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Abstract 

Hematopoietic stem cell (HSC) chemotaxis,
adhesion, proliferation, quiescence and differ-
entiation are regulated by interactions with
bone marrow (BM) niches. Two niches have
been identified in the adult BM: the endosteal
(close to the bone) and the perivascular niche
(close to blood vessels). A vast body of litera-
ture has revealed the molecular basis for the
interaction of HSCs with the two niches.
However, the signals that regulate the commu-
nication between the two niches have not been
well defined. Taking in consideration several
clinical and experimental arguments this
review highlights the molecular cues, involved
in the communication between the BM niches,
which regulate the basic properties of HSCs in
physiological and malignant conditions. As
such, it aims at clarifying the most important
advances in basic and clinical research focus-
ing on the role of different factors in the regu-
lation of the BM microenvironment.

Introduction

Hematopoietic stem cells reside in bone
marrow niches, which regulate their fate
Hematopoietic stem cells (HSCs) are self-

renewing cells which give rise to all types of
mature blood cells. HSCs can be subdivided
into long-term HSCs (LT-HSCs) and in short-
term (ST-HSCs). LT-HSCs can give rise to all
blood lineages and have unlimited self-renew-
al capacity. LT-HSCs produce ST-HSCs which
are still multipotent but with limited self-
renewal capacity. ST-HSCs differentiate fur-
ther into lineage-committed progenitor cells
which are responsible for the large-scale pro-
duction of mature blood cells.1

The bone marrow (BM) is the major site of
adult hemopoiesis, but, in pathological condi-

tions, hemopoiesis can also occur in extra-
medullary sites like thymus, spleen and liver.
HSCs are localized in specialized microenvi-

ronments within hematopoietic tissues called
niches.2-6 Within the BM, two anatomical and
functional niches have been proposed, the
endosteal niche7-10 and the perivascular niche.11

It has been suggested that about 60% of bone-
marrow HSCs are adjacent to perivascular
niches and up to 20% of HSCs localize in the
endosteal niches; the remaining HSCs are
believed to be scattered throughout the BM.11,12

Endosteal niches, located at the inner bone
surface, contain quiescent HSCs, character-
ized by a low proliferative rate; whereas acti-
vated HSCs, which undergo differentiation and
ultimately mobilization to the peripheral circu-
lation, are in close contact to sinusoids of the
BM microvasculature in the perivascular
niche10,13-18 Endosteal niches may thus repre-
sent a reserve of HSCs, while perivascular
niches connect HSCs to the blood stream. 
The endosteal niche mainly comprises

endosteal cells, osteoblasts and osteoclasts,
while the perivascular niche contains mainly
endothelial cells. Stromal cells, including retic-
ular and mesenchymal cells, are common com-
ponents of both niches. They are scattered
throughout the trabecular space of the BM and
surround the endothelial cells. As these cells
are a component of both endosteal and vascu-
lar niches, they may serve as a cellular link
between them.15 The cellular components of
the niches interact with each other to support
HSC adhesion, quiescence, chemotaxis and, in
the case of the vascular niche, differentia-
tion.10,14,16,17,19-21 Thus, the HSC properties and
functional responses depend on specific inter-
action with BM niches (Table 1).

Chemotaxis
Bone marrow niches recruit hematopoietic
stem cells
HSC chemotaxis towards the endosteal

niche has been suggested to be mediated by
osteoponin (Opn) and calcium ion concentra-
tion ([Ca2+]o).25 Opn, a glycoprotein expressed
on endosteal bone surface by osteoblasts, pro-
motes HSC migration, as shown in vivo stud-
ies with Opn-/- mice. In these mice, there is a
long-term engraftment defect after transplan-
tation with wild-type Lineage–Sca–1+c-Kit+ cells
and a compromised ability of the Opn-/- BM
microenvironment to sustain hematopoiesis.
These effects seem to be indirect, since there
is no evidence, in vitro, of a chemotactic role
for Opn on HSCs. Moreover, the high extracel-
lular [Ca2+]o, maintained by the osteoclasts
activity, promotes HSC localization to the
endosteal niche, through calcium-sensing
receptor (CaR): CaR-/- HSCs show a defect in
the binding to collagenase I present at the
bone endosteal surface.

Migration of HSCs from the endosteal to the
perivascular niche is regulated by c-kit/Stem
Cell Factor (SCF); CXC chemokine receptor 4
(CXCR4)/stromal-cell derived factor-1 (SDF-1)
and granulocyte colony-stimulating factor (G-
CSF), pathways.7,22-24,42 Endothelial cells and
reticular cells have been shown to produce
SDF-1, generating a gradient from the perivas-
cular to the endosteal niche, which may thus
promote HSCs migration, since CXCR4 is
expressed on HSC.22-24 Mobilization of HSCs
from the endosteal to the vascular niche is
essential for hemopoietic recovery following
myeloablation. In this case, the soluble form of
membrane stem cell factor (sSCF), released
from osteoblasts after cleavage by SDF-1-
induced matrix metalloproteinase-9, promotes
HSC homing to the perivascular niche by inter-
acting with its receptor c-Kit.7,22 G-CSF, pro-
duced by osteoblasts, promotes the mobiliza-
tion of HSCs into the peripheral blood by up-
regulating CXCR4 expression on HSCs and
decreasing SDF-1 expression in the BM. G-
CSF, in fact, induces the expression of prote-
olytic enzymes such as elastase, cathepsin G,
MMP-2, and MMP-9, which cleave SDF-1.42,43

