and TGFp [34,35]. Studies showed that depletion
of megakaryocytes resulted in specific loss of HSC quiescence
and led to a marked expansion of functional HSCs. By con-
trast, conditional deletion of Cxc/4 or Tgfb1 in megakaryocytes
increased HSC activation and proliferation [34,35]. While in
response to stress, FGF1 signaling from megakaryocytes tran-
siently dominates over TGFB inhibitory signaling to stimulate
HSC expansion to facilitate the recovery of hematopoietic sys-
tem [34].

Monocytes and macrophages

Higher levels of G-CSF are expressed in monocytes and mac-
rophages as part of the response to sepsis and other inflamma-
tory conditions [56]. Depletion of bone marrow macrophages
reduces CXCL12 expression in the bone marrow and promotes
HSC mobilization and extramedullary hematopoiesis [15].
Monocytes and macrophages with high expression of asmooth
muscle actin and cyclooxygenase-2 maintain HSCs and protect
them from exhaustion during stress situations by producing
prostaglandin E2. Moreover, macrophages maintain the quies-
cence of HSCs through the DARC/CD82 ligand interaction and
downstream TGFp signaling [57].

Sinusoidal and arteriolar niches

Functionally distinct perivascular niches are created by si-
nusoids and arterioles [8,16,58-60]. There is a higher ratio of
quiescent to cycling HSCs associated with arterioles [16,58].
However, overall majorities of both quiescent and cycling HSCs
are localized to the sinusoids [8,16,58,59]. The sinusoidal and
arteriolar microenvironments differ with respect to vessel wall
permeability, oxygen tension and niche factors produced by
the residing hematopoietic cells [1,9,16,58,59]. First, sinusoids

are very leaky as they have a fenestrated basal lamina. They
promote HSC activation and are the exclusive site allowing for
cell migration to and from the bone marrow. In contrast, less
permeable arterial blood vessels maintain HSCs in a low oxida-
tive state, which can keep HSCs in a quiescent state [59]. They
also seem to be more resilient after radiation, thus HSCs may
become more dependent on periarteriolar niches during the re-
generation of hematopoiesis [61]. Second, direct measurement
of local oxygen concentration in the bone marrow showed that
the lowest oxygen tension can be found in deeper perisinusoi-
dal regions. The endosteal region, by contrast, is less hypoxic as
it is perfused with small arteries [9]. Thirdly, cytokines produced
in distinct vascular niches contribute to HSC maintenance dif-
ferently. Selective Cxcl12 deletion from arteriolar NG2express-
ing cells caused HSC reductions and altered HSC localization in
bone marrow. In comparison, deletion of Scf in sinusoidal leptin
receptor-expressing cells led to reductions in bone marrow HSC
numbers [16].

Differentiation hierarchy and metabolic features of HSCs

HSCs rely heavily on anaerobic glycolysis and have relatively
inactive mitochondria irrespective of oxygen tension, in a man-
ner similar with the Warburg effect in cancer cells [62]. The
activity of specific metabolic pathways and the differentiation
state of stem cells are clearly related (Figure 2). Cell differentia-
tion is accompanied by a shift from anaerobic glycolysis to mito-
chondrial respiration; oxygen tension increases from the endos-
teum to the sinusoids [63,64]. The level of oxygen in the various
locations within the bone marrow niche are directly responsible
for CXCR4 function and expression, with higher CXCR4 function
and expression in relatively hypoxic environments [64]. More-
over, stem cell fate is dependent on the degree of activation
of mitochondrial metabolism, in addition to other factors [65].
Initially, embryonic stem cells rely entirely on glycolysis for their
source of energy regardless of oxygen availability [66]. After
birth, adult stem cells such as HSCs and their progenitor cells
reveal a preference for glycolysis and a repression of oxidative
phosphorylation [67]. Later, terminally differentiated hemato-
poietic cells lose their colony-forming capacity and shift from
glycolysis to mitochondrial oxidative phosphorylation to pro-
duce ATP. In addition, reprogramming somatic cells to a primi-
tive stage results in a metabolic switch from an oxidative to a
glycolytic phenotype [68]. These results indicate that the dif-
ferentiation hierarchy is in close relationship with metabolism,
and loss of primitive stem cell potential is accompanied by a
remodeling of the mitochondrial compartment. Differentiation
of HSCs is accompanied by a biogenic shift from glycolysis to
mitochondrial oxidative phosphorylation (Figure 2) [69].

