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A B S T R A C T

Acute myeloid leukemia and acute lymphoblastic leukemia cells hijack hematopoietic stem cell (HSC) niches in
the bone marrow and become leukemic stem cells (LSCs) at the expense of normal HSCs. LSCs are quiescent and
resistant to chemotherapy and can cause relapse of the disease. HSCs in niches are needed to generate blood cell
precursors that are committed to unilineage differentiation and eventually production of mature blood cells,
including red blood cells, megakaryocytes, myeloid cells and lymphocytes. Thus far, three types of HSC niches
are recognized: endosteal, reticular and perivascular niches. However, we argue here that there is only one type
of HSC niche, which consists of a periarteriolar compartment and a perisinusoidal compartment. In the
periarteriolar compartment, hypoxia and low levels of reactive oxygen species preserve the HSC pool. In the
perisinusoidal compartment, hypoxia in combination with higher levels of reactive oxygen species enables
proliferation of progenitor cells and their mobilization into the circulation. Because HSC niches offer protection
to LSCs against chemotherapy, we review novel therapeutic strategies to inhibit homing of LSCs in niches for the
prevention of dedifferentiation of leukemic cells into LSCs and to stimulate migration of leukemic cells out of
niches. These strategies enhance differentiation and proliferation and thus sensitize leukemic cells to
chemotherapy. Finally, we list clinical trials of therapies that tackle LSCs in HSC niches to circumvent their
protection against chemotherapy.

1. Introduction

Leukemias are hematologic malignancies that are characterized by
an overgrowth of white blood cells and are caused by increased
monoclonal cellular proliferation in the bone marrow, resulting from
(epi)genetic changes in either HSCs, lymphoid or myeloid progenitor
cells [1–3]. HSCs are at the top of the hematological hierarchy as

multipotent stem cells with self-renewal capacity that give rise to
various types of progenitor cells and ultimately the production of
mature erythrocytes, megakaryocytes, myeloid cells, and lymphocytes
[4–6]. Since mature blood cells are short-lived, HSCs are required
throughout life to replenish progenitor and precursor cells [5,7].

A stem cell niche is a specialized microenvironment that helps to
maintain stem cell characteristics. In the bone marrow, HSCs reside in
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HSC niches, which play an important role in regulating the behavior of
HSCs with respect to homeostasis and stress responses [7–10]. The
proliferation and differentiation of hematopoietic progenitor cells and
their daughter cells are sufficient to maintain the homeostatic hemato-
poiesis under normal conditions, consisting of the production of one
trillion (1012) cells per day in healthy human adult red bone marrow. In
such circumstances, HSCs are in a dormant quiescent state to prevent
stem cell exhaustion [11–13]. Blood is a tissue with one of the highest
regenerative capacities and the prevention of HSC exhaustion is
extremely important considering the necessity to upregulate hemato-
poiesis in case of blood loss due to tissue damage or hematopoietic
stress [5]. In these contexts, HSCs are forced to leave the niches to
differentiate and proliferate in order to maintain hematopoiesis
[13–15].

In the present review, molecular mechanisms are discussed of the
crosstalk between HSCs and the three types of HSC niches that are
recognized until now. Next, HSC niches are described in AML and ALL
when AML/ALL cells use HSC niches to become LSCs that are quiescent
and resistant to therapy [16–19]. We refer to this process as hijacking of
HSC niches by leukemic cells. Hijacking of HSC niches by leukemic cells
and their transformation into LSCs is considered to be the most
prominent cause of tumor recurrence [18–20]. We describe the
molecular interactions between LSCs and the main cell types of HSC
niches, growth factors, cytokines and chemokines in HSC niches that
facilitate adhesion, survival and quiescence of LSCs in HSC niches,
ultimately resulting in therapy-resistance of LSCs [19]. Finally, ther-
apeutic targeting of LSCs in HSC niches is discussed as a promising
approach to treat AML and ALL more effectively.

2. HSC niches

HSCs are currently considered to reside in one of three types of HSC
niches: endosteal, reticular or perivascular niches [21,22]. Some cell
types, proteins and factors are shared between the three types of niches,
others are considered to be unique for a specific niche type. A common
factor of all types of niches is that they tightly regulate whether HSCs
migrate into niches, are kept inside the niches or migrate out of the
niches. This is crucial, because HSC stemness and quiescence are
promoted in the niches, whereas migration out of the niches enables
HSC differentiation and proliferation. The cell types, proteins and
factors that are present in the two compartments are listed in Table 1.

2.1. The endosteal niche

The endosteum is the interface between bone and bone marrow
which mainly consists of osteoblasts and, to a lesser extent, osteoclasts.
Mature osteoblasts produce ECM and are responsible for bone forma-
tion whereas osteoclasts resorb bone and thus function in bone
remodeling [4,21]. The endosteal niche is associated with the endo-
steum (Fig. 1A) and facilitates interactions between osteoblasts and
HSCs, which keeps HSCs quiescent [19]. The main cell types of the
endosteal niche that maintain stemness and quiescence of HSCs and
affect their homing and mobilization are osteoblasts, osteoclasts [8] and
osteomacs [4,23]. The functions of these 3 main cell types and the
molecular mechanisms by which they maintain HSCs in the endosteal
niche, will be discussed in the following Sections (2.1.1–2.1.3).

2.1.1. Osteoblasts
2.1.1.1. Osteoblast-promoted retention of HSCs in endosteal niches. Several
interactions and intermediate molecules between osteoblasts and HSCs
have been described for the endosteal niche. OPN is a matrix
glycoprotein with cytokine and chemokine properties which is secreted
by osteoblasts and binds to HSCs via CD44 or integrins containing a β1
subunit. This results in homing of HSCs in the endosteal niche and
downregulation of HSC proliferation [7,24–26]. CD44 can also interact
with the ECM component (HA), which results in homing of HSCs into

HSC niches. HA is produced in the endosteum by stromal cells and
hematopoietic cells under hypoxic conditions due to HIF-1α activity
[27]. Furthermore, the chemoattractant SDF-1α (CXCL12) is produced
by osteoblasts under hypoxic conditions and interacts with its receptor,
CXCR4, which is expressed on HSCs, resulting in the retention of HSCs in
the endosteal niche [7,25,26,28,29].

2.1.1.2. Osteoblast-promoted self-renewal of HSCs. HSCs express the
receptor MPL which binds TPO after secretion by osteoblasts.
Interactions between TPO and MPL result in homodimerization of MPL
receptors that activate both Janus kinase 2 (JAK2) signal transduction
and the signal transducers and activators of transcription (STAT)
pathway, which in turn activate RAS, PI3K/AKT and mitogen-activated
protein kinase (MAPK) pathways, which ultimately results in HSC self-
renewal and survival [30]. Binding of TPO to MPL also upregulates HIF-
1α expression and stability and may thus function in hypoxia [31]. The
Notch signaling pathway also plays an important role in maintaining the
HSC phenotype. Binding of osteoblastic factor Jagged-1 to its Notch-1
receptor on HSCs causes transcription of genes involved in inhibition of
differentiation and an increase in self-renewal capacity of HSCs in
endosteal niches. This is achieved by proteolytic cleavage of the
intracellular part of Notch-1, its translocation to the nucleus and
binding to cofactor recombining binding protein suppresser of hairless
(RBPJ/CBF1) and co-activator Mastermind [32,33]. Osteoblasts also
secrete transforming growth factor-β (TGF-β), bone morphogenic
protein (BMP)-2 and BMP-7, which bind to type I and type II serine/
threonine kinase receptors on HSCs. This results in SMAD translocation
to the nucleus and transcription of target genes, which results in
quiescence of HSCs and maintenance of the HSC phenotype [34–36].
TGF-β also activates the PI3K pathway [36] as well as the MAPK, ERK
and JUN N-terminal kinase pathways via JUN and SMADs in the nucleus,
resulting in transcription of target genes and subsequently HSC self-
renewal and survival [37].

2.1.1.3. Osteoblasts and WNT signaling in HSCs. Osteoblasts affect both
the canonical and non-canonical wingless-type (WNT) signaling
pathways in HSCs that have opposite effects on HSC differentiation.
The canonical WNT signaling pathway stabilizes β-catenin after binding
to its receptors Frizzled (FZ) and lipoprotein receptor-related protein 5/
6 (LRP5/6). Stabilized β-catenin translocates to the nucleus, where it
interacts with transcription factors that promote HSC differentiation
[38–41]. In the non-canonical pathways, Wnt-Ca2+ and Wnt-Jun N-
terminal kinase pathways, β-catenin is not stabilized whereas Wnt-FZ
interactions induce an increase in intracellular Ca2+ levels through
inositol-3-phosphate or induce the Jun N-terminal kinase pathway
through Rho/Rac GTPases. Non-canonical signals can then affect
actin-dependent cytoskeletal reorganization and maintain the
stemness of HSCs [38–42].

2.1.1.4. Effects of osteoblasts in hypoxia. Under hypoxic conditions,
HSCs express the tyrosine kinase receptor TIE2 which bind to its
ligand ANG-1, which are both produced by osteoblasts under the
influence of HIF-1α [7,26,43]. Binding of ANG-1 to TIE2 on HSCs
results in phosphorylation of TIE2 and activation of the PI3K/protein
kinase B (AKT) pathway. The downstream effects are activation of p21
and nuclear factor kappa beta (NF-κB), resulting in downregulation of
HSC proliferation and HSC survival, respectively [44–46]. Osteoblasts
also secrete the growth factor SCF which binds to the tyrosine kinase
receptor c-KIT on HSCs which downregulates HSC proliferation
[21,47]. HIF-1α directly enhances the transcriptional activity of SCF
[48]. SCF can also induce HIF-1α expression in HSCs which is mediated
by PI3K and retrovirus-associated DNA sequences (RAS)/extracellular
regulated kinases (ERK) pathways, but it is unclear whether or not SCF
also plays a direct or indirect role in the stabilization of HIF-1α in
hypoxic conditions [49]. The effects of hypoxia are described in more
detail in Section 2.5.
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2.1.1.5. Direct contacts between osteoblasts and HSCs. Osteoblasts that
are spindle-shaped and N-cadherin-positive have contacts with N-
cadherin-positive HSCs. These calcium-dependent intercellular
adhesions between osteoblasts and HSCs induce quiescence and
dedifferentiation of HSCs but the underlying mechanisms are not
fully understood [8,21]. However, recent imaging studies that applied
fluorescence microscopy failed to demonstrate any direct contacts
between osteoblasts and HSCs. Therefore, it is doubtful whether these
N-cadherin-mediated interactions exist [45,50].

2.1.2. Osteoclasts
Osteoclasts play a complex role in endosteal niches. On the one

hand, release of calcium during bone resorption by osteoclasts attracts
and retains HSCs in endosteal niches, because HSCs possess calcium-
sensing receptors [7,51]. Signaling through calcium-sensing receptors
on HSCs involves G-protein coupled receptor subunits Giα and Gqα with
subsequent inhibition of cyclic AMP generation and activation of the
MAPK pathway and phospholipase C, respectively. It ultimately results
in retention of HSCs in the endosteal niche [52]. Besides, osteoclasts
release growth factors such as TGF-β in a similar fashion as osteoblasts
and contribute to the regulation of HSC quiescence and the mainte-
nance of the stem cell pool [34–36].

On the other hand, osteoclasts release proteases, such as cathepsin K
and matrix metalloproteinase 9, in stress situations such as bleeding
and surgery [28]. Proteases released by osteoclasts during stress can
degrade SDF-1α and OPN and downregulate the retention signal of
HSCs to the niche and thus cause HSC migration out of HSC niches
[13,15,28]. Furthermore, SDF-1α levels in niches can be reduced by G-
CSF (see below), which also downregulates expression of vascular cell-
adhesion molecule-1 (VCAM-1), SCF, ANG-1, and SDF-1α by nestin-
positive mesenchymal stem cells (MSCs), which also induces migration
of HSCs out of niches [26,50,53]. Nestin-positive MSCs are present in

low abundancy in the endosteal niche but play a significant role in HSC
mobilization [26,54,55].

2.1.3. Osteomacs
Osteomacs are macrophages that are intercalated throughout the

endosteum and are localized in close proximity of endosteal osteoblasts
and osteoclasts. Osteomacs are crucial for osteoblast function, since loss
of osteomacs results in depletion of osteoblasts and abrogation of bone
mineralization by osteoblasts [4,23]. The interaction mechanisms
between osteomacs and osteoblasts are unknown [23], but the interac-
tion between osteomacs and osteoclasts is understood better. Granulo-
cyte colony-stimulating growth factor (G-CSF) is secreted by osteoclasts
and binds to its receptor on osteomacs [23]. This depletes osteomacs
and ultimately results in depletion of osteoblasts and reduced levels of
osteoblast-secreted cytokines that are required for HSC retention in
endosteal niches, such as SDF-1α, ANG-1 and c-KIT [23,56]. This results
in migration of HSCs out of endosteal niches. G-CSF synthesis is
regulated by adrenergic neurons [54] by the transcription factor growth
factor independence-1 [57] and through control of mRNA stability
[58]. G-CSF mRNA in osteomacs is stabilized in response to interleukin
1, tumor necrosis factor-α (TNF-α) or lipopolysaccharides. Conversely,
stabilization of G-CSF mRNA is reversed by interleukin 10 [58].

2.2. The reticular niche

The name of reticular niches is derived from reticular cells, which
are stromal cells that produce large amounts of SDF-1α (CXCL12) and
are therefore called CXCL12-abundant reticular (CAR) cells
[21,25,26,59,60]. The regulatory mechanisms with respect to CAR cell
function and their SDF-1α production are currently unclear. CAR cells
are scattered throughout the bone marrow and have long processes that
create a network [21,61] (Fig. 1B). In fact, immunohistochemical

Table 1
Cell types and proteins in periarteriolar and perisinusoidal compartments of HSC niches that are involved in binding of HSCs and LSCs in HSC niches and release from the niches.
Abbreviations: ANG-1a, angiopoitin-1; BMP, bone morphogenic protein; CAR cell, CXCL12-abundant reticular cell; c-KIT, Mast/stem cell growth factor receptor; CXCR4, C-X-C receptor
type 4; ECM, extracellular matrix; G-CSF, granulocyte colony-stimulating growth factor; HSC, hematopoietic stem cell; MPL, thrombopoietin receptor; MSC, mesenchymal stem cell; OPN,
osteopontin; SCF, stem cell factor; SDF-1α, stromal derived factor-1; TGF-β, transforming growth factor-β; TIE2, receptor tyrosine kinase; TPO, thrombopoietin; VCAM-1, vascular
endothelial cell-adhesion molecule; VLA-4, very late antigen-4; WNT, wingless type.