Adhesion

Bone marrow niche promotes hematopoietic
stem cells adhesion
HSC adhesion to the endosteal niche is reg-

ulated by different molecular interactions
including N-cadherin/β-catenin; Tie-2/Angio-
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poietin-1 (Ang-1); Osteopontin (Opn)/ß1 inte-
grin; Annexin II (Anxa2)/Anxa2 receptor
(Anxa2r) and CaR-collagen I pathways.10,25,28,33

The asymmetrical distribuition of N-
cadherin/β-catenin on the cell surface of HSCs
and osteoblasts, respectively, and, in particu-
lar, the localization of these molecules at the
site of interaction of LT-HSC with spindle-
shaped N-cadherin+CD45– osteoblastic (SNO)
cells, suggested a role for N-cadherin/ß-
catenin in HSCs adhesion on the endosteal
niches.10 Studies performed by Kiel and collab-
orators failed to show significant numbers of
N-cadherin expressing HSCs, questioning
whether HSC adhesion to osteoblasts is medi-
ated by N-cadherin.44

Tie2, a receptor tyrosine kinase expressed
by a small fraction of BM cells highly enriched
for HSC activity in adult murine BM, binds its
ligand, Ang-1, expressed by osteoblasts at the
surface of trabecular bone.33 Regarding Opn,
its expression is restricted to the endosteal
bone surface and contributes to HSCs adhe-
sion to the endosteal region via ß1 integrin
expressed by HSC.25 Osteoblasts also express
high levels of Anxa2, a calcium-dependent
phospholipid-binding protein, and it has been
shown, both in vitro and in vivo, that Anxa2
regulates HSCs homing and binding to the
endosteal niche, through the binding to its lig-
and Anxa2r.28

Adhesion of HSCs to the perivascular niche
is mediated by α4β1 integrin/vascular cell adhe-
sion molecule1 (VCAM1) and α4/E-selectin
interaction.26,27,45 α4β1 integrins, expressed by
HSCs, interact with VCAM-1, constitutively
expressed on BM endothelial cells.26 Since
inactivation of E-selectin and α4 integrin
reduces drastically hematopoietic progenitor
and stem cell (HPSC) homing into lethally
irradiated mice, it has been proposed that E-
selectin ligands and α4 integrin cooperate in
HSC adhesion to perivascular niches.27

Proliferation versus quiescence
Endosteal niches promote HSC quiescence
The balance between HSC proliferation and

quiescence is likewise regulated by several
pathways. In the endosteal niche several inter-
actions, involved in the maintenance of HSC
quiescence, have been identified: Tie-
2/Angiopoietin-1 (Ang-1); thrombopoietin
(THPO)/MPL; Opn/OpnR; parathyroid hormone
(PTH)/PTH receptor (PTHr) and
Notch1/Jagged1.14,25,29,33-35,37,46 Tie2, which is
expressed by SP-HSCs, binds Ang-1+ expressed
on osteoblasts and induces HSC quiescence.33,34

LT-HSCs expressing MPL, the THPO receptor,
are closely associated with THPO-producing
osteoblasts. The THPO/MPL pathway is
involved in HSC quiescence through activation
of genes coding for negative regulators of cell
cycle, such as p12Cip1 and p57Kip2, and inhibition

of positive regulators, such as c-myc.46 This
pathway is also involved in promoting HSCs
proliferation in the perivascular niche.30-32

Thus, THPO/MPL pathway exerts distinct func-
tions on HSC, depending on cell localization.
Opn/OpnR, instead, contributes to the mainte-
nance of HSC quiescence either by inhibiting,
in a dose-dependent manner, the entry into cell
cycle and/or by reducing cell apoptosis.25,29 A
mouse genetic model, in which the gene PTHr
is constitutively active in osteoblasts, showed
an increase in HSCs along with osteoblasts.
Moreover, there was high expression of Notch
I ligand, Jagged, on osteoblasts, suggesting
that the PTH/PTHr pathway can promote HSC
proliferation through activation of Notch.14,37

Several gain- and loss-of-function experiments
of Notch target genes and ligands have sug-
gested a role for Notch in HSC quiescence and
self-renewal.35 However, recently Maillard et al.
have demonstrated rather conclusively that
inactivation of the Notch pathway in HSCs
does not interfere with their self-renewal;
transplantation of hematopoietic progenitors
with inhibited Notch signaling induced stable
long-term reconstitution of irradiated hosts
and a normal frequency of progenitor fractions
enriched for LT-HSCs.36

Perivascular niches promote hematopoietic
stem cells proliferation and self-renewal
In the vascular niche, HSC proliferation is

associated with (THPO)/c-mpl and Wnt/β
catenin pathway. THPO is expressed on BM
stromal cells and acts synergistically with ery-
thropoietin to promote erythroid progenitors
and megakaryocytes proliferation. THPO stim-

ulates c-myc mRNA expression through a
PI3K- and MAPK-dependent pathway, thereby
promoting HSC proliferation.30-32 Wnt proteins
are expressed by BM stromal cell and exposure
to Wnt was shown to stimulate proliferation
and self-renewal of HSCs in vitro.47,48