Interestingly, recent studies have demonstrated unique mi-
tochondrial bioenergetic features associated with leukemia and
drug resistance [70,71]. Namely, increased oxidative phosphor-
ylation was observed in acute myeloid leukemia (AML) under
chemotherapeutic selective pressure but this was not exclu-
sive to the Leukemia Stem Cell (LSC) compartment [70]. This
increase in oxidative phosphorylation accompanies increased
mitochondrial biogenesis and so has been postulated to be due
to an increased reliance on this metabolic pathway [70]. It has
therefore been postulated that targeting mitochondrial metab-
olism may represent a strategy to overcome this aspect of AML
drug resistance [70]. However, another study has suggested
that increased reliance on oxidative phosphorylation may be
representative of mitochondrial inefficiency due to other ener-
getic and metabolic changes [71]. Intriguingly, alterations in mi-
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tochondrial bioenergetics were observed to be associated with
and possibly secondary to alterations in sphingolipid metabo-
lism [71]. Not surprisingly, dysfunctional sphingolipid metabo-
lism has also been associated with AML and therapy resistance
[71,72]. Overall, this highlights the importance of metabolic
changes that occur during hematologic malignancy and demon-
strates the relevance of metabolic-targeting therapeutic strate-
gies.

Recent studies by the Jordan group have suggested that LSC
metabolism is unique between AML at diagnosis as compared
with relapse/refractory AML [73,74]. Specifically, it was shown
that amino acid metabolism was upregulated in AML LSCs at di-
agnosis, but that fatty acid metabolism was favored in relapse/
refractory AML LSCs [73]. These results were later expanded
on to show that nicotinamide metabolism was upregulated in
relapse/refractory AML LSCs [74]. Of note, low levels of Reac-
tive Oxygen Species (ROS) were used as these studies’ primary
measure to define LSCs. Therefore, when comparing to other
studies it is important to consider that these metabolic find-
ings were uncovered in ROS-low AML LSCs and not AML cel-
lular populations defined in other manners. Notably, the Jor-
dan group’s studies focused on the therapeutic combination of
venetoclax with azacitadine [73,74]. Specifically, they showed
that this therapeutic combination disrupted various aspects of
amino acid metabolism in ROSlow LSCs from AML at diagnosis,
including by decreasing the uptake of amino acids [73]. Earlier,
the Jordan group had described a role for Bcl-2 as a regulator
of amino acid metabolism in ROS-low LSCs and that this repre-
sented a metabolic vulnerability in AML [75]. This is intriguing
because venetoclax resistance in AML has mostly been attrib-
uted to Mcl-1 upregulation as venetoclax is a BH3-mimetic that
targets Bcl-2 [76,77]. Previously, the Jordan group showed that
Bcl-2 dysregulated oxidative phosphorylation in ROS-low LSCs
from AML at diagnosis such as to create a metabolic vulnerabili-
ty that could be targeted by venetoclax [75]. Interestingly, other
recent studies have shown that therapeutics that upregulate or
delivery the sphingolipid ceramide can restore AML sensitivity
to venetoclax [76,78,79]. Notably, sphingolipids are commonly
derived from the amino acid serine, with some exceptions us-
ing other amino acids as precursors [80,81]. Therefore, dysfunc-
tional sphingolipid metabolism represents an intriguing and
likely important metabolic problem in hematopoietic malignan-
cies.