Cell types and proteins Function

Periarteriolar compartment of HSC niches
Osteoblasts Synthesis of ECM including bone [4,21]
Osteoclasts Bone resorption [4,7,21,51]
Osteomacs Macrophages localized near osteoblasts and osteoclasts, mediate optimal mineralization and secrete SDF-1α, ANG-1 and c-KIT [4,23]
CAR cells Secretion of high levels of SDF-1α and SCF and maintenance of HSC phenotype [21,25,26,59,60]
MSCs HSC mobilization and maintain HSC phenotype by expressing SDF-1α, SCF, VCAM-1, OPN c-KIT, ANG-1 and interleukin 7 [21,26,70]
N-cadherin Adhesion of HSCs to osteoblasts and maintenance of HSC phenotype [8,21]
CXCR4 and SDF-1α Retention and maintenance of CXCR4+ HSCs in the niche [7,24–26,28]
VCAM-1 and VLA-4 Maintenance of HSC phenotype via interaction with integrin VLA-4 [66]
SCF and c-KIT Maintenance of HSC phenotype by binding to receptor c-KIT on the HSC membrane [21,47]
OPN and CD44 or β1 integrins Anchorage of HSCs to the niche by binding CD44 or β1 integrins and maintenance of HSC phenotype [7,24–26]
TIE2 and ANG-1 HSC retention and maintenance of HSC phenotype [44–46]
MPL and TPO HSC retention and maintenance of HSC phenotype [4,30]
CatK Degradation of SDF-1α, migration of HSCs out of the niche [13,15,28]
G-CSF Induction of migration of HSCs out of the niche by reducing SDF-1α levels and downregulating CXCR4 on HSCs [54,58]
TGF-β Maintenance of HSC phenotype [34–37]
BMP2 and BMP7 Maintenance of HSC phenotype [34–36]
Notch pathway Maintenance of HSC phenotype and inhibition of differentiation [32,33]
WNT pathway Maintenance of HSC phenotype and inhibition of differentiation [38,39,42]

Perisinusoidal compartment of HSC niches
Endothelial cells Production of SDF-1α and SCF for homing and maintenance of HSC phenotype [64]
MSCs HSC mobilization and maintenance of HSC phenotype by expressing SDF-1α, SCF, VCAM-1, OPN, c-KIT, ANG-1 and interleukin 7 [21,26,70]
CAR cells Secretion of high levels of SDF-1α and SCF and maintenance of HSC phenotype [21,25,26,59,60]
SDF-1α and CXCR4 Retention and maintenance of CXCR4+ HSCs in the niche [7,24–26,28]
VCAM-1 and VLA-4 Retention of HSCs in the niche via interaction with integrin VLA-4 [66]
SCF and c-KIT Maintenance of HSC phenotype by binding to receptor c-KIT on the membrane of HSCs [21,47]
OPN and CD44 or β1 integrins Anchorage of HSCs to the niche by binding CD44 or β1 integrins and maintenance of HSC phenotype [7,24–26]
TIE2 and ANG-1 Maintenance of HSC phenotype via interaction with receptor TIE2 [44–46]
Interleukin-7 Maintenance of HSCs [21,26,70]
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analysis has shown that 97% of HSCs in perivascular niches (see Section
2.3) and 100% of HSCs in endosteal niches are in contact with processes
of CAR cells [21,61]. CAR cells are located around endothelium of
sinusoids and do not express the pan-endothelial marker platelet/
endothelial cell-adhesion molecule (PECAM)/CD31 or α-smooth muscle
actin, indicating that these cells are different from endothelial cells,
pericytes and smooth muscle cells [21,60]. CAR cells also secrete large
amounts of SCF and are crucial to keep HSCs in an undifferentiated
state [62]. When SDF-1α and SCF production by CAR cells is down-
regulated, which occurs during hematopoietic stress, HSCs migrate out
of the niche [21,61,63].

2.3. The perivascular niche

HSCs and endothelial cells are derived from the same embryonic
progenitor cells, called hemangioblasts. Vasculogenesis and hematopoi-
esis occur concurrently during embryonal development. HSCs are
attached to the endothelium of sinusoids in the central part of
perivascular HSC niches (Fig. 1C) [64,65]. Endothelial cells express
VCAM-1, which interacts with the integrin very late antigen-4 (VLA-4)
on the membrane of HSCs, and this ligand-receptor interaction facil-
itates retention of HSCs in perivascular niches. The interaction between
VCAM-1 and VLA-4 results in phosphorylation of focal adhesion kinase
pp12SFAK in HSCs, facilitating retention of HSCs in perivascular niches

[66]. VCAM-1 expression is regulated by TNF-α produced by immune
cells in the bone marrow. TNF-α triggers intracellular activation of
MAPK and NF-κB in HSCs, which downregulates the transcription of
various genes, such as that of VCAM-1, due to the combined effects of
the transcription factors activating protein-1, GATA and NF-κB [67].
VCAM-1 downregulation results in mobilization of HSCs out of the
niche via VCAM-1-VLA-4 signaling (see Section 2.1.1) [68]. Endothelial
cells and nestin-positive MSCs produce SDF-1α and SCF [25,69,70] that
maintain HSCs in their undifferentiated state [45,71]. Nestin-positive
MSCs express HSC maintenance factors, such as not only SDF-1α and
SCF, but also c-KIT, ANG-1, interleukin-7, VCAM-1 and OPN
[21,26,70]. On the other hand, nestin-positive MSCs in perivascular
niches are associated with adrenergic neurons of the sympathetic
nervous system. Noradrenalin signaling downregulates MSC activity,
thus leading to HSC mobilization by downregulation of SDF-1α levels in
the niche and CXCR4 expression on HSCs [26,54,72].

2.4. The vasculature of red bone marrow in relation to hypoxia

The vasculature of red bone marrow is complex and relatively
poorly investigated, particularly in humans. It differs from the micro-
vasculature of yellow bone marrow which is undoubtedly related with
its function. The microvasculature is the bridge between the arterial
system that supplies blood and the venous system that drains the blood

Fig. 1. Three types of HSC niches. A. The most essential cell types in the endosteal niche are OBs, OCs, OMs and CAR cells. These cell types facilitate adhesion of HSCs to the endosteal
niche. The following interactions have been reported to be involved: N-CAD, SDF-1α/CXCR4, OPN/CD44/β1 integrins, ANG-1/TIE2, SCF/c-KIT, VCAM-1/VLA-4 and TPO/MPL. B. CAR
cells around sinusoids in the reticular niche produce large amounts of SDF-1α and SCF, which maintain the HSC phenotype. C. HSCs are maintained in the perivascular niche by the SDF-
1α/CXCR4, SCF/c-KIT and VCAM-1/VLA-4 axes. HSC maintenance factors are produced by nestin-positive MSCs. Abbreviations: ANG-1, angiopoietin-1; c-KIT, stem cell factor receptor;
CAR cell, CXCL12-abundant reticular cell; CXCR4, C-X-C receptor type 4; HSC, hematopoietic stem cell; N-CAD, N-cadherin; MPL, TPO receptor; OB, osteoblast; OC, osteoclast; OM,
osteomac; OPN, osteopontin; MSC, mesenchymal stem cell; SCF, stem cell factor; SDF-1α, stromal derived factor-1α; TIE2, tyrosine kinase receptor; TPO, thrombopoietin; VCAM-1,
vascular cell-adhesion molecule-1; VLA-4, very late antigen-4.
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from the bone marrow cavity [73]. Yellow bone marrow contains
mainly adipocytes and its microvasculature consists of a well-developed
capillary system [74,75]. Red bone marrow contains hematopoietic
cells and is found in the skull, clavicles, vertebrae, ribs, sternum, pelvis
and at the ends of long bones [73]. The microvasculature consists of
sinusoids [74,75]. In long bones, one or two nutrient arteries perforate
the bone shaft cortex roughly at mid-shaft level [76] and split off into
ascending and descending arterial branches that run longitudinally
close to the endosteum [73,74]. From these, small radial arteries branch
off regularly and end up as arterioles near the endosteum. These
arterioles become sinusoids in red bone marrow [77] or capillaries in
yellow bone marrow [50] that run towards the centre of the bone
marrow cavity where they join the central longitudinal vein [50], or
nutrient vein, which leaves the bone marrow cavity through the same
nutrient foramen where the nutrient artery entered [74,76].

Since Schofield formulated the HSC niche hypothesis in 1978 [9],
an avalanche of HSC niche studies has been published in which the
vasculature of red bone marrow in combination with hypoxia generally
played an important role. However, the exact anatomy of the vascu-
lature was never taken into consideration. Because most studies on HSC
niches have been performed in mice, the relationship between HSC
niches and the vasculature of bone marrow remains largely unknown,
particularly in humans. This relationship requires thorough investiga-
tions for the exact understanding of the functioning of HSC niches in
health and disease, and, in particular, in relation to hypoxia.

In the diaphysis of mouse long bone, almost all arteriolar blood
vessels are present within 40 μm of the endosteum, whereas sinusoids
were mainly found at larger distances from the endosteum [78,79]. The
arterial blood vessels comprise a volumetric fraction of 1.2% of the
bone marrow whereas the sinusoidal vessels occupy 30% of the bone
marrow volume, excluding the central vein [80]. The marrow cavity of
sternum contains trabecular bone. Arterioles were not specifically
found adjacent to bone but a statistically significant spatial association
between HSCs and arterioles was observed, whereas a significant
association between HSCs and sinusoids was not found [77,81].
Nombela-Arrieta et al. [77] found that HSCs are mainly localized in
close vicinity of the endosteum. We investigated the bone marrow
vasculature in human and murine bone marrow samples and our
histological analysis shows that arterioles are localized adjacent to
trabecular bone, whereas sinusoids are present at a larger distance from
trabecular bone in human (Fig. 2A) and murine (Fig. 2B) bone marrow,
in agreement with earlier studies [77].

In conclusion, arterial blood vessels in the bone marrow cavity are
predominantly localized in close vicinity of endosteum of the bone shaft
of long bones and trabeculae of trabecular bone. The arteriolar blood
vessels become wide sinusoidal vessels that run towards a vein in which
they drain. Therefore, we conclude that endosteal niches are located in
close vicinity of arterioles adjacent to the endosteum whereas perivas-
cular niches are located in close vicinity of sinusoids at larger distances
from the endosteum and reticular niches do not have a specific
localization in the red bone marrow.

2.5. Hypoxia in HSC niches

Hypoxia is an important regulator of HSC stemness and this is
mainly orchestrated by HIF-1α [82]. Under hypoxic conditions, HIF-1α
is stabilized and enters the nucleus to complex with the β-subunit which
is constitutively expressed and induces transcription of target genes
[83]. HIF-1α is a major regulator of HSC quiescence, because defective
HIF-1α or overstabilization of HIF-1α both result in deregulation of
HSC quiescence [82,84]. HIF-1α upregulates the expression of multiple
factors that facilitate binding of HSCs in the niches, such as stromal
derived factor-1α (SDF-1α), C-X-C receptor type 4 (CXCR4), stem cell
factor (SCF), osteopontin (OPN), thrombopoietin (TPO), TPO receptor
MPL, angiopoietin-1 (ANG-1) and tyrosine kinase receptor TIE2. Most
healthy normal tissues are not generally believed to contain hypoxic

areas [85]. Recently, light has been cast on the issue whether HSC
niches are hypoxic and whether there is a difference between the
oxygen concentration in endosteal niches and in perivascular niches.
The situation seems to be more complex than generally assumed. First
of all, the issue of the seemingly contradictory situation of hypoxia
around arteriolar vessels has to be addressed as arterioles carry oxygen-
rich blood. This phenomenon was recently explained in a study that
investigated HSC niches [79] and in a study on glioma stem-like cell
niches around arterioles in glioblastoma [86]. The former authors
mention that “less permeable arteriolar blood vessels” may contribute
to this phenomenon and this is supported by the latter authors. Hira
et al. [86] elaborate that arterial blood vessels as well as larger venous
vessels are transport vessels and not exchange vessels, whereas
capillaries, sinusoids and the smallest venules are the exchange vessels
where oxygen, carbon dioxide, nutrients, waste products, cells, signal-
ling molecules are exchanged between the blood in the vessels and the
surrounding extracellular interstitial fluid [87]. Because of the lack of
oxygen supply to tissues around arterial blood vessels from their lumen,
it is perfectly well possible that compartments of HSC niches around
arterial blood vessels are hypoxic [86].

Second, direct measurement of local oxygen levels in red bone
marrow revealed a surprising situation [78]. Oxygen levels (in mm Hg)
were 23 in the lumen of arterioles, 20 in the lumen of sinusoids close to
endosteum and 18 in the lumen of sinusoids away from the endosteum.
The oxygen level was 14 in the tissue around arterioles and 10 around
sinusoids. Thus surprisingly, hypoxia seems to be less severe near the
endosteum than away from the endosteum. In comparison, periosteum
on the outside of the shaft of long bones and cortical bone showed
intravascular oxygen levels of 50 and 30, respectively [78].

There are indications that maintenance of HSCs in endosteal niches
is not only mediated by low oxygen levels, but also by specific cellular
metabolic mechanisms, such as low oxygen consumption and/or
limited mitochondrial activity in HSCs [79,88]. For example, high
intracellular levels of ROS are caused by mitochondrial activity and
they are major inducers of differentiation, proliferation, migration and
depletion of the pool of quiescent HSCs [89]. Cells with high intracel-
lular ROS levels are relatively rare around arteriolar blood vessels but
they are abundant around sinusoids [79]. Furthermore, high levels of
HIF-1α are positively associated with anabolic glycolysis and negatively
associated with mitochondrial respiration [90]. Therefore, HSCs are
best described as cells low in oxidative phosphorylation [79,91]. These
findings stress that analysis of metabolic profiles of individual HSCs in
niches is an interesting next step in the elucidation of the functioning of
HSC niches in relation to quiescence of HSCs.

The endosteal niches likely protect HSCs against ROS. Stress or
tissue injury inhibits this protection and ROS activate the P38-MAPK
pathway, which reduces cell adhesion and increases cell-cycle progres-
sion [92–94]. Perivascular niches with higher ROS levels promote
proliferation of HSCs to generate progenitor cells that can migrate out
of HSC niches into the circulation. This concept is supported by the
finding that hypoxia limits ROS production and maintains the stemness
of HSCs [88,95]. Conversely, HSCs that were exposed to elevated
oxygen levels produced more ROS and lost their phenotype [95].

Collectively, these data support the hypothesis that the low oxygen
levels in endosteal niches protect HSCs against ROS and create a pool of
quiescent HSCs as a reserve. The perivascular niches with higher ROS
levels are the environments where HSCs can differentiate into progeni-
tor cells for hematopoiesis.

2.6. The compartmentalized continuous HSC niche

On the basis of recent studies on HSC niches and of our analysis of
the vasculature of human bone marrow, we rebut the current concept
that there are three separate types of HSC niches in human red bone
marrow [21,22].

First of all, the finding that almost all HSCs are in contact with
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processes of CAR cells throughout the bone marrow [21,61] raises the
question whether the reticular niche is actually a separate niche, or
rather a crucial compartment of the endosteal niche and the perivascular
niche. If the reticular niche would indeed be a separate niche, not all
HSCs in the endosteal niche and perivascular niche would be in contact
with CAR cells, but only a subset of the HSCs at most. Therefore, we
propose that separate reticular niches do not exist and that the cells that
make up the reticular niche have no or limited stand-alone function and
mostly function in cooperation with the cells that make up the endosteal
niche or the perivascular niche.

Secondly, studies of the bone marrow vasculature revealed that
arterioles are mainly present near the endosteum and trabecular bone,
whereas sinusoids are mainly present at distance of the endosteum and
trabecular bone. HSC niches are closely associated with the arterioles
near the endosteum [77,80,81]. These niches are hypoxic and the
intracellular ROS levels in HSCs in niches close to the endosteum are
low, whereas further away from the endosteum around sinusoids
intracellular ROS levels are higher [77,94,96–98].

These phenomena enable the formulation of a novel concept of a
single hypoxic HSC niche that comprises two compartments that are
continuous, the periarteriolar compartment with osteoblasts, osteo-
clasts, macrophages, reticular cells, MSCs and low intracellular ROS
levels which maintains the HSC pool, and the perisinusoidal compart-
ment with the endothelial cells of sinusoids, reticular cells and MSCs
and elevated ROS levels enabling differentiation of HSCs into progeni-

tor cells that proliferate, further differentiate and migrate out of HSC
niches. CAR cells are ubiquitously present in both parts of this single
HSC niche (Fig. 3). Table 1 summarizes the functional elements in the
periarteriolar and perisinusoidal compartments and shows that there
are striking similarities in functional elements in both compartments,
which strengthens our hypothesis that there is only one type of HSC
niche consisting of 2 continuous compartments.

In AML and ALL, leukemic cells home into both compartments of
HSC niches to become LSCs using the same molecular mechanisms as
HSCs. This opens therapeutic venues to expel LSCs out of the niches,
which will be discussed in the next chapters.

3. Leukemic cells hijack HSC niches

Leukemias are hematologic malignancies that are classified as either
lymphoid or myeloid and can be chronic or acute [99]. This review is
focused on the acute leukemia types AML and ALL, because AML and
ALL cells have been shown to be present in HSC niches as LSCs.