Differentiation
Perivascular niches mediate hematopoietic
stem cell differentiation
Differentiation of HSCs occurs only in the

perivascular niches and is mediated by FGF-4;
SDF-1; VCAM-1/α4ß ; VE-cadherin and Notch1
pathway.13,38,39,49 SDF-1 is necessary for
myelopoiesis and B-lymphopoiesis, as shown
by the severe reduction of B-lymphopoiesis
and lack of BM myelopoiesis in CXCR4- and
SDF-1 deficient mice.49 SDF-1 and FGF-4 pro-
mote megakaryocyte maturation and platelet
production: FGF-4 supports the adhesion of
megakaryocytes to sinusoidal BM endothelial
cells (BMECs), thereby enhancing their sur-
vival and maturation, while SDF-1 augments
platelet production by promoting their migra-
tion across BMECs.13,38 VCAM-1 enhances the
interaction of α4ß1 integrin + megakaryocytes
with BMECs. VE-cadherin is essential for
VCAM-1 expression in BMECs, which in turn is
required for FGF-4 mediated adhesion and
SDF-1-induced transendothelial migration of
megakaryocytes. Neutralizing antibodies to
VE-cadherin decrease the localization of
megakaryocytes to the vascular niche and dis-
rupt megakaryocyte maturation and throm-
bopoiesis.13 Notch1 seems to provide a key reg-

Article

Table 1. HSC properties are regulated by molecular cues conveyed by the bone marrow
endosteal and vascular niches.

HSC properties Molecular interactions
HSC-NICHE

Endosteal niche Perivascular niche

Chemotaxis CXCR4/SDF-122-24
Opn25 G-CSF22

CaR/Ca2

c-Kit/SCF22

Adhesion N-cadherin/ß-catenin10 α4ß1 integrin/VCAM126
Tie2/Ang110 α4 integrins/E-selectin27

ß1 integrin/Opn25

Anxa2/Anxa2r 28
CaR/Collagen I25

Quiescence / proliferation MPL/THPO 29-32
Tie2/Ang133,34

Notch1/Jagged135,36 wnt/β catenin47,48

Opn25,29

PTH/PTHr14,37

Differentiation FGF-413
SDF-1/CXCR438

α4ß1 integrin/VCAM13

VE-Cadherin13

Notch1/Delta39-41



[page 82] [Hematology Reviews 2009; 1:e14]

ulatory signal in determining T- versus B-lym-
phoid lineage commitment. Mice transplanted
with BM, transfected for retroviruses encoding
a constitutively active form of Notch1, three
weeks after transplantation showed immature
CD4+CD8+ T cells in the BM and a block in
early B-cell lymphopoiesis.39 Notch1 activation
seems to be driven by Delta-1-expressing stro-
mal cells.40,41

Hemopathies require the support of aber-
rant bone marrow niches 
Several hemopathies are characterized by a

pre-malignant phase that progresses to a
malignant phase. The molecular basis of this
progression remains poorly understood. The
data in the literature suggest the likelihood of
such progression is very low and a malignant
clone can remain “stable” for years. Moreover,
in several diseases both phases are character-
ized by virtually the same genetic changes.50,51

Taking in consideration these aspects, it is
legitimate to speculate that the genetic
changes are necessary for the immortalization
of a malignant clone but insufficient to pro-
mote the progression to a malignant phase. So
other factors must take part in the progression. 
The role of the hematopoietic BM microen-

vironment in malignant progression has been
studied extensively and its importance was
well illustrated in recent, in vivo, studies.
Widespread inactivation of retinoblastoma pro-
tein (Rb) resulted in myeloproliferative dis-
ease, characterized by extramedullary hemo-
poiesis and increased mobilization and differ-
entiation of HSCs from the BM. The phenotype
was not recapitulated upon inactivation of Rb
in HSCs maintained in wild-type environ-
ment.52,53 Moreover, Mx-Cre+PtenΔ/Δ∆mice
develop rapid and aggressive myeloprolifera-
tion that progressed to leukemia in 4-5 weeks
post deletion. When Pten deletion was active in
the context of a wild-type BM microenviron-
ment, phenotypic and functional HSCs were
lost without evidence of myeloproliferation or
transformation.54,55 Finally, BM from wild-type
mice transplanted into mice with a deficient
retinoic acid receptor γ (RARγ) microenviron-
ment rapidly develop myeloproliferative syn-
dromes (MPS).56 These results strongly sup-
port the notion that the progression of the
hemopathies is not entirely cell autonomous
but depends on interactions between malig-
nant cells and the BM microenvironment
(BMM). As described above, BM niches sup-
port HSC properties such as adhesion, quies-
cence, chemotaxis and differentiation, and
regulate the balance between self-renewal and
differentiation. The idea outlined in this
review is that alteration of the two BM niches,
triggered by the aberrant expression of key
molecules or cellular cues between the
endosteal and the perivascular niche, impairs
HSC responses, contributing to the progres-

sion of hemopathies. In chronic myeloid
leukemia (CML), myelodysplastic syndromes
(MDS) and multiple myeloma (MM) circulat-
ing endothelial cells (CECs), mobilized from
the BM, share chromosomal aberrations with
the malignant hematopoietic cells.57-59 These
malignant CECs suggest the presence of aber-
rant niches in the BMM. Moreover, in B-cell
lymphomas, identical genetic aberration could
be found both in malignant cells and in the
microvascular BM endothelial cells.60,61

Irradiation and chemotherapy can change
the BMM inducing hematopoietic and
endothelial injury and allowing cells, proteins
and cytokines to move between the vascular
and endosteal niches.62 Radiation-induced
injury can also contribute to cell damage in the
microenvironment in an indirect way, as a con-
sequence of an inflammatory-type response.63

Moreover, it has been shown that ionizing irra-
diation results in altered osteoblast differenti-
ation ability of BM mesenchymal stem cells,
destruction of the endosteal niche and conse-
quently hematopoietic injury.64 Another possi-
bility is that malignant cells through direct and
indirect signaling can modify the features of
the vascular niche. For example, factors pro-
duced by acute lymphoblastic leukemia (ALL)
cells can induce proliferation, migration and
morphogenesis of human BM vascular
endothelial cells.65-67 The tumor-derived factor
VEGF and tumor necrosis factor-α (TNF-α)
produced in the tumor microenvironment have
been shown to modify the phenotype of
endothelial cells inhibiting ICAM-1 and VCAM-
1 clustering on endothelial surfaces with
implications for immune-cell trafficking.68

Moreover, our own data suggests TNF-α is cru-
cial for the onset and also for the progression
of BM dysfunction, such as in MDS (Cachaco
et al., 2009, unpublished data).
The possible mechanisms by which aberrant

BM niches modify HSCs properties are dis-
cussed.