Malignant transformation of the HSC niche

Hematologic malignancies such as leukemia do not propa-
gate efficiently in vivo outside of the bone marrow and are dif-
ficult to grow ex vivo. This suggests that supporting cells within
the bone marrow niche may help to support or drive the ma-
lignant transformation of HSCs. Furthermore, malignant HSCs
may remodel the niche to increase its own support, while sup-
pressing normal hematopoiesis [82-84]. Alteration of the bone
marrow niche is an important and necessary step in leukemo-
genesis [85].

Bone marrow niche contributions to malignant HSCs

Notch signaling in endothelial cells has been shown to lead
to the expansion of HSC niches by inhibiting Cxc/12 expression
in bone, which increases capillary perivascular cells and arteri-
ole formation and elevates cellular SCF levels [86]. Defects in
this signaling pathway have been observed to lead to the devel-
opment of myeloproliferative disease and has for many decades
been linked to the development of T-cell neoplasms [87,88]. Fur-

ther, it appears that constitutive Notch activation via transduc-
tion of HSCs with active Notch1 intracellular domain increases
self-renewal of HSCs [88]. Constitutive Notch activation pre-
vents HSCs differentiation into hematopoietic progenitors [88].
To disrupt the cancer-stromal interactions in leukemia, CXCR4
antagonists have been clinically used to promote mobilization
leukemic cells from the protective microenvironment, making
them more sensitive to conventional chemotherapy [89,90].

Alterations in bone marrow stromal cells have been shown
to be sufficient to initiate myeloproliferative disorders [83]. In
acute lymphoblastic leukemia and Chronic Myeloid Leukemia
(CML), malignant cells were shown to have increased G-CSF
production and reduced homing and retention in the bone mar-
row, which was related to decreased Cxcl/12 expression in bone
marrow stromal cells [91,92]. Osteogenic differentiation has
also been shown to be reduced in myelodysplastic syndrome
(MDS)-derived MSC [93]. In fact, MSCs from a wide diversity
of MDS subtypes are structurally, epigenetically, and function-
ally altered, which leads to impaired stromal support and may
contribute to deficient hematopoiesis in MDS [93]. An activat-
ing mutation of B-catenin in mouse osteoblasts has also been
shown to alter the differentiation potential of myeloid and lym-
phoid progenitors, leading to development of AML. This demon-
strates a link between genetic alterations in osteoblasts and the
development of AML [94]. Moreover, this shows that an altered
microenvironment can serve as an inciting event in hematologic
malignancy. Genetic alterations in bone marrow niche cells also
indicates that the microenvironment can contribute to the de-
velopment of myeloproliferative disease, including deletion of
Rb, RAR-y, IkBa, or MIB1 as part of the Notch signaling pathway
[95-98]. Additional evidence of the link between changes in the
bone marrow microenvironment and malignancy comes from
knockdown of Dicerl in murine MSCs, which was similarly asso-
ciated with an MDS/AML phenotype [99]. Likewise, knockdown
of SBDB in bone marrow niche MSCs was shown to trigger se-
cretion of the damage-associated molecular pattern molecules
S100A8 and S100A9 [100]. This is noteworthy because high lev-
els of SI00A8 and S100A9 were associated with an increased
risk of MDS evolving to AML in patients [100].

In addition, leukemic bone marrow infiltration in an MLL-AF9
AML model has been shown to be promoted by neuropathy of
the sympathetic nervous system [101]. Development of AML
damages the sympathetic nervous system and disrupts the qui-
escence of perivascular MSCs. This can lead to increased osteo-
blastic differentiation at the expense of HSCmaintaining periar-
teriolar niche cells. Moreover, stromal B2-adrenergic receptors
have been shown to regulate LSCs. This is evidenced by rescue
of the healthy HSC niche by B2 agonist treatment, which other-
wise limits LSC expansion [101].