AML is a heterogeneous disease that is characterized by expansion
of HSCs and progenitor cells with subclonal genotypes [1–3,70,100].
The subclonal evolution results in refractory clones that are able to
resist chemotherapy, survive and repopulate. Although various types of
chemotherapy are available for treatment of AML, therapy resistance is
a major problem. Complete remission is achieved in 70–80% of patients
younger than 60 years, but ultimately relapse occurs in the majority of

Fig. 2. Vasculature of human and murine bone marrow. Hematoxylin and eosin staining of human trabecular bone (A) and Giemsa staining of murine trabecular bone (B) demonstrate
arterioles (indicated in yellow with A) adjacent to bone (indicated in yellow with B) and sinusoids (indicated in yellow with S) at larger distance from bone. Scale bars, 50 μm.

V.V.V. Hira et al. BBA - Reviews on Cancer 1868 (2017) 183–198

188



patients and the overall 5-year survival is 40–45%. The prognosis of
patients who are 60 years or older is worse with a median survival of
less than one year [101]. ALL is characterized by monoclonal and/or
oligoclonal proliferation of lymphoid progenitor cells [102] and despite
intensive chemotherapy regimens, relapse occurs in the majority of
adult patients and the overall 5-year survival after relapse is only 7%,
even after HSC transplantation, which emphasizes the need for novel
therapies [103].

The rationale to explore the manipulative actions of AML cells and
ALL cells in normal HSC niches is to develop novel approaches and
strategies to improve current therapies. Because chemotherapy is not
specific for leukemic cells but for rapidly-dividing cells, LSCs can evade
the effects of chemotherapy as they are quiescent and protected in HSC
niches [2,10,104]. Accordingly, clinical trials are performed in leuke-
mia patients with agents that disrupt interactions between LSCs and
HSC niches to increase their sensitivity to chemotherapy (Table 2). Of
note, the neoplastic cells that initiate and drive leukemogenesis and
leukemic recurrences may be not literally be LSCs, but rather HSCs that
are pre-leukemic [2]. However, this distinction is not clear yet [3,100]
and also not relevant for the present review, because the existence of a
leukemogenic population of cells that provides a disproportional
contribution to leukemia recurrences is undisputed like the relevance
of targeting this cell population in effective therapies against leukemia.
We refer to this cell population as LSCs throughout this review while we
do not negate the fact that the discussion of the origins of this cell
population has not been settled. To the best of our knowledge, it has not
been shown that the specific origin of this cell population (e.g. HSC or
LSC) has implications for how critical it is to therapeutically target this

cell population and the interactions between this cell population and
HSC niches. This renders our review future proof in the context of the
aforementioned debate, regardless of its outcome.

3.1. Therapeutic targeting of AML cells hijacking HSC niches

AML cells hijack HSC niches which leads to the acquisition of stem
cell characteristics, such as quiescence and resistance to chemotherapy
[70,105]. After this transformation of AML cells into LSCs, HSC niches
protect LSCs from cell-cycle targeting chemotherapeutic agents, such as
Ara-C, azacitidine and decitabine [70]. In the next sections, we describe
therapies in clinical trials based on disruption of interactions between
LSCs and HSC niches.

3.1.1. Therapies that target the transformation of AML cells into LSCs
3.1.1.1. Angiopoietin-1/TIE2 interactions. AML cell adhesion to the
microenvironment of niches is a crucial component of the hijacking
process. The TIE2 receptor is almost always overexpressed in AML cells,
which facilitates adhesion to HSC niches via interactions with ANG-1
[106,107]. Similarly to HSCs (see Section 2.1.1.4) ANG-1/TIE2
interactions maintain the LSCs in a quiescent and anti-apoptotic state
in HSC niches [108] and prevention of these interactions increases the
proliferation rate of AML cells [109]. A phase II monotherapy study
with trebananib (AMG 386), a peptide that disrupts ANG-1/TIE2
interactions, showed encouraging results [109]. Presently, a phase I
clinical trial of a combinational therapy with AMG 386 and Ara-C
chemotherapy is in progress (Table 2).

Fig. 3. Compartmentalized continuous HSC niches. Our novel concept of the HSC niche is that there is one hypoxic continuous HSC niche with two compartments: periarteriolar
compartments adjacent to bone with low intracellular ROS levels in HSCs and perisinusoidal compartments at a larger distance from bone with higher ROS levels. Low ROS levels in HSCs
in periarteriolar compartments maintain the stemness of HSCs, whereas the higher intracellular ROS levels in HSCs in perisinusoidal compartments enable differentiation of HSCs into
progenitor cells and their migration out of the HSC niche into the peripheral blood. Abbreviations: HSC, hematopoietic stem cell; ROS, reactive oxygen species.
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3.1.1.2. Stromal derived factor-1α/C-X-C receptor type 4. Adhesion of
AML cells in HSC niches is also dependent on expression of the
receptors CXCR4, VLA-4 and CD44 on the cell surface of AML cells
and binding to their ligands SDF-1α, VCAM-1 and HA and/or OPN,
respectively. This binding results in retention of LSCs in HSC niches
which induces LSC therapy resistance, and ultimately relapse of the
disease (Fig. 4) [70]. Similarly to the role of the SDF-1α/CXCR4 axis in
HSC retention in HSC niches (see Section 2.1.1.1), the SDF-1α/CXCR4
axis is involved in homing and retention of LSCs in HSC niches (Fig. 4).
Treatment of AML cells with plerixafor/AMD3100 inhibits the activity
of SDF-1α as chemoattractant by blocking its receptor CXCR4 which
leads to migration of CXCR4-positive LSCs out of HSC niches. An
uncontrolled phase I/II clinical trial was performed in AML patients
with plerixafor in combination with mitoxantrone, etoposide and Ara-C
(MEC; Table 2). Plerixafor caused a two-fold increased mobilization of
AML cells into the peripheral blood and the overall complete response
rate was 46% in this clinical trial, which is higher than the overall
complete response rate to MEC chemotherapy alone of 21% [110]. It is
assumed that the underlying mechanism is the forced migration of AML
cells out of the protective HSC niches that induces their sensitization for
chemotherapeutic agents.

3.1.1.3. Hypoxia-induced factor-1α and vascular endothelial growth
factor. In response to hypoxia, HIF-1α and vascular endothelial
growth factor (VEGF) overexpression causes excessive formation of
sinusoidal microvessels in the bone marrow of AML patients [111]. HIF-
1α induces expression of its transcription targets SDF-1α and CXCR4 in
endothelial cells and AML cells, resulting in hijacking of HSC niches by
AML cells, their transformation into LSCs, LSC survival and expansion
(Fig. 4). Accordingly, increased HIF-1α/VEGF expression is associated
with reduced AML patient survival [112]. We propose that this poor
patient survival is caused by the increased homing of therapy-resistant
LSCs in perisinusoidal compartments of HSC niches, mediated by SDF-
1α/CXCR4 interactions (Fig. 4). Therefore, VEGF blockade therapies,
such as with bevacizumab, may effectively complement the use of
CXCR4 antagonists and/or drugs that interfere with SDF-1α/CXCR4
interactions to mobilize LSCs out of HSC niches to render them sensitive
to chemotherapy.

3.1.1.4. CD44/hyaluronic acid and CD44/osteopontin. A monoclonal
antibody against the adhesion molecule CD44 eradicates LSCs in
mouse models of AML by disrupting the interactions between CD44
and the ECM component HA [113] which facilitates homing of HSCs into
the bone marrow [113–115]. This homing can be blocked by an anti-

CD44 antibody or by soluble HA [113,114]. It was argued that CD44 and
HA play a key role in SDF-1α-dependent transendothelial migration of
HSCs and their final anchorage within HSC niches in the bone marrow
[113]. In support of this concept, treatment with the HA synthesis
inhibitor 4-MU is effective against leukemic cell proliferation and
survival [116]. This mechanism is likely SDF-1α-dependent since SDF-
1α stimulates adhesion of HSCs to HA in vitro, whereas adhesion to HA
did not occur when HSCs were pre-treated with anti-CD44 antibodies.
However, further investigations are required to understand the molecular
link between CD44, HA and SDF-1α [116]. OPN is another ligand of
CD44, which facilitates anchorage of LSCs in the HSC niche [115,117] so
besides the CD44-HA interactions, anti-CD44 antibodies may target
CD44-OPN interactions as well. OPN expression was increased in bone
marrow blasts and in bone marrow serum of AML patients as compared
with healthy controls and OPN overexpression was associated with a
reduced overall survival in a multivariate analysis [118].

3.1.1.5. Very late antigen-4/vascular cell-adhesion molecule-
1. Interactions of AML cells with stromal cells render AML cells
resistant against chemotherapy via the VLA-4/VCAM-1 axis, which
triggers activation of the anti-apoptosis factor NF-κB in stromal cells.
Inhibition of the VLA-4/VCAM-1 axis and its downstream protein NF-κB
sensitizes AML cells to chemotherapy [119]. Currently, a phase II
clinical trial is ongoing in AML patients with the compound AS101 that
targets VLA-4 (Table 2).

Collectively, these data indicate that AML cells hijack HSC niches by
upregulating receptors on their cell surface, such as TIE2, CXCR4, CD44
and VLA-4, resulting in retention of LSCs in HSC niches via interactions
with adhesion molecules ANG-1, SDF-1α, OPN/HA and VCAM-1,
respectively. All these molecular interactions are potential targets for
therapy, since retention of LSCs in HSC niches results in quiescence and
survival of LSCs and subsequently protection against chemotherapy. It
would be interesting to determine the effect of cocktails of inhibitors
against the ANG-1/TIE2, SDF-1α/CXCR4, VLA-4/VCAM-1, CD44/HA
and CD44/OPN axes in combination with Ara-C chemotherapy to target
the LSCs effectively.

3.1.1.6. Notch signalling. AML cells bind to the ECM in bone marrow via
β1 and β2 integrins [120–122]. This binding promotes leukemogenesis
by increasing proliferation and suppressing apoptosis of AML cells
[120,122]. Increased Notch signalling was found in AML [123–125]
and nuclear localization of β-catenin was observed in 38% of human
AML/myelodysplastic syndromes (MDS) bone marrow samples.
Expression of a constitutively activated β-catenin protein (Ctnnb1CAosb)

Table 2
An overview of clinical trials of compounds that target LCSs in HSC niches in AML and ALL. Abbreviations: AXL, tyrosine protein-kinase receptor; BH3, BCL-2 homology 3; CBP,
competitive binding protein; CXCR4, C-X-C receptor type 4; mTOR, mammalian target of rapamycin; PI3K, phosphoinositide 3-kinase; TIE2, receptor tyrosine kinase; VLA-4, very late
antigen-4; XIAP, x-lined inhibitor of apoptosis protein.

Phase of the clinical trial Molecular target Compound ClinicalTrials.gov identifier Monotherapy or combinational therapy

Phase II PI3K/mTOR pathway PF-05212384 (PKI-587) NCT02438761 Monotherapy
Phase I/II XIAP AEG35156 NCT02438761 Monotherapy
Phase I Hypoxia (hypoxia-activated prodrug) TH-302 NCT01149915 Monotherapy
Phase I TIE2 Trebananib (AMG 386) NCT01555268 In combination with Ara-C
Phase I CXCR4 Plerixafor/(AMD3100) NCT01120457 Monotherapy
Phase I/II CXCR4 Plerixafor/(AMD3100) NCT01236144 (Uy et al. [110]) In combination with MEC
Phase II VLA-4 AS101 NCT01010373 Monotherapy
Phase I BH3 ABT-199 (Souers et al. [147]) Monotherapy
Phase I/II Notch signalling LY3039478 NCT02518113 Monotherapy
Phase I AXL BGB324 NCT02488408 Monotherapy
Phase I Hedgehog pathway PF-04449913 NCT00953758 Monotherapy
Phase I Hedgehog pathway PF-04449913 NCT02038777 Monotherapy
Phase I/II Hedgehog pathway PF-04449913 NCT01546038 Monotherapy
Phase I Hedgehog pathway PF-04449913 NCT01841333 Monotherapy
Phase II Hedgehog pathway PF-04449913 NCT01842646 Monotherapy
Phase I/II CBP/β-catenin PRI-724 NCT01606579 Monotherapy
Phase II CBP/β-catenin PRI-724 NCT01302405 Monotherapy
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by osteoblasts in the bone marrow induces AML via Notch signalling.
Ctnnb1CAosb promotes expression of the Notch ligand Jagged, which
induces expression of forkhead homeobox type O-1 and ɣ-secretase, a
protease that cleaves transmembrane proteins [121,126]. Inhibition of
increased Notch signalling using the ɣ-secretase inhibitor dibenzazepine
(DBZ) normalizes blood cell counts, rescues hematopoietic defects and
reverses the induction of AML in Ctnnb1CAosb-expressing mice [121].
Several clinical trials with inhibitors of Notch signalling, such as
LY3039478, are conducted in patients with T-cell leukemias (Table 2).

3.1.1.7. Growth-arrest specific gene 6/AXL/MER paracrine
signalling. Growth-arrest specific gene 6 (GAS6) is expressed by bone
marrow-derived stromal cells [127]. In co-cultures of these stromal cells
and AML cells, the secretion of IL-10 and granulocyte-macrophage
colony-stimulating factor by AML cells is upregulated, which in turn
promote the expression and secretion of GAS6 by the stromal cells. In
this paracrine loop, GAS6 binds to the tyrosine-protein kinase receptor
AXL on AML cells which increases proliferation and suppresses
apoptosis [128–131]. This is reversed by AXL blockade with the
small-molecule AXL inhibitor BGB324 via inhibition of the AKT and
ERK signalling pathways and activation of the mitochondrial apoptosis
pathway [130,131]. It is associated with activation of B-cell lymphoma
2 (BCL-2) and p53-upregulated modulator of apoptosis, also known as
BCL-2-binding component 3. In addition to reactivated apoptosis, AXL
blockade also contributes to increased chemosensitivity of AML cells in
a mouse model, as a combination regimen of AXL blockade by BGB324

and the chemotherapeutic doxorubicin had a synergistic effect on AML
cell death [130]. In concordance with these results, AXL expression was
found in ~50% of AML patients and high AXL and high GAS6
expression predicted worse prognosis in 2 independent cohorts of
AML patients [130,131]. BGB324 is now studied in AML patients as a
stand-alone therapy or in combination with Ara-C in a phase 1 clinical
trial (Table 2). In addition, the proto-oncogene tyrosine-protein kinase
MER is an alternative GAS6-binding protein that is expressed in ~60%
of AML patients [130,131] and stimulates leukemogenesis [132]. MER
activation by GAS6 results in activation of the intracellular ERK, p38,
AKT, cAMP regulatory element-binding protein and STAT6 signalling
pathways, which all contribute to cellular proliferation, survival and
suppression of apoptosis. Consequently, MER knockdown using short
hairpin RNA resulted in decreased AML colony-forming potential in
vitro and prolonged survival in mice transplanted with AML xenografts
[130,131]. This suggests that besides inhibition of AXL using agents
such as BGB324, inhibition of MER may also have therapeutic efficacy.

3.1.1.8. Hedgehog signalling. Hedgehog signalling is important in the
regulation of stem cell and progenitor cell proliferation and lymphocyte
differentiation [133]. More specifically, the ligand Indian Hedgehog
(IHH), its receptor Patched and the constitutively active signaling
molecule Smoothened are expressed in HSCs. HSCs secrete IHH which
in turn changes cytokine expression profiles of HSCs and this ultimately
induces their proliferation [133]. Inappropriate activation of Hedgehog
signaling has been described in a variety of cancer types and cancer

Fig. 4. Therapy-resistance of LSCs in HSC niches. Chemotherapy induces apoptosis of the majority of AML cells. However, a fraction of AML cells is resistant after hijacking perisinusoidal
compartments of HSC niches via the SDF-1α/CXCR4 and VCAM-1/VLA-4 axes and transformation into LSCs. LSCs are able to fuse with sinusoidal endothelial cells and integrate in the
endothelium, which results in survival of LSCs and protection against chemotherapy and stress, causing relapse of the disease. Abbreviations: AML, acute myeloid leukemia; CXCR4, C-X-C
receptor type 4; HSC, hematopoietic stem cell; LSC, leukemic stem cell; SDF-1α, stromal derived factor-1α; VCAM-1, vascular cell-adhesion molecule-1; VLA-4, very late antigen-4.
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stem cells (CSCs), including leukemia and LSCs. For instance,
proliferation of LSCs containing the Breakpoint Cluster Region-
Abelson (BCR-ABL) fusion gene is dependent on activation of the
Hedgehog pathway [134]. Paracrine loops between leukemic cells
and the microenvironment contribute to activation of Hedgehog
signaling especially via blocking of Human Hedgehog-Interacting
Protein (HHIP), which is an intrinsic Hedgehog-signaling inhibitor.
HHIP expression is decreased in AML/MDS-derived stromal cells
compared with healthy donor-derived stromal cells. Consequently,
IHH and Smoothened expression is found in AML/MDS cells but not
in HSCs. Furthermore, HHIP knockdown in HSCs results in increased
proliferation of primary AML/MDS cells in co-cultures. HHIP expression
is regulated by methylation of the HHIP promoter. In primary AML
cells, this methylation is reversed by 5-azacytidine treatment to
reactivate HHIP expression and reduce proliferation of AML cells [135].