Migration/chemotaxis
Aberrant niches may promote recruitment
of malignant hematopoietic stem cells
The perivascular niche expresses unique

combinations of cell adhesion molecules
and/or chemokines capable of attracting malig-
nant HSCs. For example, it has been shown, in
vitro and in vivo, that E-selectin and SDF-1 are
expressed in vascular “hot spots” correspon-
ding to the regions that attract leukemic
cells.69-71 Distruption of the interaction between
SDF-1 and its receptor CXCR4 inhibits the
homing of Nalm-6 cells, an acute lymphoblastic
leukemia cell line, to the vascular niche.71

These observations raise the possibility that E-
selectin and /or SDF-1 can regulate malignant
cell homing. Moreover, BM endothelial and
stromal cells seem involved in the migration of

ALL cells beneath BM fibroblast layers: both
cell types produce SDF-1, thereby enhancing
the adhesion molecules involved in the migra-
tion and homing of these cells to the BM.72,73

Adhesion
Aberrant niches mediate cell-adhesion-
mediated drug resistance (CAM-DR)
It has been demonstrated, in vitro and in

vivo, that cell-cell adhesion between hemato-
poietic cells and components of the BM niches,
such as stromal cells, is involved in drug resist-
ance in AML.74,75 AML resistance to chemother-
apy seems to be promoted by the adhesion-
dependent secretion of WNT antagonists by
osteoblasts.76 CAM-DR is mediated by integrins
α4 and β1, as shown in MM, CML and AML cell
lines.77-79 Direct correlation has been found
between the expression of integrins that medi-
ate adhesion to FN and drug resistance.
Coculture of ALL cells lines with BM stroma

cells (BMSCs) resulted in reduced apoptosis
induced by etoposide. In this stroma model,
drug resistance required direct cell-cell con-
tact, since it could not be conferred by the addi-
tion of stromal conditioned media.80 Moreover,
the presence of BMSCs during treatment of
myeloma cell lines significantly decreases the
apoptosis during exposition of mitoxantrone,
an inhibitor of topoisomerase II.81 Notch-1 sig-
naling seems to be involved in protection of
MM from drug-induced apoptosis: overexpres-
sion of Notch-1 in Notch-1(-) myeloma cells
up-regulated p21 and resulted in protection
from drug-induced apoptosis.82 BM niches may
provide a survival advantage for malignant
cells following initial drug exposure and facili-
tate the acquisition of acquired drug resist-
ance, determining disease relapse following
chemotherapy.

Aberrant niches show impaired adhesive
capacity, leading to a loss of quiescence
and consequently to expansion of 
malignant hematopoietic stem cells 
It has been hypothesized that HSC mobiliza-

tion results from impaired adhesion to BM
niches, allowing their migration into the
peripheral blood, spleen and other extra-
medullary sites. This could explain the
increase in circulating CD34+ cells reported in
primary myelofibrosis (PMF) patients.83,84

The impaired adhesion could be explained
by several mechanisms.
Altered expression of membrane adhesion

molecules and integrins. For example, HSCs of
CML patients have reduced adhesion mole-
cules expression including L-selectin, CD44
and N-cadherin. This decrease correlates with,
in vitro, reduced adhesive capacity of HSCs
from CML patients.85

A disruption of CXCR4/SDF-1 axis. In idio-
pathic myelofibrosis (IM) the constitutive
mobilization of CD34+ cells could be the conse-
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quence of the creation of a proteolytic
microenvironment within the BMM. It has
been shown that malignant cells and the BMM
produce metalloproteinase.86-88 Thus, the
increased production of metalloproteinase-9
might disrupt adhesive interaction between
CD34+ HSCs and BM niches through degrada-
tion of SDF-1 or cleavage of its receptor
CXCR4, leading to the release of the HSCs into
the peripheral blood.22,89

Proliferation vs. quiescence
Aberrant niches determine an imbalance
between proliferation and quiescence,
accelerating the onset and progression of
malignancy
BM cells display a different set of adhesion

molecules, extracellular matrix elements,
growth factors and chemokines. Spleen fibrob-
lasts isolated from PMF patients, in contrast to
primary fibroblasts purified from the spleen of
healthy subjects, are able to support the prolif-
eration of autologous patient CD34+ cells, but
not that of their normal counterparts.90

Moreover, it has been shown that somatic
mutations that occur in BM stromal cells, such
as p53 mutations, render these cells supportive
of ALL growth.81 Finally, aberrant vascular nich-
es produce several factors, such as VEGF; IL-6;
granulocyte-macrophage and granulocyte
colony-stimulating factors, that are able to sup-
port malignant hemopoiesis.91-93 For example, it
has been shown that coculture of AML cells
with microvascular endothelial cells increases
proliferation and inhibits apoptosis of AML
cells.93