Malignant HSCs remodel the bone marrow niche

Just as the bone marrow niche may have profound effects on
HSC behavior, malignant HSCs may also shape the microenvi-
ronment to selectively enhance their own support over normal
HSCs [83]. In CML, malignant cells release exosomes that stimu-
late bone marrow stromal cells to produce IL-8 to promote CML
cell survival [102]. The secretion of IL-8 is part of the crosstalk
between CML cells and bone marrow stromal cells mediated
by exosomes [102]. Furthermore, in myeloproliferative neo-
plasms, leukemic cells stimulate MSCs to overproduce func-
tionally altered osteoblastic lineage cells, which accumulate
in the bone marrow cavity as inflammatory myelofibrotic cells
[103]. This is partly due to malignant HSCs that secrete CCL3
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and THPO to impact osteoblast function [103]. Malignant HSCs
have also been found to produce IL-1pB to trigger neural damage
and Schwann cell death, which further causes MSC reduction
[104]. In addition, MSC derived from MDS or AML patients are
altered and do not support normal HSCs indicative of hemato-
poietic insufficiency within the bone marrow. Further evidence
for HSC and MSC crosstalk within the MDS bone marrow micro-
environment comes from murine xenotransplantation models.
In these models, successful engraftment depended on simulta-
neous transplantation of both patient-derived MSC as well as
patient-derived malignant HSCs [105]. Further indicative of the
link between malignancy and the bone marrow niche, in these
models MDS patient-derived MSC were also able to reprogram
healthy HSCs [105]. Finally, healthy MSCs can take on MDS-like
molecular features when exposed to MDS cells, indicative of the
ability of malignant cells to directly remodel the microenviron-
ment [105].
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Figure 1: Schematic representation of the HSC niche.

The bone marrow microenvironment is composed of different cell
populations that coordinately contribute to the regulation of HSCs.
These include perivascular stromal cells, endothelial cells, mega-
karyocytes, sympathetic neurons and non-myelinating Schwann
cells, adipocytes, monocytes and macrophages. The arteriolar
niche has a higher ratio of quiescent HSCs, whereas majorities of
both quiescent and cycling HSCs localize to the sinusoidal niche.
The absolute pO, of the bone marrow is quite low despite very high
vascular density, with the lowest pO, in perisinusoidal regions. The
endosteal region, by contrast, is less hypoxic as it is perfused with
small arteries.
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Conclusion

This review has illustrated the contributions of multiple cell
populations within the bone marrow microenvironment to the
complex regulation of HSC function. There is a continuing and
further need to understand how the niche controls HSC function
during stress situations, including during infection, malignancy,
and during therapy. Examining the crosstalk between HSCs and
their niche may provide targetable pathways to alter the HSC
niche in such a way that it becomes less hospitable to malignant
cells [84]. In this manner, targeting the HSC niche itself is an
attractive avenue for the treatment of hematologic malignan-
cies. Future work utilizing high resolution single-cell methods,
as well as endogenous labeling and tracking of stem cells, may
further foster studies on the complex interplay occurring within
the microenvironment of the bone marrow.

differentiated
blood cells
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Figure 2: Differentiation hierarchy and metabolic features of HSCs.
Stem cell fate may be directly modified by metabolism. The dif-
ferentiation of stem cells is accompanied by a biogenic shift from
glycolysis to mitochondrial oxidative phosphorylation. HSCs pre-
fer to use glycolysis rather than mitochondrial oxidative phos-
phorylation as a main energy source. Following differentiation,
terminally differentiated cells lose colony-forming capacity and
shift from glycolysis to mitochondrial oxidative phosphorylation.
Abbreviations: ESC: Embryonic Stem Cells; iPSC, induced Pluripo-
tent Stem Cells; HSCs: Hematopoietic Stem Cells; HPCs: Hemato-
poietic Progenitor Cells.
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