These results have motivated several phase Ib and phase II clinical
trials that investigate Hedgehog inhibitors such as PF-04449913 either
as stand-alone therapy or in combination with low-dose cytarabine or
demethylating agents (Table 2).

3.1.2. Intrinsic targeting of LSCs
In addition to therapies that target the hijacking of HSC niches by

AML cells to become LSCs, it is also possible to target molecular
pathways that are aberrant or constitutively active in LSCs after their
hijacking of HSC niches. Since eradication of LSCs is considered to be
essential for preventing AML relapses, therapies that specifically target
key mechanisms in LSCs are expected to have the highest therapeutic
index. After hijacking HSC niches, LSCs take over and alter the
molecular pathways in HSC niches that are normally intended for the
maintenance and quiescence of HSCs, such as the WNT pathway
[38,39], NF-κB [136], the AKT pathway [137] and the anti-apoptosis
protein BCL-2 homology 3 (BH3) [138].

The Wnt/β-catenin signaling pathway and NF-κB activation play
crucial roles in the development of LSCs in mice. Wnt/β-catenin
signaling promotes self-renewal of LSCs in mouse models of AML
[112,139]. Wnt signaling takes place when β-catenin enters the nucleus
and forms a complex with T-cell factor (TCF) and CREB-binding protein
(CBP), which results in transcription of target genes [140]. Currently,
several inhibitors of the Wnt/β-catenin pathway have been tested in
vivo, such as PKF115-584 and CGP049090. These compounds inhibit
the β-catenin/TCF complex formation and induce apoptosis of LSCs.

Another small molecular inhibitor of the Wnt/β-catenin pathway,
ICG-001, binds to CBP and competes for binding with β-catenin, which
results in elimination of drug-resistant clones in AML. ICG-001 has not
been tested in clinical trials yet. PRI-724 is another CBP/β-catenin
antagonist and has been tested in phase I clinical trials in AML patients
and showed acceptable toxicity (Table 2). Phase II and phase I/II
clinical trials with this inhibitor are ongoing in AML and chronic
myeloid leukemia patients (Table 2) [141].

NF-κB is constitutively activated in LSCs and plays a significant role
in survival of AML cells and LSCs. MG-132, an inhibitor of NF-κB,
results in rapid induction of cell death in vitro, while leaving the healthy
HSCs unharmed [142], but has not been tested in clinical trials yet.

AML cells exhibit constitutive activation of AKT via phosphorylation
on either Thr308 or Ser473 (or both), which stimulates proliferation
and downregulates apoptosis [143]. LY294002 is an inhibitor of PI3K, a
kinase upstream of AKT, which induces apoptosis and decreases LSC
survival in vitro. Besides, the downstream mediators of AKT signalling,
p70 S6 kinase and 4-enhancer-binding-protein-1 were phosphorylated
in LSCs. This phosphorylation was inhibited by mammalian target of
rapamycin (mTOR) inhibitor everolimus (RAD001), which enhanced
the efficacy of Ara-C [139,144]. These data show that the PI3K pathway
is required for survival of LSCs and that inhibitors of this signaling
pathway may be beneficial to improve AML treatment.

Aberrant overexpression of BH3 is associated with tumor progres-
sion and chemoresistance in AML. BCL-2 proteins are key regulators of

apoptosis. ABT-737, a small-molecule BH3 mimetic, disrupts the
dimerization of BCL-2 and BCL-2-associated X protein and induces
apoptosis of LSCs via activation of the intrinsic apoptotic pathway.
ABT-737 effectively killed AML blasts and LSCs without affecting
normal HSCs in vivo with a similar efficacy as conventional chemother-
apy [145]. There already are phase I clinical trials ongoing with BH3
mimetics, which demonstrated an overall response of 84% among 67
patients with relapsed CLL or small lymphocytic lymphoma [146].
Another BH3-mimetic, ABT-199/venetoclax, was recently FDA-ap-
proved for the treatment of 17p–deleted CLL [147].

3.2. Therapeutic targeting of interactions between MDS and
myeloproliferative cells and HSC niches

Hijacking of HSC niches also occurs in a disease group called
myeloproliferative neoplasms (MPN), which contains, among others,
chronic myeloid leukemia, polycythemia vera, essential thrombocythe-
mia and primary myelofibrosis [72,148]. In mice, JAK2-mutated MPN
HSCs accelerate MPN progression by depletion of nestin-positive
stromal cells in HSC niches, which was achieved by IL-1β inhibition
of β3-adrenergic production by sympathetic nerves in the bone marrow.
The mechanistic evidence that MPN HSCs hijack HSC niches is
supported by the finding that β3-adrenergic agonists inhibited MPN
progression [72,148]. These β3-adrenergic agonists, of which mirabe-
gron is FDA-approved for the treatment of overactive bladder [149],
thus represent attractive potential therapies in the treatment of MPN.

In another model, MPN formation in mice stimulated HSCs to
increase the number of endosteal osteoblastic lineage cells that selec-
tively supported LSCs over normal HSCs. These endosteal osteoblastic
lineage cells have decreased expression of leptin receptor, SDF-1α, N-
cadherin, SCF, ANG-1, and slit homology 2 protein. In addition, a shift in
the expression pattern of TGF-β signaling molecules was observed in
osteoblasts of MPNmice versus healthy mice, with downregulation of the
quiescence-enforcing TGF-β1 and strong upregulation of the myeloid-
promoting TGF-β2. These changes in expression of pivotal TGF-β
proteins contribute to the decreased ability of MPN-expanded osteoblasts
to maintain normal HSCs in favor of MPN development [150].

There is extensive crosstalk between HSC niches and cells of MDS,
the benign lesion that can precede AML [151]. MDS is characterized by
ineffective hematopoiesis, progressive bone marrow failure and vari-
able risk of progression to AML. Although HSC niches in MDS harbor
many aberrations, such as chromosomal aberrations and perturbed
cytokine secretion by bone marrow MSCs, hijacking of HSC niches has
never been found in MDS [151,152]. It would be interesting to
determine whether hijacking of HSC niches by malignant cells is
necessary for MDS to progress to AML. However, MSCs that are isolated
from human MDS proliferate at a reduced rate, have increased
senescence, a decreased efficiency to undergo osteogenic differentiation
and an impaired ability to support normal HSCs in long-term in vitro
culture [153]. Because it was not shown that these MSCs selectively
support MDS cells, it has not been proven that MDS cells truly hijack
HSC niches. Nonetheless, supportive and essential interactions between
HSC niches and MDS cells exist and may be amenable for therapeutic
targeting. For example, the successful engraftment of human MDS HSCs
in xenografts depends on co-engraftment of MSCs from the same MDS
patients. This supports the existence of HSC niche-MDS interactions
that are essential for disease engraftment and that may contribute to
disease progression [154]. Another argument is presented by the RNAse
III endonuclease Dicer1, which is essential for correct processing of
microRNAs and critical for the function of osteolineage cells from the
bone marrow microenvironment in healthy mice. Gene targeting
studies that deleted Dicer1 only from these osteolineage cells yielded
a severe MDS-like syndrome in these animals [155]. This suggests that
there may be differentially-expressed microRNAs in the bone marrow
microenvironment that can be therapeutically targetable.
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3.3. Therapeutic targeting of ALL cells hijacking HSC niches

ALL cells hijack HSC niches by various mechanisms. One of these is
adherence to OPN [117,156], which is secreted by osteoblasts
[7,24–26,117]. OPN provides anchorage of ALL blasts which results
in homing into HSC niches and dormancy of ALL cells by forcing them
out of the cell cycle [156]. This protects ALL cells against chemotherapy
because these agents do not affect quiescent cells [16–18]. ALL cells
specifically adhere to OPN via α4β1, α5β1, α9β1 integrins in vitro and
secrete OPN in HSC niches in vivo. Intravital microscopy demonstrated
that OPN is highly expressed adjacent to dormant ALL cells within the
bone marrow of calvaria in ALL xenograft mice. Boyerinas et al. [117]
developed an OPN neutralization strategy by using a cocktail of anti-
mouse and anti-human OPN-neutralizing antibodies to inhibit the
interactions between ALL cells and extracellular OPN in the models.
Reduced interactions between OPN and ALL cells increased prolifera-
tion of ALL cells and increased their sensitivity to Ara-C chemotherapy,
rendering OPN an important target for anti-ALL therapy [117,156].

The SDF-1α/CXCR4 pathway is highly activated in ALL, where
CXCR4-positive LSCs cells are retained in HSC niches by high levels of
SDF-1α. This is associated with increased homing of ALL cells into HSC
niches and disruption of normal hematopoiesis. Since protection of
leukemic cells by HSC niches facilitates LSC survival, increased SDF-1α
and CXCR4 expression is considered to promote ALL expansion. There
is emerging evidence that ALL cell survival is mediated by SDF-1α via
the PI3K-AKT-NFκB and MAPK pathways, but the regulatory mechan-
isms of SDF-1α in ALL are unclear. In addition, several in vivo studies
have shown that inhibiting CXCR4 using AMD3100/plerixafor sensi-
tizes ALL to chemotherapy and CXCR4 antagonists have also shown
promising results in clinical trials (Table 2) [102].

Dynamic in vivo imaging showed that ALL cells are able to disrupt
normal HSC niches by altering the stromal bone marrow environment.
ALL cells home into normal HSC niches in close vicinity of sinusoids
and transplanted hematopoietic progenitor cells (HPCs) mobilize to the
niches that are occupied by the ALL cells where SDF-1α and SCF are
present as chemoattractant for ALL cells [157]. Treatment of ALL
engrafted mice with neutralizing anti-SCF antibodies inhibited HPC
migration into the ALL-occupied HSC niches and restored the HPC
numbers in the ALL mice. This suggests that the ALL-occupied HSC
niches cause dysfunction of HPCs and that ALL cells expel normal HSCs
from the niches, because their numbers were reduced [157]. Real-time
in vivo confocal and multiphoton microscopy imaging approaches
revealed that SCF neutralization restored the number of HSCs. Thus,
targeting the interactions between the ALL cells and the HSC niches,
such as the SCF/c-KIT and SDF-1a/CXCR4 axes, may be interesting
therapeutic strategies in order to maintain normal HSC and HPC
function [157]. Thus, this study shows that ALL cells hijack the
perisinusoidal compartments of HSC niches where they dedifferentiate
into LSCs, while causing dysfunctions in the HPCs and that the SCF/c-
KIT and SDF-1a/CXCR4 axes are involved in the hijacking of HSC
niches.

Altogether, AML and ALL cells are able to hijack, occupy and
manipulate HSC niches and outcompete normal HSCs, which protects
LSCs while worsening patient survival. Promising therapeutic ap-
proaches to eradicate LSCs include strategies to disrupt multiple
interactions between LSCs and HSC niches simultaneously, rather than
just a single interaction, to prevent dedifferentiation of AML/ALL cells
into LSCs or to induce differentiation and proliferation of LSCs and
sensitize AML and ALL cells to chemotherapy.

3.4. Therapeutic targeting of hypoxia and LSCs in HSC niches

Because HSC niches that contain LSCs are hypoxic, HIF-1α is
overexpressed by LSCs which upregulate VEGF secretion. VEGF affects
both leukemic cells and endothelial cells and is a key factor in
promoting proliferation of leukemic cells. Treatment with the HIF-1α

inhibitor PX-478 lowers HIF-1α function by decreasing HIF-1α mRNA
stability and translation, which decreases hypoxia-mediated VEGF
expression in AML tumor xenografts and subsequently decreases AML
activity [158]. This supports the notion that hypoxia supports tumor
growth and AML survival. In addition, HIF-1α induces SDF-1α gene
expression in endothelial cells, which increases migration and homing
of CXCR4-positive leukemic cells, such as AML cells, into hypoxic HSC
niches since HIF-1α and VEGF both upregulate CXCR4 expression on
AML cells (see Section 3.1.1.3). Thus, HIF-1α seems to be an interesting
therapeutic target [112]. However, this needs further investigation,
since normal HSC niches are also hypoxic and dependent on HIF-1α and
targeting HIF-1α may thus result in unfavorable toxic effects. Drolle
et al. [159] demonstrated that bone marrow infiltrated with AML cells
is not more hypoxic than healthy bone marrow, thus the level of
hypoxia is not specific to leukemic HSC niches and targeting hypoxia
may thus not have a therapeutic index. Physiological hypoxia of 1%
oxygen results in cell-cycle arrest of AML blasts in the G0/G1 phase and
decreased numbers of cells in the S phase. This may explain why AML
blasts that reside in hypoxic HSC niches are not sensitive to Ara-C,
because this drug is cytotoxic to cells in the S phase.

Exposure of AML cells to hypoxia upregulated VEGF expression,
which subsequently activated the PI3K/AKT pathway and increased
expression of anti-apoptotic X-linked inhibitor of apoptosis protein
(XIAP). PI3K inhibition restored the sensitivity of AML cells to Ara-C
under hypoxic conditions, suggesting that the PI3K pathway is respon-
sible for maintaining AML cells in the G0/G1 phase under hypoxic
conditions [159]. This implies that hypoxia contributes to chemoresis-
tance of AML blasts. A phase II clinical trial is performed at present to
investigate the dual inhibitor PF-05212384, which targets both PI3K
and mTOR. mTOR is also upregulated in LSCs in AML, which results in
increased proliferation and CXCR4 expression on LSCs, stimulating
homing of LSCs into HSC niches [160] (Table 2). A phase I/II clinical
trial with XIAP antisense was performed in AML patients to collect
blood samples for the detection of XIAP levels and apoptosis. Treatment
with XIAP antisense resulted in decreased XIAP mRNA and protein
levels and a distinct induction of apoptosis in LSCs (Table 2) [161].

Since AML cells can survive low oxygen levels and hypoxia con-
tributes to chemoresistance, the effectiveness of the hypoxia-activated
prodrug TH-302 was investigated in xenografts. TH-302 is only activated
under hypoxic conditions and releases bromo-isophosphoramide mustard,
a potent DNA-alkylating agent which produces DNA double-strand
breaks. Whereas human AML cells were less sensitive to Ara-C under
chronic hypoxia (1% O2, 72 h) relative to normoxia, treatment with TH-
302 was more effective in hypoxic AML cells and reduced cell prolifera-
tion, increased numbers of DNA double-strand breaks and induced cell-
cycle arrest and apoptosis. This translated to inhibited disease progression
and prologned overall survival of human AML xenografts after TH-302
treatment [162]. A phase I clinical trial with TH-302 has been performed
in patients with advanced leukemias (including AML and ALL; Table 2),
but the final data of this clinical study have not yet been reported.

Thus, hypoxia maintains LSCs in HSC niches, which results in
propagation of the disease and resistance to therapy and is considered
as a promising therapeutic target. Therefore, anti-hypoxia agents are
tested in clinical trials in AML and ALL patients.

4. Therapeutic targeting of metabolism of AML cells under
hypoxic conditions

AML cells that have hijacked a HSC niche enter a hypoxic environ-
ment [7,163,164] to which they adapt by switching their energy
metabolism to a state which is specialized in providing a maximal
support of biosynthesis and energy production in a hypoxic context
while the generation of oxidative stress is kept at a minimum
[88,164,165]. Therefore, therapies that preferentially attack the anae-
robic energy metabolism in these hypoxic cancer cells may demonstrate
selectivity for LSCs residing in HSC niches.
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NB4 AML cells, which are dependent on glycolysis under normoxic
conditions (21% O2), demonstrated prominent apoptosis, growth
suppression, and increased ROS production when cultured in hypoxic
conditions (1% O2). Treatment with the ROS scavenger N-acetyl
cysteine prevented hypoxic NB4 AML cell death. The notion that ROS
is produced under hypoxic conditions is still poorly understood [166].