Providing self-renewing and proliferative
cues to malignant HSCs. ALL stromal cells reg-
ulate self-renewal and proliferation of a
Philadelphia-chromosome positive (Ph+)/VE-
cadherin+ subpopulation of leukemia cells by
promoting the expression of VE-cadherin, sta-
bilizing β catenin and up-regulating BCR-abl
transcripts.94 This way, due to the stromal sup-
port, malignant cells circumvent the require-
ment of exogenous Wnt signaling for self-
renewal. Human MM cells also become inde-
pendent of the IL-6/gp130/STAT3 survival path-
way when cocultured in the presence of
BMSCs.95 This evidence confirms the idea that
BMSCs can provide alternative survival and
proliferative signals to BM malignant cells.
Angiogenesis, the branching of new

microvessels from pre-existent blood vessels,
is kept at set point in which there is a balance
between pro- and anti-angiogenic molecules.
The angiogenic switch, unbalanced set point
in favor of pro-angiogenic molecules, favors
the production of new microvessels.96

Increased angiogenesis has been described in
a number of hemopathies.97-101 The extent of
BM neo-vessel formation correlates also with
patient prognosis and these hemopathies are

sensitive to anti-VEGF and VEGF receptor
treatments.102-105 The expanded BM endotheli-
um may support malignant HSC growth by pro-
tecting them from chemotherapy-induced
apoptosis and/or promoting their proliferation
in a paracrine way through the release of fac-
tors such as G-CSF, IL-10, IL-6 and vascular
endothelial growth factor-C (VEGF-C).106,107

Aberrant vascular niches can induce 
quiescence in malignant cells playing a role
in tumor maintenance
Adhesion of malignant HSCs to BMSCs may

induce quiescence by inhibiting cell prolifera-
tion. For example, Notch-1 activation in MM
cells, after incubation on BMSCs, results in the
accumulation of the cells in G0/G1 phase of cell
cycle.82,108 Aberrant niches may thus contribute
to the maintenance of a malignant pool of
HSCs.

Differentiation
Aberrant niches can induce malignant
transformation of normal hematopoietic
stem cells
The donor cell leukemia (DCL), a hemopa-

thy following hemopoietic cell transplation, is
apparently the result of malignant transforma-
tion of normal donor hematopoietic cells in the
transplant recipient.109 One of the hypotheses
is that the host microenvironment in which
the original malignancy developed may trigger
malignant transformations in donor cells,
favored by the immunocompromised status
after transplantation and by perturbation of
the host BMM following multiple rounds of
chemotherapy. 
Studies in Drosophila Melanogaster, by Kai

et al., suggest that a vacant niche can engage
ectopic cells, normal hematopoietic and non-
hematopoietic cells, with a resultant change in
phenotype. Depending on the specific system,
it seems that non-stem cells can acquire either
a more proliferative phenotype or revert to a
stem cell-like condition. These findings
strongly support the possibility that BM niches
can contribute to hemopathies, inducing aber-
rant transformation of normal cells, including
HSCs.110,111

Bone marrow  niches as therapeu-
tic target
Based on the idea that the BMM has a rele-

vant role in the progression of hemopathies,
novel therapeutic approaches are being devel-
oped to revert the malignant phenotype by tar-
geting environmental cues. The strategies
used until now can be summarized into three
categories. 
The first strategy is to modify the niche

itself. For example, Ballen and colleagues
have tested the hypothesis to use parathyroid
hormone (PTH) to augment the engraftment
efficiency of cord blood transplant, modifying

the receptivity of the endosteal niche.112 PTH,
acting also on the perivascular niche, can be
used for the treatment of ischemic vascular
disease.113 Moreover, it has recently been
shown that pharmacological use of PTH
increases the number of HSCs mobilized into
the peripheral blood for stem cell harvests,
protects stem cells from repeated exposure to
cytotoxic chemotherapy and expands stem
cells in transplant recipients.114

The second strategy is to abrogate the
interaction between malignant HSCs and BM
niches, by blocking their physical binding or
the growth factors secreted by the BMM. As
described before, the chemokine axis SDF-
1/CXCR4 is involved in the retention of HSCs
within the BM. Thus, destruction of this inter-
action allows the mobilization of HSCs from
the BM to the peripheral blood. This approach
has been established clinically using G-CSF or
antibody against CXCR4.115-117 The combination
of both result in an enhancement of HSC
mobilization from the BM.118 The proteasome
inhibitor PS-341, currently used in MM thera-
py, blocks the growth of MM cells by decreas-
ing their adherence to BMSCs and the related
protection against drug-induced apoptosis.119

Another strategy is the inhibition of TNF-α
production by BM cells, with a monoclonal
antibody against the extracellular domain of
TNF-α, called infliximab. Two studies have
investigated the use of infliximab in patients
with low-risk MDS. In both reports, the drug
showed a limited but significant activity and
no particular side-effects.120

Another recently approved therapeutic
approach involves inhibiting angiogenesis;
several inhibitors of VEGF are currently used
in the treatment of different hemopathies.104, 121

The concept behind most of these thera-
peutic approaches implies that to increase
therapeutic efficacy it is necessary to use a
strategy in which the seed (malignant HSCs)
and the soil (altered BMM) must be targeted
simultaneously.

Conclusions

This paper highlights the key data demon-
strating that changes in the signals delivered
by BM endosteal and/or perivascular niches
may lead to an impairment of survival, differ-
entiation and proliferation of HSCs. Thus,
aberrant BM niches participating in HSC regu-
lation contribute in a crucial way to the pro-
gression of hemopathies. Therefore, the
molecular cues that contribute towards BM
niches alteration during the onset and devel-
opment of hemopathies represent a new chal-
lenging therapeutic target.

Article



[page 84] [Hematology Reviews 2009; 1:e14]

References

1. Zhong JF, Zhao Y, Sutton S, et al. Gene
expression profile of murine long-term
reconstituting vs. short-term reconstituting
hematopoietic stem cells. Proc Natl Acad Sci
USA 2005;102:2448-53.

2. Dexter TM, Wright EG, Krizsa F, Lajtha LG.
Regulation of haemopoietic stem cell prolif-
eration in long term bone marrow cultures.
Biomedicine/[publiee pour l'AAICIG] 1977;
27:344-9.

3. Islam A, Catovsky D, Goldman JM, Galton
DA. Histomorphological study of cellular
interactions between stromal and haemo-
poietic stem cells in normal and leukaemic
bone marrow. Histopathology 1984;8:293-
313.

4. Lord BI, Testa NG, Hendry JH. The relative
spatial distributions of CFUs and CFUc in
the normal mouse femur. Blood 1975;46: 65-
72.

5. Nilsson SK, Johnston HM, Coverdale JA.
Spatial localization of transplanted hemo-
poietic stem cells: inferences for the local-
ization of stem cell niches. Blood 2001;97:
2293-9.

6. Schofield R. The relationship between the
spleen colony-forming cell and the haemo-
poietic stem cell. Blood Cells 1978; 4:7-25.

7. Kollet O, Dar A, Shivtiel S, et al. Osteoclasts
degrade endosteal components and promote
mobilization of hemato-poietic progenitor
cells. Nat Med 2006;12:657-64.

8. Kubota Y, Takubo K, Suda T. Bone marrow
long label-retaining cells reside in the sinu-
soidal hypoxic niche. Biochem Biophys Res
Commun 2008;366:335-9.

9. Taichman RS, Reilly MJ, Emerson SG.
Human osteoblasts support human hema-
topoietic progenitor cells in vitro bone mar-
row cultures. Blood 1996;87:518-24.

10. Zhang J, Niu C, Ye L, Huang H, He X, Tong
WG, et al. Identification of the haemato-poi-
etic stem cell niche and control of the niche
size. Nature 2003;425:836-41.

11. Kiel MJ, Yilmaz OH, Iwashita T, Yilmaz OH,
Terhorst C, Morrison SJ. SLAM family recep-
tors distinguish hematopoietic stem and
progenitor cells and reveal endothelial nich-
es for stem cells. Cell 2005;121:1109-21.

12. Watchman CJ, Bourke VA, Lyon JR, et al.
Spatial distribution of blood vessels and
CD34+ hematopoietic stem and progenitor
cells within the marrow cavities of human
cancellous bone. J Nucl Med 2007;48:645-54.

13. Avecilla ST, Hattori K, Heissig B, et al.
Chemokine-mediated interaction of
hematopoietic progenitors with the bone
marrow vascular niche is required for
thrombopoiesis. Nat Med 2004;10:64-71.

14. Calvi LM, Adams GB, Weibrecht KW, et al.
Osteoblastic cells regulate the haemato-poi-

etic stem cell niche. Nature 2003;425: 841-6.
15. Kiel MJ, Morrison SJ. Uncertainty in the

niches that maintain haematopoietic stem
cells. Nat Rev Immunol 2008;8:290-301.

16. Kopp HG, Avecilla ST, Hooper AT, Rafii S.
The bone marrow vascular niche: home of
HSC differentiation and mobilization.
Physiology (Bethesda, Md.) 2005;20:349-56.

17. Rafii S, Mohle R, Shapiro F, et al. Regulation
of hematopoiesis by microvascular endothe-
lium. Leuk Lymphoma 1997; 27:375-86.

18. Wilson A, Oser GM, Jaworski M, et al.
Dormant and self-renewing hematopoietic
stem cells and their niches. Ann N Y Acad
Sci 2007;1106:64-75.

19. Adams GB, Scadden DT. The hematopoietic
stem cell in its place. Nat Immunol
2006;7:333-7.

20. Arai F, Hirao A, Suda T. Regulation of
hematopoietic stem cells by the niche.
Trends Cardiovasc Med 2005;15:75-9.

21. Yin T, Li L. The stem cell niches in bone. J
Clin Invest 2006;116:1195-201.

22. Heissig B, Hattori K, Dias S, et al.
Recruitment of stem and progenitor cells
from the bone marrow niche requires MMP-
9 mediated release of kit-ligand. Cell
2002;109:625-37.

23. Mohle R, Bautz F, Rafii S, et al. The
chemokine receptor CXCR-4 is expressed on
CD34+ hematopoietic progenitors and
leukemic cells and mediates transendothe-
lial migration induced by stromal cell-
derived factor-1. Blood  1998;91:4523-30.

24. Sugiyama T, Kohara H, Noda M, Nagasawa
T. Maintenance of the hematopoietic stem
cell pool by CXCL12-CXCR4 chemokine sig-
naling in bone marrow stromal cell niches.
Immunity 2006;25:977-88.

25. Nilsson SK, Johnston HM, Whitty GA, et al.
Osteopontin, a key component of the
hematopoietic stem cell niche and regulator
of primitive hematopoietic progenitor cells.
Blood 2005;106:1232-9.

26. Papayannopoulou T, Priestley GV, Naka-
moto B, et al. Molecular pathways in bone
marrow homing: dominant role of
alpha(4)beta(1) over beta(2)-integrins and
selectins. Blood 2001;98:2403-11.