It has been suggested that deficiencies in the mitochondrial
oxidative phosphorylation (OXPHOS) cause loss of respirasomes
[139,167]. Respirasomes are considered to be organizations of respira-
tory enzymes into supercomplexes that reduce oxidative damage in
mitochondria [168,169]. Thus, loss of respirasome activity under
hypoxic conditions may facilitate ROS generation in mitochondria.
This may explain the paradox of reduced O2 levels and enhanced ROS
production under hypoxic conditions. Besides, hypoxia impairs the
mitochondrial membrane potential, which in turn can cause disassem-
bly of complexes of the respiratory chain and may eventually increase
ROS production [166].

On the other hand, THP-1 AML cells, which are dependent on
OXPHOS in normoxia, showed increased cell proliferation under
hypoxic conditions by switching from OXPHOS to anaerobic glycolysis
via upregulation of pyruvate dehydrogenase-1. Besides, THP-1 cells
limited ROS production by switching the cytochrome c oxidase subunit
4 (COX4) from isoform COX4-1 to COX4-2. COX4-2 facilitates more
efficient electron transport than COX4-1. This switch occurs via
upregulation of the activity of mitochondrial ATP-dependent protease
LON, which is required for COX4-1 degradation. Thus, increased
activity of LON in THP-1 cells enables efficient respiration and
protection against ROS under hypoxic conditions [170].

These findings show that AML cells are able to cope with environ-
mental challenges such as hypoxia by avoiding ROS production. A
potential therapeutic approach is to elevate ROS production by
inhibiting the metabolic switch or inhibition of the LON protease. For
that purpose, a study has started recently with AML patients to
investigate whether inhibition of the activity of specific enzymes in
the glycolysis pathway and OXPHOS pathway have therapeutic value.
This is done by measuring metabolites in blood samples of patients
(ClinicalTrials.gov NCT02581917).

5. Therapeutic targeting of CSC niches in solid tumors

The approaches that are discussed here to target CSCs may also be
applicable in solid tumors, such as glioblastoma, in which CXCR4-
positive therapy-resistant glioma stem-like cells (GSLCs) are retained in
hypoxic GSLC niches by SDF-1α and OPN. In GBM, cathepsin K can
degrade and inactivate SDF-1αwhich may result in release of GSLCs out
of GSLC niches [86]. Furthermore, VCAM-1 facilitates binding of
quiescent neural stem cells (NSCs) to ependymal cells in the NSC
niches in the subventricular zone in the adult forebrain. Disruption of
this binding causes a disrupted cytoarchitecture of the subventricular
zone and proliferation and depletion of NSCs. Moreover, this VCAM-1
signalling functions via ROS [171]. In addition to these examples that
illustrate the similarity between LSC niches and niches from other
primary tumors, OPN is functional in metastatic niches. In melanoma,
OPN expression facilitates metastasis to bone marrow and proliferation
of melanoma cells in metastatic niches in bone marrow [172].
Furthermore, OPN expression promotes survival of metastatic breast
cancer cells in the blood stream and mitigates immunosuppression in
both primary breast cancer and metastatic niches in the lung to
facilitate the successful metastasis of breast cancer to the lung [173].
Thus, there are striking similarities between HSC niches on one hand
and other primary and metastatic niches on the other hand and future
therapies in other types of cancer may also be based on the prevention
and disruption of the interactions between CSCs or metastatic pioneer
cells and their niches to sensitize them to chemotherapy and irradiation
[86,174].

6. Conclusions

The ultimate goal in the field of CSC research in AML and ALL is to
discover novel methods to effectively eradicate LSCs to prevent therapy
relapses and, ultimately, offer a cure for these malignancies. We argue
that targeting LSCs either by prevention to enter HSC niches or by
forcing migration out of HSC niches will improve the clinical success of
chemotherapy in AML and ALL.

The major findings described and discussed in this review are:

1) There is only one type of continuous HSC niches that consists of a
periarteriolar compartment with hypoxia and low levels of ROS in
HSCs and a perisinusoidal compartment with hypoxia and higher
ROS levels in HSCs. Reticular cells interact with all HSCs in both
compartments and have no specific localization in bone marrow;

2) Disruption of the interactions between LSCs and HSC niches is the
most promising way to improve the clinical success of chemother-
apy in AML and ALL since this approach prevents dedifferentiation
of AML/ALL cells into LSCs or induces differentiation and prolifera-
tion of leukemic cells that already have become LSCs, resulting in
sensitization to chemotherapy so that LSCs can be eradicated.

Retention and adhesion of LSCs in HSC niches are mediated via
several interactions between receptors and ligands. The SDF-1α/CXCR4
axis [70,110,112], the VLA-4/VCAM-1 axis [119] and ANG/TIE2
[106,107], CD44/HA [113,114,116], CD44/OPN [113–115,117] and
OPN/integrin interactions [117,156] are the most promising therapeu-
tic targets in AML and ALL to block adhesion and thus retention of LSCs
in HSC niches. Multiple clinical trials are currently being performed in
AML and ALL patients with the ultimate goal to prevent entrance of
AML/ALL cells into niches or to force LSCs to migrate out of niches to
sensitize them to chemotherapy (Table 2). However, these clinical trials
are early-phase and therefore only investigate single compounds that
target one receptor-ligand interaction, in combination with chemother-
apy (Table 2). In our opinion, the clinical response can be maximized
when multiple receptor-ligand interactions are targeted simultaneously
in combination with chemotherapy, since that may enforce a more
complete migration of LSCs out of HSC niches. Thus, negative results of
single-agent clinical trials should be interpreted with caution as only
combination regimens that target multiple niche-anchoring interactions
may yield significant clinical responses. However, a challenge is to find
tolerable doses of combinations of drugs for AML and ALL patients,
since the described interactions are also important for the normal
functioning of HSC niches. In summary, LSCs are protected by HSC
niches and receptor-ligand interactions which mediate retention of
LSCs in HSC niches are promising therapeutic targets for leukemia.

Authorship contributions

Developed the concept of the review, designed its structure, wrote
the manuscript and edited the manuscript: V.V.V. Hira. Wrote part of
the manuscript, edited the entire manuscript and performed histologi-
cal analysis of the bone marrow vasculature: C.J.F. van Noorden.
Provided hematological expertise for editing of the manuscript: H.E.
Carraway, and J.P. Maciejewski. Wrote the manuscript, edited the
manuscript and supervised the writing of the review: R.J. Molenaar.

Funding

This study was supported by a René Vogels travel grant (VVVH), a
JoKolk scholarship (VVVH), the Dutch Cancer Society grant (KWF;
grant number UVA 2014-6839; VVVH, CJFVN, RJM) and an AMC PhD
Scholarship (RJM).

V.V.V. Hira et al. BBA - Reviews on Cancer 1868 (2017) 183–198

194

http://ClinicalTrials.gov


Transparency document

The http://dx.doi.org/10.1016/j.bbcan.2017.03.010 associated
with this article can be found, in the online version.

Acknowledgements

The authors wish to thank Prof. Dr. S. T. Pals from the Department
of Pathology at the Academic Medical Center in Amsterdam, The
Netherlands, for providing bone marrow sections.

References

[1] S.S. Chaudhury, J.K. Morison, B.E. Gibson, K. Keeshan, Insights into cell ontogeny,
age and acute myeloid leukaemia, Exp. Hematol. 43 (2015) 745–755.

[2] L.I. Shlush, S. Zandi, A. Mitchell, W.C. Chen, J.M. Brandwein, V. Gupta,
J.A. Kennedy, A.D. Schimmer, A.C. Schuh, K.W. Yee, J.L. McLeod, M. Doedens,
J.J. Medeiros, R. Marke, H.J. Kim, K. Lee, J.D. McPherson, T.J. Hudson, H.P.-
L.G.P. Consortium, A.M. Brown, F. Yousif, Q.M. Trinh, L.D. Stein, M.D. Minden,
J.C. Wang, J.E. Dick, Identification of pre-leukaemic haematopoietic stem cells in
acute leukaemia, Nature 506 (2014) 328–333.

[3] A. Vedi, A. Santoro, C.F. Dunant, J.E. Dick, E. Laurenti, Molecular landscapes of
human hematopoietic stem cells in health and leukemia, Ann. N. Y. Acad. Sci.
1370 (2016) 5–14.

[4] A.J. Lilly, W.E. Johnson, C.M. Bunce, The haematopoietic stem cell niche: new
insights into the mechanisms regulating haematopoietic stem cell behaviour, Stem
Cells Int. 2011 (2011) 274564.

[5] S.H. Orkin, L.I. Zon, Hematopoiesis: an evolving paradigm for stem cell biology,
Cell 132 (2008) 631–644.

[6] E. Welinder, C. Murre, Ldb1, a new guardian of hematopoietic stem cell
maintenance, Nat. Immunol. 12 (2011) 113–114.

[7] P.E. Boulais, P.S. Frenette, Making sense of hematopoietic stem cell niches, Blood
125 (2015) 2621–2629.

[8] B.A. Anthony, D.C. Link, Regulation of hematopoietic stem cells by bone marrow
stromal cells, Trends Immunol. 35 (2014) 32–37.

[9] R. Schofield, The relationship between the spleen colony-forming cell and the
haemopoietic stem cell, Blood Cells 4 (1978) 7–25.

[10] H.S. Zhou, B.Z. Carter, M. Andreeff, Bone marrow niche-mediated survival of
leukemia stem cells in acute myeloid leukemia: Yin and Yang, Cancer Biol. Med.
13 (2016) 248–259.

[11] G.B. Bradford, B. Williams, R. Rossi, I. Bertoncello, Quiescence, cycling, and
turnover in the primitive hematopoietic stem cell compartment, Exp. Hematol. 25
(1997) 445–453.

[12] S.H. Cheshier, S.J. Morrison, X. Liao, I.L. Weissman, In vivo proliferation and cell
cycle kinetics of long-term self-renewing hematopoietic stem cells, Proc. Natl.
Acad. Sci. USA 96 (1999) 3120–3125.

[13] B. Joddar, Y. Ito, Artificial niche substrates for embryonic and induced pluripotent
stem cell cultures, J. Biotechnol. 168 (2013) 218–228.

[14] S.H. Cheshier, S.S. Prohaska, I.L. Weissman, The effect of bleeding on hemato-
poietic stem cell cycling and self-renewal, Stem Cells Dev. 16 (2007) 707–717.

[15] A.D. Lander, J. Kimble, H. Clevers, E. Fuchs, D. Montarras, M. Buckingham,
A.L. Calof, A. Trumpp, T. Oskarsson, What does the concept of the stem cell niche
really mean today? BMC Biol. 10 (2012) 19.

[16] D.A. Pollyea, C.T. Jordan, Therapeutic targeting of acute myeloid leukemia stem
cells, Blood 129 (2017) 1627–1635.

[17] R. Sottocornola, C. Lo Celso, Dormancy in the stem cell niche, Stem Cell Res. Ther.
3 (2012) 10.

[18] M.A. Essers, A. Trumpp, Targeting leukemic stem cells by breaking their
dormancy, Mol. Oncol. 4 (2010) 443–450.

[19] S. Azizidoost, V. Vijay, C.R. Cogle, E. Khodadi, N. Saki, The role and clinical
implications of the endosteal niche and osteoblasts in regulating leukemia, Clin.
Transl. Oncol. (2017).

[20] J.E. Dick, Stem cell concepts renew cancer research, Blood 112 (2008) 4793–4807.
[21] T. Nagasawa, Y. Omatsu, T. Sugiyama, Control of hematopoietic stem cells by the

bone marrow stromal niche: the role of reticular cells, Trends Immunol. 32 (2011)
315–320.

[22] Y.C. Hsu, E. Fuchs, A family business: stem cell progeny join the niche to regulate
homeostasis, Nat. Rev. Mol. Cell Biol. 13 (2012) 103–114.

[23] M.K. Chang, L.J. Raggatt, K.A. Alexander, J.S. Kuliwaba, N.L. Fazzalari,
K. Schroder, E.R. Maylin, V.M. Ripoll, D.A. Hume, A.R. Pettit, Osteal tissue
macrophages are intercalated throughout human and mouse bone lining tissues
and regulate osteoblast function in vitro and in vivo, J. Immunol. 181 (2008)
1232–1244.

[24] S.K. Nilsson, H.M. Johnston, G.A. Whitty, B. Williams, R.J. Webb, D.T. Denhardt,
I. Bertoncello, L.J. Bendall, P.J. Simmons, D.N. Haylock, Osteopontin, a key
component of the hematopoietic stem cell niche and regulator of primitive
hematopoietic progenitor cells, Blood 106 (2005) 1232–1239.

[25] S.J. Morrison, D.T. Scadden, The bone marrow niche for haematopoietic stem
cells, Nature 505 (2014) 327–334.

[26] A. Ehninger, A. Trumpp, The bone marrow stem cell niche grows up: mesenchymal
stem cells and macrophages move in, J. Exp. Med. 208 (2011) 421–428.

[27] O.N. Uchakina, H. Ban, R.J. McKallip, Targeting hyaluronic acid production for

the treatment of leukemia: treatment with 4-methylumbelliferone leads to
induction of MAPK-mediated apoptosis in K562 leukemia, Leuk. Res. 37 (2013)
1294–1301.

[28] O. Kollet, A. Dar, S. Shivtiel, A. Kalinkovich, K. Lapid, Y. Sztainberg, M. Tesio,
R.M. Samstein, P. Goichberg, A. Spiegel, A. Elson, T. Lapidot, Osteoclasts degrade
endosteal components and promote mobilization of hematopoietic progenitor
cells, Nat. Med. 12 (2006) 657–664.

[29] J. Yu, M. Li, Z. Qu, D. Yan, D. Li, Q. Ruan, SDF-1/CXCR4-mediated migration of
transplanted bone marrow stromal cells toward areas of heart myocardial
infarction through activation of PI3K/Akt, J. Cardiovasc. Pharmacol. 55 (2010)
496–505.

[30] F.S. Chou, J.C. Mulloy, The thrombopoietin/MPL pathway in hematopoiesis and
leukemogenesis, J. Cell. Biochem. 112 (2011) 1491–1498.

[31] K. Kirito, N. Fox, N. Komatsu, K. Kaushansky, Thrombopoietin enhances expres-
sion of vascular endothelial growth factor (VEGF) in primitive hematopoietic cells
through induction of HIF-1alpha, Blood 105 (2005) 4258–4263.

[32] M.G. Poulos, P. Guo, N.M. Kofler, S. Pinho, M.C. Gutkin, A. Tikhonova, I. Aifantis,
P.S. Frenette, J. Kitajewski, S. Rafii, J.M. Butler, Endothelial Jagged-1 is necessary
for homeostatic and regenerative hematopoiesis, Cell Rep. 4 (2013) 1022–1034.

[33] A. Bigas, L. Espinosa, Hematopoietic stem cells: to be or Notch to be, Blood 119
(2012) 3226–3235.

[34] M. Bhatia, D. Bonnet, D. Wu, B. Murdoch, J. Wrana, L. Gallacher, J.E. Dick, Bone
morphogenetic proteins regulate the developmental program of human hemato-
poietic stem cells, J. Exp. Med. 189 (1999) 1139–1148.

[35] P. Batard, M.N. Monier, N. Fortunel, K. Ducos, P. Sansilvestri-Morel, T. Phan,
A. Hatzfeld, J.A. Hatzfeld, TGF-(beta)1 maintains hematopoietic immaturity by a
reversible negative control of cell cycle and induces CD34 antigen up-modulation,
J. Cell Sci. 113 (Pt 3) (2000) 383–390.

[36] G. Chen, C. Deng, Y.P. Li, TGF-beta and BMP signaling in osteoblast differentiation
and bone formation, Int. J. Biol. Sci. 8 (2012) 272–288.

[37] J. Larsson, S. Karlsson, The role of Smad signaling in hematopoiesis, Oncogene 24
(2005) 5676–5692.