27. Katayama Y, Hidalgo A, Furie BC, et al.
PSGL-1 participates in E-selectin-mediated
progenitor homing to bone marrow: evi-
dence for cooperation between E-selectin
ligands and alpha4 integrin. Blood 2003;
102:2060-7.

28. Jung Y, Wang J, Song J, et al. Annexin II
expressed by osteoblasts and endothelial
cells regulates stem cell adhesion, homing,
and engraftment following transplantation.
Blood 2007;110:82-90.

29. Stier S, Ko Y, Forkert R, et al. Osteopontin is
a hematopoietic stem cell niche component
that negatively regulates stem cell pool size.
J Exp Med 2005;201:1781-91.

30. Chanprasert S, Geddis AE, Barroga C, Fox
NE, Kaushansky K. Thrombopoietin (TPO)
induces c-myc expression through a PI3K-
and MAPK-dependent pathway that is not
mediated by Akt, PKCzeta or mTOR in TPO-
dependent cell lines and primary megakary-
ocytes. Cell Signal 2006;18:1212-8.

31. Kaushansky K, Broudy VC, Grossmann A, et
al. Thrombopoietin expands erythroid pro-
genitors, increases red cell production, and
enhances erythroid recovery after myelo-
suppressive therapy. J Clin Invest
1995;96:1683-7.

32. Nagahisa H, Nagata Y, Ohnuki T, et al. Bone
marrow stromal cells produce thrombopoi-
etin and stimulate megakaryocyte growth
and maturation but suppress proplatelet for-
mation. Blood 1996;87:1309-16.

33. Arai F, Hirao A, Ohmura M, et al.
Tie2/angiopoietin-1 signaling regulates
hematopoietic stem cell quiescence in the
bone marrow niche. Cell 2004;118:149-61.

34. Puri MC, Bernstein A. Requirement for the
TIE family of receptor tyrosine kinases in
adult but not fetal hematopoiesis. Proc  Natl
Acad Sci USA 2003;100:12753-8.

35. Duncan AW, Rattis FM, DiMascio LN, et al.
Integration of Notch and Wnt signaling in
hematopoietic stem cell maintenance. Nat
Immunol 2005;6:314-22.

36. Maillard I, Koch U, Dumortier A, et al.
Canonical notch signaling is dispensable for
the maintenance of adult hematopoietic
stem cells. Cell Stem Cell 2008;2:356-66.

37. Stier S, Cheng T, Dombkowski D, et al.
Notch1 activation increases hematopoietic
stem cell self-renewal in vivo and favors
lymphoid over myeloid lineage outcome.
Blood 2002;99:2369-78.

38. Lane WJ, Dias S, Hattori K, et al. Stromal-
derived factor 1-induced megakaryocyte
migration and platelet production is
dependent on matrix metalloproteinases.
Blood 2000;96: 4152-9.

39. Pui JC, Allman D, Xu L, et al. Notch1 expres-
sion in early lymphopoiesis influences B
versus T lineage determination. Immunity
1999;11:299-308.

40. de La Coste A, Six E, Fazilleau N, et al. In
vivo and in absence of a thymus, the
enforced expression of the Notch ligands
delta-1 or delta-4 promotes T cell develop-
ment with specific unique effects. J
Immunol 2005;174:2730-7.

41. Jaleco AC, Neves H, Hooijberg E, et al.
Differential effects of Notch ligands Delta-1
and Jagged-1 in human lymphoid differenti-
ation. J Exp Med 2001;194:991-1002.

42. Semerad CL, Christopher MJ, Liu F, et al. G-
CSF potently inhibits osteoblast activity and
CXCL12 mRNA expression in the bone mar-
row. Blood 2005;106:3020-7.

43. Petit I, Szyper-Kravitz M, Nagler A, et al. G-
CSF induces stem cell mobilization by

Article



[Hematology Reviews 2009; 1:e14] [page 85]

decreasing bone marrow SDF-1 and up-reg-
ulating CXCR4. Nat Immunol 2002;3: 687-
94.

44. Kiel MJ, Radice GL, Morrison SJ. Lack of evi-
dence that hematopoietic stem cells depend
on N-cadherin-mediated adhesion to
osteoblasts for their maintenance. Cell stem
cell 2007;1:204-17.

45. Scott LM, Priestley GV, Papayannopoulou T.
Deletion of alpha4 integrins from adult
hematopoietic cells reveals roles in home-
ostasis, regeneration, and homing. Mol Cell
Biol 2003;23: 9349-60.

46. Yoshihara H, Arai F, Hosokawa K, et al.
Thrombopoietin/MPL signaling regulates
hematopoietic stem cell quiescence and
interaction with the osteoblastic niche. Cell
stem cell 2007;1:685-97.

47. Van Den Berg DJ, Sharma AK, Bruno E,
Hoffman R. Role of members of the Wnt
gene family in human hematopoiesis. Blood
1998;92:3189-202.

48. Willert K, Brown JD, Danenberg E, et al. Wnt
proteins are lipid-modified and can act as
stem cell growth factors. Nature
2003;423:448-52.

49. Ma Q, Jones D, Borghesani PR, et al.
Impaired B-lymphopoiesis, myelopoiesis,
and derailed cerebellar neuron migration in
CXCR4- and SDF-1-deficient mice. Proc
Natl Acad Sci USA 1998;95:9448-53.

50. Kyle RA, Therneau TM, Rajkumar SV, et al. A
long-term study of prognosis in monoclonal
gammopathy of undetermined significance.
N Engl J Med 2002;346:564-9.