[38] J. Renstrom, M. Kroger, C. Peschel, R.A. Oostendorp, How the niche regulates
hematopoietic stem cells, Chem. Biol. Interact. 184 (2010) 7–15.

[39] T. Yamane, T. Kunisada, H. Tsukamoto, H. Yamazaki, H. Niwa, S. Takada,
S.I. Hayashi, Wnt signaling regulates hemopoiesis through stromal cells, J.
Immunol. 167 (2001) 765–772.

[40] S. Malhotra, Y. Baba, K.P. Garrett, F.J. Staal, R. Gerstein, P.W. Kincade,
Contrasting responses of lymphoid progenitors to canonical and noncanonical Wnt
signals, J. Immunol. 181 (2008) 3955–3964.

[41] M. Katoh, M. Katoh, WNT signaling pathway and stem cell signaling network, Clin.
Cancer Res. 13 (2007) 4042–4045.

[42] R. Sugimura, X.C. He, A. Venkatraman, F. Arai, A. Box, C. Semerad, J.S. Haug,
L. Peng, X.B. Zhong, T. Suda, L. Li, Noncanonical Wnt signaling maintains
hematopoietic stem cells in the niche, Cell 150 (2012) 351–365.

[43] B. Nath, G. Szabo, Hypoxia and hypoxia inducible factors: diverse roles in liver
diseases, Hepatology 55 (2012) 622–633.

[44] H. Huang, A. Bhat, G. Woodnutt, R. Lappe, Targeting the ANGPT-TIE2 pathway in
malignancy, Nat. Rev. Cancer 10 (2010) 575–585.

[45] S. Coskun, K.K. Hirschi, Establishment and regulation of the HSC niche: roles of
osteoblastic and vascular compartments, Birth Defects Res. C Embryo Today 90
(2010) 229–242.

[46] F. Arai, A. Hirao, M. Ohmura, H. Sato, S. Matsuoka, K. Takubo, K. Ito, G.Y. Koh,
T. Suda, Tie2/angiopoietin-1 signaling regulates hematopoietic stem cell quies-
cence in the bone marrow niche, Cell 118 (2004) 149–161.

[47] L.A. Thoren, K. Liuba, D. Bryder, J.M. Nygren, C.T. Jensen, H. Qian, J. Antonchuk,
S.E. Jacobsen, Kit regulates maintenance of quiescent hematopoietic stem cells, J.
Immunol. 180 (2008) 2045–2053.

[48] Z.B. Han, H. Ren, H. Zhao, Y. Chi, K. Chen, B. Zhou, Y.J. Liu, L. Zhang, B. Xu,
B. Liu, R. Yang, Z.C. Han, Hypoxia-inducible factor (HIF)-1 alpha directly
enhances the transcriptional activity of stem cell factor (SCF) in response to
hypoxia and epidermal growth factor (EGF), Carcinogenesis 29 (2008)
1853–1861.

[49] M. Pedersen, T. Lofstedt, J. Sun, L. Holmquist-Mengelbier, S. Pahlman,
L. Ronnstrand, Stem cell factor induces HIF-1alpha at normoxia in hematopoietic
cells, Biochem. Biophys. Res. Commun. 377 (2008) 98–103.

[50] L.M. Calvi, D.C. Link, The hematopoietic stem cell niche in homeostasis and
disease, Blood 126 (2015) 2443–2451.

[51] C. Blin-Wakkach, M. Rouleau, A. Wakkach, Roles of osteoclasts in the control of
medullary hematopoietic niches, Arch. Biochem. Biophys. 561 (2014) 29–37.

[52] G.B. Adams, K.T. Chabner, I.R. Alley, D.P. Olson, Z.M. Szczepiorkowski,
M.C. Poznansky, C.H. Kos, M.R. Pollak, E.M. Brown, D.T. Scadden, Stem cell
engraftment at the endosteal niche is specified by the calcium-sensing receptor,
Nature 439 (2006) 599–603.

[53] A. Sanchez-Aguilera, S. Mendez-Ferrer, The hematopoietic stem-cell niche in
health and leukemia, Cell. Mol. Life Sci. 74 (2017) 579–590.

[54] Y. Katayama, M. Battista, W.M. Kao, A. Hidalgo, A.J. Peired, S.A. Thomas,
P.S. Frenette, Signals from the sympathetic nervous system regulate hematopoietic
stem cell egress from bone marrow, Cell 124 (2006) 407–421.

[55] H.K. Salem, C. Thiemermann, Mesenchymal stromal cells: current understanding
and clinical status, Stem Cells 28 (2010) 585–596.

[56] I.G. Winkler, N.A. Sims, A.R. Pettit, V. Barbier, B. Nowlan, F. Helwani, I.J. Poulton,
N. van Rooijen, K.A. Alexander, L.J. Raggatt, J.P. Levesque, Bone marrow
macrophages maintain hematopoietic stem cell (HSC) niches and their depletion
mobilizes HSCs, Blood 116 (2010) 4815–4828.

[57] M. de la Luz Sierra, S. Sakakibara, P. Gasperini, O. Salvucci, K. Jiang,

V.V.V. Hira et al. BBA - Reviews on Cancer 1868 (2017) 183–198

195

http://dx.doi.org/10.1016/j.bbcan.2017.03.010
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0005
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0005
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0010
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0010
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0010
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0010
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0010
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0010
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0015
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0015
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0015
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0020
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0020
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0020
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0025
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0025
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0030
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0030
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0035
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0035
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0040
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0040
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0045
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0045
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0050
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0050
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0050
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0055
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0055
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0055
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0060
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0060
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0060
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0065
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0065
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0070
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0070
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0075
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0075
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0075
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0080
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0080
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0085
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0085
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0090
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0090
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0095
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0095
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0095
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0100
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0105
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0105
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0105
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0110
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0110
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0115
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0115
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0115
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0115
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0115
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0120
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0120
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0120
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0120
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0125
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0125
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0130
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0130
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0135
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0135
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0135
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0135
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0140
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0140
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0140
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0140
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0145
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0145
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0145
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0145
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0150
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0150
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0155
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0155
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0155
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0160
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0160
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0160
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0165
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0165
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0170
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0170
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0170
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0175
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0175
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0175
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0175
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0180
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0180
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0185
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0185
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0190
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0190
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0195
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0195
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0195
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0200
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0200
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0200
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0205
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0205
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0210
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0210
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0210
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0215
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0215
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0220
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0220
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0225
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0225
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0225
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0230
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0230
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0230
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0235
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0235
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0235
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0240
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0240
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0240
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0240
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0240
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0245
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0245
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0245
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0250
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0250
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0255
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0255
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0260
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0260
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0260
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0260
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0265
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0265
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0270
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0270
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0270
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0275
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0275
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0280
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0280
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0280
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0280
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0285


P.J. McCormick, M. Segarra, J. Stone, D. Maric, J. Zhu, X. Qian, D.R. Lowy,
G. Tosato, The transcription factor Gfi1 regulates G-CSF signaling and neutrophil
development through the Ras activator RasGRP1, Blood 115 (2010) 3970–3979.

[58] R.A. Putland, T.A. Sassinis, J.S. Harvey, P. Diamond, L.S. Coles, C.Y. Brown,
G.J. Goodall, RNA destabilization by the granulocyte colony-stimulating factor
stem-loop destabilizing element involves a single stem-loop that promotes dead-
enylation, Mol. Cell. Biol. 22 (2002) 1664–1673.

[59] E. Belnoue, C. Tougne, A.F. Rochat, P.H. Lambert, D.D. Pinschewer, C.A. Siegrist,
Homing and adhesion patterns determine the cellular composition of the bone
marrow plasma cell niche, J. Immunol. 188 (2012) 1283–1291.

[60] T. Nagasawa, Bone and stem cells. Bone marrow microenvironment niches for
hematopoietic stem and progenitor cells, Clin. Calcium 24 (2014) 517–526.

[61] T. Sugiyama, H. Kohara, M. Noda, T. Nagasawa, Maintenance of the hematopoietic
stem cell pool by CXCL12-CXCR4 chemokine signaling in bone marrow stromal
cell niches, Immunity 25 (2006) 977–988.

[62] Y. Omatsu, M. Seike, T. Sugiyama, T. Kume, T. Nagasawa, Foxc1 is a critical
regulator of haematopoietic stem/progenitor cell niche formation, Nature 508
(2014) 536–540.

[63] Y. Omatsu, T. Sugiyama, H. Kohara, G. Kondoh, N. Fujii, K. Kohno, T. Nagasawa,
The essential functions of adipo-osteogenic progenitors as the hematopoietic stem
and progenitor cell niche, Immunity 33 (2010) 387–399.

[64] A. Wilson, A. Trumpp, Bone-marrow haematopoietic-stem-cell niches, Nat. Rev.
Immunol. 6 (2006) 93–106.

[65] E. Cordeiro-Spinetti, R.S. Taichman, A. Balduino, The bone marrow endosteal
niche: how far from the surface? J. Cell. Biochem. 116 (2015) 6–11.

[66] R.A. Oostendorp, P. Dormer, VLA-4-mediated interactions between normal human
hematopoietic progenitors and stromal cells, Leuk. Lymphoma 24 (1997)
423–435.

[67] S.T. Lim, N.L. Miller, X.L. Chen, I. Tancioni, C.T. Walsh, C. Lawson, S. Uryu,
S.M. Weis, D.A. Cheresh, D.D. Schlaepfer, Nuclear-localized focal adhesion kinase
regulates inflammatory VCAM-1 expression, J. Cell Biol. 197 (2012) 907–919.

[68] M.Z. Ratajczak, M. Adamiak, Membrane lipid rafts, master regulators of hemato-
poietic stem cell retention in bone marrow and their trafficking, Leukemia 29
(2015) 1452–1457.

[69] C. Nombela-Arrieta, L.E. Silberstein, The science behind the hypoxic niche of
hematopoietic stem and progenitors, Hematology Am. Soc. Hematol. Educ.
Program 2014 (2014) 542–547.

[70] C.R. Cogle, R.C. Bosse, T. Brewer, Y. Migdady, R. Shirzad, K.R. Kampen, N. Saki,
Acute myeloid leukemia in the vascular niche, Cancer Lett. 380 (2016) 552–560.

[71] J. Grassinger, D.N. Haylock, B. Williams, G.H. Olsen, S.K. Nilsson, Phenotypically
identical hemopoietic stem cells isolated from different regions of bone marrow
have different biologic potential, Blood 116 (2010) 3185–3196.

[72] D.S. Krause, D.T. Scadden, A hostel for the hostile: the bone marrow niche in
hematologic neoplasms, Haematologica 100 (2015) 1376–1387.

[73] A.L. Kierszenbaum, Histology and Cell Biology: An Introduction to Pathology,
Mosby, 2002.

[74] K. Draenert, Y. Draenert, The vascular system of bone marrow, Scan. Electron
Microsc. (1980) 113–122.

[75] J. Trueta, M.H. Harrison, The normal vascular anatomy of the femoral head in
adult man, J. Bone Joint Surg. (Br.) 35-B (1953) 442–461.

[76] A. Skawina, J.A. Litwin, J. Gorczyca, A.J. Miodonski, The vascular system of
human fetal long bones: a scanning electron microscope study of corrosion casts, J.
Anat. 185 (Pt 2) (1994) 369–376.

[77] C. Nombela-Arrieta, G. Pivarnik, B. Winkel, K.J. Canty, B. Harley, J.E. Mahoney,
S.Y. Park, J. Lu, A. Protopopov, L.E. Silberstein, Quantitative imaging of
haematopoietic stem and progenitor cell localization and hypoxic status in the
bone marrow microenvironment, Nat. Cell Biol. 15 (2013) 533–543.

[78] J.A. Spencer, F. Ferraro, E. Roussakis, A. Klein, J. Wu, J.M. Runnels, W. Zaher,
L.J. Mortensen, C. Alt, R. Turcotte, R. Yusuf, D. Cote, S.A. Vinogradov,
D.T. Scadden, C.P. Lin, Direct measurement of local oxygen concentration in the
bone marrow of live animals, Nature 508 (2014) 269–273.

[79] T. Itkin, S. Gur-Cohen, J.A. Spencer, A. Schajnovitz, S.K. Ramasamy,
A.P. Kusumbe, G. Ledergor, Y. Jung, I. Milo, M.G. Poulos, A. Kalinkovich,
A. Ludin, O. Kollet, G. Shakhar, J.M. Butler, S. Rafii, R.H. Adams, D.T. Scadden,
C.P. Lin, T. Lapidot, Distinct bone marrow blood vessels differentially regulate
haematopoiesis, Nature 532 (2016) 323–328.

[80] Y. Kunisaki, I. Bruns, C. Scheiermann, J. Ahmed, S. Pinho, D. Zhang, T. Mizoguchi,
Q. Wei, D. Lucas, K. Ito, J.C. Mar, A. Bergman, P.S. Frenette, Arteriolar niches
maintain haematopoietic stem cell quiescence, Nature 502 (2013) 637–643.

[81] O. Naveiras, V. Nardi, P.L. Wenzel, P.V. Hauschka, F. Fahey, G.Q. Daley, Bone-
marrow adipocytes as negative regulators of the haematopoietic microenviron-
ment, Nature 460 (2009) 259–263.

[82] J.D. Ochocki, M.C. Simon, Nutrient-sensing pathways and metabolic regulation in
stem cells, J. Cell Biol. 203 (2013) 23–33.

[83] J.E. Ziello, I.S. Jovin, Y. Huang, Hypoxia-inducible factor (HIF)-1 regulatory
pathway and its potential for therapeutic intervention in malignancy and
ischemia, Yale J. Biol. Med. 80 (2007) 51–60.

[84] K. Takubo, N. Goda, W. Yamada, H. Iriuchishima, E. Ikeda, Y. Kubota, H. Shima,
R.S. Johnson, A. Hirao, M. Suematsu, T. Suda, Regulation of the HIF-1alpha level
is essential for hematopoietic stem cells, Cell Stem Cell 7 (2010) 391–402.

[85] K. Parmar, P. Mauch, J.A. Vergilio, R. Sackstein, J.D. Down, Distribution of
hematopoietic stem cells in the bone marrow according to regional hypoxia, Proc.
Natl. Acad. Sci. USA 104 (2007) 5431–5436.

[86] V.V. Hira, K.J. Ploegmakers, F. Grevers, U. Verbovsek, C. Silvestre-Roig,
E. Aronica, W. Tigchelaar, T.L. Turnsek, R.J. Molenaar, C.J. Van Noorden,
CD133+ and nestin+ glioma stem-like cells reside around CD31+ arterioles in

niches that express SDF-1alpha, CXCR4, osteopontin and cathepsin K, J.
Histochem. Cytochem. 63 (2015) 481–493.

[87] S.Y. Yuan, R.R. Rigor, Regulation of Endothelial Barrier Function, San Rafael (CA),
(2010).

[88] C.C. Zhang, H.A. Sadek, Hypoxia and metabolic properties of hematopoietic stem
cells, Antioxid. Redox Signal. 20 (2014) 1891–1901.

[89] Y. Kaneyuki, H. Yoshino, I. Kashiwakura, Involvement of intracellular reactive
oxygen species and mitochondria in the radiosensitivity of human hematopoietic
stem cells, J. Radiat. Res. 53 (2012) 145–150.

[90] T. Simsek, F. Kocabas, J. Zheng, R.J. Deberardinis, A.I. Mahmoud, E.N. Olson,
J.W. Schneider, C.C. Zhang, H.A. Sadek, The distinct metabolic profile of
hematopoietic stem cells reflects their location in a hypoxic niche, Cell Stem Cell 7
(2010) 380–390.

[91] K. Ito, T. Suda, Metabolic requirements for the maintenance of self-renewing stem
cells, Nat. Rev. Mol. Cell Biol. 15 (2014) 243–256.

[92] K. Ito, A. Hirao, F. Arai, S. Matsuoka, K. Takubo, I. Hamaguchi, K. Nomiyama,
K. Hosokawa, K. Sakurada, N. Nakagata, Y. Ikeda, T.W. Mak, T. Suda, Regulation
of oxidative stress by ATM is required for self-renewal of haematopoietic stem
cells, Nature 431 (2004) 997–1002.

[93] K. Hosokawa, F. Arai, H. Yoshihara, Y. Nakamura, Y. Gomei, H. Iwasaki,
K. Miyamoto, H. Shima, K. Ito, T. Suda, Function of oxidative stress in the
regulation of hematopoietic stem cell-niche interaction, Biochem. Biophys. Res.
Commun. 363 (2007) 578–583.

[94] K. Ito, A. Hirao, F. Arai, K. Takubo, S. Matsuoka, K. Miyamoto, M. Ohmura,
K. Naka, K. Hosokawa, Y. Ikeda, T. Suda, Reactive oxygen species act through p38
MAPK to limit the lifespan of hematopoietic stem cells, Nat. Med. 12 (2006)
446–451.

[95] Y. Hao, D. Cheng, Y. Ma, W. Zhou, Y. Wang, The relationship between oxygen
concentration, reactive oxygen species and the biological characteristics of human
bone marrow hematopoietic stem cells, Transplant. Proc. 43 (2011) 2755–2761.

[96] K. Miyamoto, K.Y. Araki, K. Naka, F. Arai, K. Takubo, S. Yamazaki, S. Matsuoka,
T. Miyamoto, K. Ito, M. Ohmura, C. Chen, K. Hosokawa, H. Nakauchi,
K. Nakayama, K.I. Nakayama, M. Harada, N. Motoyama, T. Suda, A. Hirao, Foxo3a
is essential for maintenance of the hematopoietic stem cell pool, Cell Stem Cell 1
(2007) 101–112.

[97] M. Tesio, K. Golan, S. Corso, S. Giordano, A. Schajnovitz, Y. Vagima, S. Shivtiel,
A. Kalinkovich, L. Caione, L. Gammaitoni, E. Laurenti, E.C. Buss, E. Shezen,
T. Itkin, O. Kollet, I. Petit, A. Trumpp, J. Christensen, M. Aglietta, W. Piacibello,
T. Lapidot, Enhanced c-Met activity promotes G-CSF-induced mobilization of
hematopoietic progenitor cells via ROS signaling, Blood 117 (2011) 419–428.

[98] K. Golan, Y. Vagima, A. Ludin, T. Itkin, S. Cohen-Gur, A. Kalinkovich, O. Kollet,
C. Kim, A. Schajnovitz, Y. Ovadya, K. Lapid, S. Shivtiel, A.J. Morris,
M.Z. Ratajczak, T. Lapidot, S1P promotes murine progenitor cell egress and
mobilization via S1P1-mediated ROS signaling and SDF-1 release, Blood 119
(2012) 2478–2488.

[99] C.H. Jamieson, I.L. Weissman, E. Passegue, Chronic versus acute myelogenous
leukemia: a question of self-renewal, Cancer Cell 6 (2004) 531–533.

[100] E.R. Lechman, B. Gentner, S.W. Ng, E.M. Schoof, P. van Galen, J.A. Kennedy,
S. Nucera, F. Ciceri, K.B. Kaufmann, N. Takayama, S.M. Dobson, A. Trotman-
Grant, G. Krivdova, J. Elzinga, A. Mitchell, B. Nilsson, K.G. Hermans, K. Eppert,
R. Marke, R. Isserlin, V. Voisin, G.D. Bader, P.W. Zandstra, T.R. Golub, B.L. Ebert,
J. Lu, M. Minden, J.C. Wang, L. Naldini, J.E. Dick, miR-126 regulates distinct self-
renewal outcomes in normal and malignant hematopoietic stem cells, Cancer Cell
29 (2016) 214–228.

[101] G.J. Roboz, Novel approaches to the treatment of acute myeloid leukemia,
Hematology Am. Soc. Hematol. Educ. Program 2011 (2011) 43–50.

[102] A. de Lourdes Perim, M.K. Amarante, R.L. Guembarovski, C.E. de Oliveira,
M.A. Watanabe, CXCL12/CXCR4 axis in the pathogenesis of acute lymphoblastic
leukemia (ALL): a possible therapeutic target, Cell. Mol. Life Sci. 72 (2015)
1715–1723.

[103] S. Dinner, D. Lee, M. Liedtke, Current therapy and novel agents for relapsed or
refractory acute lymphoblastic leukemia, Leuk. Lymphoma 55 (2014) 1715–1724.

[104] C. Riether, C.M. Schurch, A.F. Ochsenbein, Regulation of hematopoietic and
leukemic stem cells by the immune system, Cell Death Differ. 22 (2015) 187–198.

[105] S.W. Lane, D.T. Scadden, D.G. Gilliland, The leukemic stem cell niche: current
concepts and therapeutic opportunities, Blood 114 (2009) 1150–1157.

[106] C. Schliemann, R. Bieker, T. Padro, T. Kessler, H. Hintelmann, T. Buchner,
W.E. Berdel, R.M. Mesters, Expression of angiopoietins and their receptor Tie2 in
the bone marrow of patients with acute myeloid leukemia, Haematologica 91
(2006) 1203–1211.

[107] A. Muller, K. Lange, T. Gaiser, M. Hofmann, H. Bartels, A.C. Feller, H. Merz,
Expression of angiopoietin-1 and its receptor TEK in hematopoietic cells from
patients with myeloid leukemia, Leuk. Res. 26 (2002) 163–168.

[108] A.C. Weidenaar, A. ter Elst, G. Koopmans-Klein, S. Rosati, W.F. den Dunnen,
T. Meeuwsen-de Boer, W.A. Kamps, E. Vellenga, E.S. de Bont, High acute myeloid
leukemia derived VEGFA levels are associated with a specific vascular morphology
in the leukemic bone marrow, Cell. Oncol. (Dordr.) 34 (2011) 289–296.

[109] H. Reikvam, K.J. Hatfield, P. Lassalle, A.O. Kittang, E. Ersvaer, O. Bruserud,
Targeting the angiopoietin (Ang)/Tie-2 pathway in the crosstalk between acute
myeloid leukaemia and endothelial cells: studies of Tie-2 blocking antibodies,
exogenous Ang-2 and inhibition of constitutive agonistic Ang-1 release, Expert
Opin. Investig. Drugs 19 (2010) 169–183.

[110] G.L. Uy, M.P. Rettig, I.H. Motabi, K. McFarland, K.M. Trinkaus, L.M. Hladnik,
S. Kulkarni, C.N. Abboud, A.F. Cashen, K.E. Stockerl-Goldstein, R. Vij,
P. Westervelt, J.F. DiPersio, A phase 1/2 study of chemosensitization with the
CXCR4 antagonist plerixafor in relapsed or refractory acute myeloid leukemia,

V.V.V. Hira et al. BBA - Reviews on Cancer 1868 (2017) 183–198

196

http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0285
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0285
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0285
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0290
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0290
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0290
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0290
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0295
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0295
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0295
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0300
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0300
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0305
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0305
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0305
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0310
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0310
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0310
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0315
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0315
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0315
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0320
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0320
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0325
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0325
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0330
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0330
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0330
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0335
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0335
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0335
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0340
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0340
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0340
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0345
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0345
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0345
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0350
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0350
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0355
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0355
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0355
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0360
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0360
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0365
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0365
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0370
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0370
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0375
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0375
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0380
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0380
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0380
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0385
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0385
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0385
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0385
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0390
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0390
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0390
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0390
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0395
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0395
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0395
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0395
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0395
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0400
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0400
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0400
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0405
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0405
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0405
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0410
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0410
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0415
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0415
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0415
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0420
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0420
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0420
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0425
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0425
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0425
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0430
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0430
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0430
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0430
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0430
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0435
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0435
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0440
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0440
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0445
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0445
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0445
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0450
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0450
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0450
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0450
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0455
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0455
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0460
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0460
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0460
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0460
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0465
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0465
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0465
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0465
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0470
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0470
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0470
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0470
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0475
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0475
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0475
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0480
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0480
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0480
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0480
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0480
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0485
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0485
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0485
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0485
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0485
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0490
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0490
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0490
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0490
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0490
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0495
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0495
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0500
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0500
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0500
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0500
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0500
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0500
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0500
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0505
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0505
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0510
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0510
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0510
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0510
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0515
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0515
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0520
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0520
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0525
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0525
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0530
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0530
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0530
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0530
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0535
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0535
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0535
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0540
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0540
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0540
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0540
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0545
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0545
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0545
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0545
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0545
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0550
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0550
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0550
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0550


Blood 119 (2012) 3917–3924.
[111] H. De Raeve, E. Van Marck, B. Van Camp, K. Vanderkerken, Angiogenesis and the

role of bone marrow endothelial cells in haematological malignancies, Histol.
Histopathol. 19 (2004) 935–950.

[112] Y. Tabe, M. Konopleva, Role of microenvironment in resistance to therapy in AML,
Curr. Hematol. Malig. Rep. 10 (2015) 96–103.

[113] L. Jin, K.J. Hope, Q. Zhai, F. Smadja-Joffe, J.E. Dick, Targeting of CD44 eradicates
human acute myeloid leukemic stem cells, Nat. Med. 12 (2006) 1167–1174.

[114] M. Zoller, CD44, hyaluronan, the hematopoietic stem cell, and leukemia-initiating
cells, Front. Immunol. 6 (2015) 235.

[115] K.A. Aziz, K.J. Till, M. Zuzel, J.C. Cawley, Involvement of CD44-hyaluronan
interaction in malignant cell homing and fibronectin synthesis in hairy cell
leukemia, Blood 96 (2000) 3161–3167.

[116] A. Avigdor, P. Goichberg, S. Shivtiel, A. Dar, A. Peled, S. Samira, O. Kollet,
R. Hershkoviz, R. Alon, I. Hardan, H. Ben-Hur, D. Naor, A. Nagler, T. Lapidot,
CD44 and hyaluronic acid cooperate with SDF-1 in the trafficking of human
CD34+ stem/progenitor cells to bone marrow, Blood 103 (2004) 2981–2989.

[117] B. Boyerinas, M. Zafrir, A.E. Yesilkanal, T.T. Price, E.M. Hyjek, D.A. Sipkins,
Adhesion to osteopontin in the bone marrow niche regulates lymphoblastic
leukemia cell dormancy, Blood 121 (2013) 4821–4831.

[118] R. Liersch, J. Gerss, C. Schliemann, M. Bayer, C. Schwoppe, C. Biermann,
I. Appelmann, T. Kessler, B. Lowenberg, T. Buchner, W. Hiddemann, C. Muller-
Tidow, W.E. Berdel, R. Mesters, Osteopontin is a prognostic factor for survival of
acute myeloid leukemia patients, Blood 119 (2012) 5215–5220.

[119] R. Jacamo, Y. Chen, Z. Wang, W. Ma, M. Zhang, E.L. Spaeth, Y. Wang, V.L. Battula,
P.Y. Mak, K. Schallmoser, P. Ruvolo, W.D. Schober, E.J. Shpall, M.H. Nguyen,
D. Strunk, C.E. Bueso-Ramos, S. Konoplev, R.E. Davis, M. Konopleva, M. Andreeff,
Reciprocal leukemia-stroma VCAM-1/VLA-4-dependent activation of NF-kappaB
mediates chemoresistance, Blood 123 (2014) 2691–2702.

[120] E.A. Sison, P. Brown, The bone marrow microenvironment and leukemia: biology
and therapeutic targeting, Expert. Rev. Hematol. 4 (2011) 271–283.

[121] A. Kode, J.S. Manavalan, I. Mosialou, G. Bhagat, C.V. Rathinam, N. Luo,
H. Khiabanian, A. Lee, V.V. Murty, R. Friedman, A. Brum, D. Park, N. Galili,
S. Mukherjee, J. Teruya-Feldstein, A. Raza, R. Rabadan, E. Berman, S. Kousteni,
Leukaemogenesis induced by an activating beta-catenin mutation in osteoblasts,
Nature 506 (2014) 240–244.

[122] M. Stefanidakis, E. Koivunen, Cell-surface association between matrix metallo-
proteinases and integrins: role of the complexes in leukocyte migration and cancer
progression, Blood 108 (2006) 1441–1450.

[123] S. Tohda, NOTCH signaling roles in acute myeloid leukemia cell growth and
interaction with other stemness-related signals, Anticancer Res. 34 (2014)
6259–6264.

[124] A.B. Laranjeira, S.X. Yang, Therapeutic target discovery and drug development in
cancer stem cells for leukemia and lymphoma: from bench to the clinic, Expert
Opin. Drug Discovery 11 (2016) 1071–1080.

[125] K.S. Siveen, S. Uddin, R.M. Mohammad, Targeting acute myeloid leukemia stem
cell signaling by natural products, Mol. Cancer 16 (2017) 13.

[126] A. Kode, I. Mosialou, S.J. Manavalan, C.V. Rathinam, R.A. Friedman, J. Teruya-
Feldstein, G. Bhagat, E. Berman, S. Kousteni, FoxO1-dependent induction of acute
myeloid leukemia by osteoblasts in mice, Leukemia 30 (2016) 1–13.

[127] M. Furukawa, H. Ohkawara, K. Ogawa, K. Ikeda, K. Ueda, A. Shichishima-
Nakamura, E. Ito, J.I. Imai, Y. Yanagisawa, R. Honma, S. Watanabe, S. Waguri,
T. Ikezoe, Y. Takeishi, Autocrine and paracrine interactions between multiple
myeloma cells and bone marrow stromal cells by growth arrest-specific gene 6
cross-talk with interleukin-6, J. Biol. Chem. 292 (2017) 4280–4292.

[128] H. Axelrod, K.J. Pienta, Axl as a mediator of cellular growth and survival,
Oncotarget 5 (2014) 8818–8852.

[129] M.S. Kariolis, Y.R. Miao, A. Diep, S.E. Nash, M.M. Olcina, D. Jiang, D.S. Jones II,
S. Kapur, I.I. Mathews, A.C. Koong, E.B. Rankin, J.R. Cochran, A.J. Giaccia,
Inhibition of the GAS6/AXL pathway augments the efficacy of chemotherapies, J.
Clin. Invest. 127 (2017) 183–198.

[130] I. Ben-Batalla, A. Schultze, M. Wroblewski, R. Erdmann, M. Heuser,
J.S. Waizenegger, K. Riecken, M. Binder, D. Schewe, S. Sawall, V. Witzke,
M. Cubas-Cordova, M. Janning, J. Wellbrock, B. Fehse, C. Hagel, J. Krauter,
A. Ganser, J.B. Lorens, W. Fiedler, P. Carmeliet, K. Pantel, C. Bokemeyer, S. Loges,
Axl, a prognostic and therapeutic target in acute myeloid leukemia mediates
paracrine crosstalk of leukemia cells with bone marrow stroma, Blood 122 (2013)
2443–2452.

[131] S.P. Whitman, J. Kohlschmidt, K. Maharry, S. Volinia, K. Mrozek, D. Nicolet,
S. Schwind, H. Becker, K.H. Metzeler, J.H. Mendler, A.K. Eisfeld, A.J. Carroll,
B.L. Powell, T.H. Carter, M.R. Baer, J.E. Kolitz, I.K. Park, R.M. Stone,
M.A. Caligiuri, G. Marcucci, C.D. Bloomfield, GAS6 expression identifies high-risk
adult AML patients: potential implications for therapy, Leukemia 28 (2014)
1252–1258.

[132] A.B. Lee-Sherick, K.M. Eisenman, S. Sather, A. McGranahan, P.M. Armistead,
C.S. McGary, S.A. Hunsucker, J. Schlegel, H. Martinson, C. Cannon, A.K. Keating,
H.S. Earp, X. Liang, D. DeRyckere, D.K. Graham, Aberrant Mer receptor tyrosine
kinase expression contributes to leukemogenesis in acute myeloid leukemia,
Oncogene 32 (2013) 5359–5368.

[133] M. Kobune, Y. Ito, Y. Kawano, K. Sasaki, H. Uchida, K. Nakamura, H. Dehari,
H. Chiba, R. Takimoto, T. Matsunaga, T. Terui, J. Kato, Y. Niitsu, H. Hamada,
Indian hedgehog gene transfer augments hematopoietic support of human stromal
cells including NOD/SCID-beta2m−/− repopulating cells, Blood 104 (2004)
1002–1009.

[134] C. Zhao, A. Chen, C.H. Jamieson, M. Fereshteh, A. Abrahamsson, J. Blum,
H.Y. Kwon, J. Kim, J.P. Chute, D. Rizzieri, M. Munchhof, T. VanArsdale,

P.A. Beachy, T. Reya, Hedgehog signalling is essential for maintenance of cancer
stem cells in myeloid leukaemia, Nature 458 (2009) 776–779.

[135] M. Kobune, S. Iyama, S. Kikuchi, H. Horiguchi, T. Sato, K. Murase, Y. Kawano,
K. Takada, K. Ono, Y. Kamihara, T. Hayashi, K. Miyanishi, Y. Sato, R. Takimoto,
J. Kato, Stromal cells expressing hedgehog-interacting protein regulate the
proliferation of myeloid neoplasms, Blood Cancer J. 2 (2012) e87.

[136] C. Zhao, Y. Xiu, J. Ashton, L. Xing, Y. Morita, C.T. Jordan, B.F. Boyce,
Noncanonical NF-kappaB signaling regulates hematopoietic stem cell self-renewal
and microenvironment interactions, Stem Cells 30 (2012) 709–718.

[137] M.M. Juntilla, V.D. Patil, M. Calamito, R.P. Joshi, M.J. Birnbaum, G.A. Koretzky,
AKT1 and AKT2 maintain hematopoietic stem cell function by regulating reactive
oxygen species, Blood 115 (2010) 4030–4038.

[138] C. Orelio, E. Dzierzak, Bcl-2 expression and apoptosis in the regulation of
hematopoietic stem cells, Leuk. Lymphoma 48 (2007) 16–24.

[139] M.Y. Konopleva, C.T. Jordan, Leukemia stem cells and microenvironment: biology
and therapeutic targeting, J. Clin. Oncol. 29 (2011) 591–599.

[140] R.T. Moon, A.D. Kohn, G.V. De Ferrari, A. Kaykas, WNT and beta-catenin
signalling: diseases and therapies, Nat. Rev. Genet. 5 (2004) 691–701.

[141] E. Ashihara, T. Takada, T. Maekawa, Targeting the canonical Wnt/beta-catenin
pathway in hematological malignancies, Cancer Sci. 106 (2015) 665–671.

[142] M.L. Guzman, S.J. Neering, D. Upchurch, B. Grimes, D.S. Howard, D.A. Rizzieri,
S.M. Luger, C.T. Jordan, Nuclear factor-kappaB is constitutively activated in
primitive human acute myelogenous leukemia cells, Blood 98 (2001) 2301–2307.

[143] A.M. Martelli, C. Evangelisti, F. Chiarini, J.A. McCubrey, The phosphatidylinositol
3-kinase/Akt/mTOR signaling network as a therapeutic target in acute myelo-
genous leukemia patients, Oncotarget 1 (2010) 89–103.

[144] Q. Xu, S.E. Simpson, T.J. Scialla, A. Bagg, M. Carroll, Survival of acute myeloid
leukemia cells requires PI3 kinase activation, Blood 102 (2003) 972–980.

[145] M. Konopleva, R. Contractor, T. Tsao, I. Samudio, P.P. Ruvolo, S. Kitada, X. Deng,
D. Zhai, Y.X. Shi, T. Sneed, M. Verhaegen, M. Soengas, V.R. Ruvolo, T. McQueen,
W.D. Schober, J.C. Watt, T. Jiffar, X. Ling, F.C. Marini, D. Harris, M. Dietrich,
Z. Estrov, J. McCubrey, W.S. May, J.C. Reed, M. Andreeff, Mechanisms of
apoptosis sensitivity and resistance to the BH3 mimetic ABT-737 in acute myeloid
leukemia, Cancer Cell 10 (2006) 375–388.

[146] BCL-2 inhibitor yields high response in CLL and SLL, Cancer Discov. 4 (2014) OF5.
[147] A. Ashkenazi, W.J. Fairbrother, J.D. Leverson, A.J. Souers, From basic apoptosis

discoveries to advanced selective BCL-2 family inhibitors, Nat. Rev. Drug Discov.
(2017).

[148] L. Arranz, A. Sanchez-Aguilera, D. Martin-Perez, J. Isern, X. Langa, A. Tzankov,
P. Lundberg, S. Muntion, Y.S. Tzeng, D.M. Lai, J. Schwaller, R.C. Skoda,
S. Mendez-Ferrer, Neuropathy of haematopoietic stem cell niche is essential for
myeloproliferative neoplasms, Nature 512 (2014) 78–81.

[149] E. Sacco, R. Bientinesi, Mirabegron: a review of recent data and its prospects in the
management of overactive bladder, Ther. Adv. Urol. 4 (2012) 315–324.

[150] K. Schepers, T.B. Campbell, E. Passegue, Normal and leukemic stem cell niches:
insights and therapeutic opportunities, Cell Stem Cell 16 (2015) 254–267.

[151] C.R. Cogle, N. Saki, E. Khodadi, J. Li, M. Shahjahani, S. Azizidoost, Bone marrow
niche in the myelodysplastic syndromes, Leuk. Res. 39 (2015) 1020–1027.

[152] E. Bulycheva, M. Rauner, H. Medyouf, I. Theurl, M. Bornhauser, L.C. Hofbauer,
U. Platzbecker, Myelodysplasia is in the niche: novel concepts and emerging
therapies, Leukemia 29 (2015) 259–268.

[153] S. Geyh, S. Oz, R.P. Cadeddu, J. Frobel, B. Bruckner, A. Kundgen, R. Fenk, I. Bruns,
C. Zilkens, D. Hermsen, N. Gattermann, G. Kobbe, U. Germing, F. Lyko, R. Haas,
T. Schroeder, Insufficient stromal support in MDS results from molecular and
functional deficits of mesenchymal stromal cells, Leukemia 27 (2013) 1841–1851.

[154] H. Medyouf, M. Mossner, J.C. Jann, F. Nolte, S. Raffel, C. Herrmann, A. Lier,
C. Eisen, V. Nowak, B. Zens, K. Mudder, C. Klein, J. Oblander, S. Fey, J. Vogler,
A. Fabarius, E. Riedl, H. Roehl, A. Kohlmann, M. Staller, C. Haferlach, N. Muller,
T. John, U. Platzbecker, G. Metzgeroth, W.K. Hofmann, A. Trumpp, D. Nowak,
Myelodysplastic cells in patients reprogram mesenchymal stromal cells to estab-
lish a transplantable stem cell niche disease unit, Cell Stem Cell 14 (2014)
824–837.

[155] M.H. Raaijmakers, S. Mukherjee, S. Guo, S. Zhang, T. Kobayashi,
J.A. Schoonmaker, B.L. Ebert, F. Al-Shahrour, R.P. Hasserjian, E.O. Scadden,
Z. Aung, M. Matza, M. Merkenschlager, C. Lin, J.M. Rommens, D.T. Scadden, Bone
progenitor dysfunction induces myelodysplasia and secondary leukaemia, Nature
464 (2010) 852–857.

[156] J.A. Burger, Osteopontin: an unhealthy sleep remedy for ALL, Blood 121 (2013)
4814–4815.

[157] A. Colmone, M. Amorim, A.L. Pontier, S. Wang, E. Jablonski, D.A. Sipkins,
Leukemic cells create bone marrow niches that disrupt the behavior of normal
hematopoietic progenitor cells, Science 322 (2008) 1861–1865.

[158] M.Y. Koh, T. Spivak-Kroizman, S. Venturini, S. Welsh, R.R. Williams,
D.L. Kirkpatrick, G. Powis, Molecular mechanisms for the activity of PX-478, an
antitumor inhibitor of the hypoxia-inducible factor-1alpha, Mol. Cancer Ther. 7
(2008) 90–100.

[159] H. Drolle, M. Wagner, J. Vasold, A. Kutt, C. Deniffel, K. Sotlar, S. Sironi, T. Herold,
C. Rieger, M. Fiegl, Hypoxia regulates proliferation of acute myeloid leukemia and
sensitivity against chemotherapy, Leuk. Res. 39 (2015) 779–785.

[160] P. Xia, X.Y. Xu, PI3K/Akt/mTOR signaling pathway in cancer stem cells: from
basic research to clinical application, Am. J. Cancer Res. 5 (2015) 1602–1609.

[161] B.Z. Carter, D.H. Mak, S.J. Morris, G. Borthakur, E. Estey, A.L. Byrd, M. Konopleva,
H. Kantarjian, M. Andreeff, XIAP antisense oligonucleotide (AEG35156) achieves
target knockdown and induces apoptosis preferentially in CD34+38− cells in a
phase 1/2 study of patients with relapsed/refractory AML, Apoptosis 16 (2011)
67–74.

V.V.V. Hira et al. BBA - Reviews on Cancer 1868 (2017) 183–198

197

http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0550
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0555
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0555
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0555
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0560
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0560
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0565
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0565
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0570
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0570
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0575
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0575
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0575
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0580
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0580
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0580
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0580
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0585
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0585
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0585
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0590
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0590
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0590
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0590
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0595
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0595
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0595
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0595
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0595
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0600
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0600
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0605
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0605
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0605
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0605
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0605
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0610
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0610
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0610
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0615
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0615
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0615
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0620
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0620
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0620
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0625
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0625
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0630
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0630
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0630
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0635
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0635
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0635
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0635
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0635
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0640
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0640
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0645
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0645
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0645
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0645
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0650
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0650
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0650
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0650
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0650
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0650
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0650
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0655
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0655
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0655
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0655
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0655
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0655
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0660
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0660
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0660
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0660
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0660
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0665
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0665
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0665
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0665
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0665
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0670
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0670
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0670
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0670
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0675
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0675
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0675
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0675
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0680
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0680
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0680
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0685
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0685
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0685
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0690
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0690
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0695
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0695
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0700
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0700
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0705
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0705
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0710
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0710
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0710
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0715
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0715
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0715
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0720
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0720
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0725
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0725
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0725
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0725
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0725
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0725
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0730
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0735
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0735
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0735
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0740
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0740
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0740
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0740
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0745
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0745
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0750
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0750
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0755
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0755
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0760
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0760
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0760
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0765
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0765
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0765
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0765
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0770
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0770
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0770
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0770
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0770
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0770
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0770
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0775
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0775
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0775
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0775
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0775
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0780
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0780
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0785
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0785
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0785
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0790
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0790
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0790
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0790
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0795
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0795
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0795
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0800
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0800
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0805
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0805
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0805
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0805
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0805


[162] S. Portwood, D. Lal, Y.C. Hsu, R. Vargas, M.K. Johnson, M. Wetzler, C.P. Hart,
E.S. Wang, Activity of the hypoxia-activated prodrug, TH-302, in preclinical
human acute myeloid leukemia models, Clin. Cancer Res. 19 (2013) 6506–6519.

[163] T. Morikawa, K. Takubo, Hypoxia regulates the hematopoietic stem cell niche,
Pflugers Arch. - Eur. J. Physiol. (2015).

[164] P. Eliasson, J.I. Jonsson, The hematopoietic stem cell niche: low in oxygen but a
nice place to be, J. Cell. Physiol. 222 (2010) 17–22.

[165] Y.Y. Jang, S.J. Sharkis, A low level of reactive oxygen species selects for primitive
hematopoietic stem cells that may reside in the low-oxygenic niche, Blood 110
(2007) 3056–3063.

[166] G. Solaini, A. Baracca, G. Lenaz, G. Sgarbi, Hypoxia and mitochondrial oxidative
metabolism, Biochim. Biophys. Acta 1797 (2010) 1171–1177.

[167] N. Vahsen, C. Cande, J.J. Briere, P. Benit, N. Joza, N. Larochette,
P.G. Mastroberardino, M.O. Pequignot, N. Casares, V. Lazar, O. Feraud, N. Debili,
S. Wissing, S. Engelhardt, F. Madeo, M. Piacentini, J.M. Penninger, H. Schagger,
P. Rustin, G. Kroemer, AIF deficiency compromises oxidative phosphorylation,
EMBO J. 23 (2004) 4679–4689.

[168] J. Gu, M. Wu, R. Guo, K. Yan, J. Lei, N. Gao, M. Yang, The architecture of the
mammalian respirasome, Nature 537 (2016) 639–643.

[169] E.J. Boekema, H.P. Braun, Supramolecular structure of the mitochondrial oxida-
tive phosphorylation system, J. Biol. Chem. 282 (2007) 1–4.

[170] M. Goto, H. Miwa, K. Suganuma, N. Tsunekawa-Imai, M. Shikami, M. Mizutani,
S. Mizuno, I. Hanamura, M. Nitta, Adaptation of leukemia cells to hypoxic
condition through switching the energy metabolism or avoiding the oxidative
stress, BMC Cancer 14 (2014) 76.

[171] E. Kokovay, Y. Wang, G. Kusek, R. Wurster, P. Lederman, N. Lowry, Q. Shen,
S. Temple, VCAM1 is essential to maintain the structure of the SVZ niche and acts
as an environmental sensor to regulate SVZ lineage progression, Cell Stem Cell 11
(2012) 220–230.

[172] G.L. Chen, Y. Luo, D. Eriksson, X. Meng, C. Qian, T. Bauerle, X.X. Chen, G. Schett,
A. Bozec, High fat diet increases melanoma cell growth in the bone marrow by
inducing osteopontin and interleukin 6, Oncotarget 18 (2016) 26653–26669.

[173] S. Sangaletti, C. Tripodo, S. Sandri, I. Torselli, C. Vitali, C. Ratti, L. Botti,
A. Burocchi, R. Porcasi, A. Tomirotti, M.P. Colombo, C. Chiodoni, Osteopontin
shapes immunosuppression in the metastatic niche, Cancer Res. 74 (2014)
4706–4719.

[174] P.J. Richardson, CXCR4 and Glioblastoma, Anti Cancer Agents Med. Chem. 16
(2015) 59–74.

V.V.V. Hira et al. BBA - Reviews on Cancer 1868 (2017) 183–198

198

http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0810
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0810
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0810
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0815
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0815
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0820
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0820
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0825
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0825
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0825
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0830
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0830
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0835
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0835
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0835
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0835
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0835
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0840
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0840
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0845
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0845
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0850
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0850
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0850
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0850
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0855
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0855
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0855
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0855
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0860
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0860
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0860
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0865
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0865
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0865
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0865
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0870
http://refhub.elsevier.com/S0304-419X(16)30124-X/rf0870

	Novel therapeutic strategies to target leukemic cells that hijack compartmentalized continuous hematopoietic stem cell niches
	Introduction
	HSC niches
	The endosteal niche
	Osteoblasts
	Osteoblast-promoted retention of HSCs in endosteal niches
	Osteoblast-promoted self-renewal of HSCs
	Osteoblasts and WNT signaling in HSCs
	Effects of osteoblasts in hypoxia
	Direct contacts between osteoblasts and HSCs
	Osteoclasts
	Osteomacs

	The reticular niche
	The perivascular niche
	The vasculature of red bone marrow in relation to hypoxia
	Hypoxia in HSC niches
	The compartmentalized continuous HSC niche

	Leukemic cells hijack HSC niches
	Therapeutic targeting of AML cells hijacking HSC niches
	Therapies that target the transformation of AML cells into LSCs
	Angiopoietin-1/TIE2 interactions
	Stromal derived factor-1α/C-X-C receptor type 4
	Hypoxia-induced factor-1α and vascular endothelial growth factor
	CD44/hyaluronic acid and CD44/osteopontin
	Very late antigen-4/vascular cell-adhesion molecule-1
	Notch signalling
	Growth-arrest specific gene 6/AXL/MER paracrine signalling
	Hedgehog signalling
	Intrinsic targeting of LSCs

	Therapeutic targeting of interactions between MDS and myeloproliferative cells and HSC niches
	Therapeutic targeting of ALL cells hijacking HSC niches
	Therapeutic targeting of hypoxia and LSCs in HSC niches

	Therapeutic targeting of metabolism of AML cells under hypoxic conditions
	Therapeutic targeting of CSC niches in solid tumors
	Conclusions
	Authorship contributions
	Funding
	Transparency document
	Acknowledgements
	References