51. Ma X, Does M, Raza A, Mayne ST. Myelo-dys-
plastic syndromes: incidence and survival in
the United States. Cancer  2007;109:1536-
42.

52. Walkley CR, Orkin SH. Rb is dispensable for
self-renewal and multilineage differentia-
tion of adult hematopoietic stem cells. Proc
Natl Acad Sci USA 2006;103:9057-62.

53. Walkley CR, Shea JM, Sims NA, et al. Rb reg-
ulates interactions between hemato-poietic
stem cells and their bone marrow microen-
vironment. Cell 2007;129: 1081-95.

54. Yilmaz OH, Valdez R, Theisen BK, et al. Pten
dependence distinguishes haemato-poietic
stem cells from leukaemia-initiating cells.
Nature 2006; 441:475-82.

55. Zhang J, Grindley JC, Yin T, et al. PTEN
maintains haematopoietic stem cells and
acts in lineage choice and leukaemia pre-
vention. Nature 2006;441:518-22.

56. Walkley CR, Olsen GH, Dworkin S, et al. A
microenvironment-induced myeloprolifera-
tive syndrome caused by retinoic acid recep-
tor gamma deficiency. Cell 2007;129: 1097-
110.

57. Cortelezzi A, Fracchiolla NS, Mazzeo LM, et
al. Endothelial precursors and mature
endothelial cells are increased in the
peripheral blood of myelodysplastic syn-

dromes. Leuk Lymphoma 2005;46: 1345-51.
58. Fang B, Zheng C, Liao L, et al. Identi-

fication of human chronic myelogenous
leukemia progenitor cells with heman-
gioblastic characteristics. Blood
2005;105:2733-40.

59. Zhang H, Vakil V, Braunstein M, et al.
Circulating endothelial progenitor cells in
multiple myeloma: implications and signifi-
cance. Blood 2005;105:3286-94.

60. Rigolin GM, Fraulini C, Ciccone M, et al.
Neoplastic circulating endothelial cells in
multiple myeloma with 13q14 deletion.
Blood 2006;107:2531-5.

61. Streubel B, Chott A, Huber D, et al.
Lymphoma-specific genetic aberrations in
microvascular endothelial cells in B-cell
lymphomas. N Engl J Med 2004;351:250-9.

62. Wright EG. Ionizing radiation and
leukaemia: more questions than answers.
Hematol Oncol 2005;23:119-26.

63. Barcellos-Hoff MH, Park C, Wright EG.
Radiation and the microenvironment -
tumorigenesis and therapy. Nature Reviews
2005;5:867-75.

64. Ma J, Shi M, Li J, et al. Senescence-unrelat-
ed impediment of osteogenesis from Flk1+
bone marrow mesenchymal stem cells
induced by total body irradiation and its con-
tribution to long-term bone and hematopoi-
etic injury. Haematologica 2007; 92:889-96.

65. Dilly SA, Jagger CJ. Bone marrow stromal
cell changes in haematological malignan-
cies. J Clin Pathol 1990;43:942-6.

66. Sudhoff T, Wehmeier A, Kliche KO, et al.
Levels of circulating endothelial adhesion
molecules (sE-selectin and sVCAM-1) in
adult patients with acute leukemia.
Leukemia 1996;10:682-6.

67. Veiga JP, Costa LF, Sallan SE, et al.
Leukemia-stimulated bone marrow
endothelium promotes leukemia cell sur-
vival. Exp Hematol 2006;34: 610-21.

68. Bouzin C, Brouet A, De Vriese J, et al.
Effects of vascular endothelial growth factor
on the lymphocyte-endothelium interac-
tions: identification of caveolin-1 and nitric
oxide as control points of endothelial cell
anergy. J Immunol 2007;178:1505-11.

69. Jo DY, Hwang JH, Kim JM, et al. Human
bone marrow endothelial cells elaborate
non-stromal-cell-derived factor-1 (SDF-1)-
dependent chemoattraction and SDF-1-
dependent transmigration of haematopoiet-
ic progenitors. Br J Haematol 2003;121: 649-
52.

70. Peled A, Grabovsky V, Habler L, et al. The
chemokine SDF-1 stimulates integrin-medi-
ated arrest of CD34+ cells on vascular
endothelium under shear flow. J Clin Invest
1999; 104:1199-211.

71. Sipkins DA, Wei X, Wu JW, et al. In vivo
imaging of specialized bone marrow
endothelial microdomains for tumour

engraftment. Nature 2005;435:969-73.
72. Bradstock KF, Makrynikola V, Bianchi A, et

al. Effects of the chemokine stromal cell-
derived factor-1 on the migration and local-
ization of precursor-B acute lymphoblastic
leukemia cells within bone marrow stromal
layers. Leukemia 2000; 14:882-8.

73. Shen W, Bendall LJ, Gottlieb DJ, Bradstock
KF. The chemokine receptor CXCR4
enhances integrin-mediated in vitro adhe-
sion and facilitates engraftment of leukemic
precursor-B cells in the bone marrow. Exp
Hematol 2001;29:1439-47.

74. Hazlehurst LA, Landowski TH, Dalton WS.
Role of the tumor microenvironment in
mediating de novo resistance to drugs and
physiological mediators of cell death.
Oncogene 2003;22:7396-402.

75. Matsunaga T, Takemoto N, Sato T, et al.
Interaction between leukemic-cell VLA-4
and stromal fibronectin is a decisive factor
for minimal residual disease of acute myel-
ogenous leukemia. Nat Med 2003;9: 1158-
65.

76. De Toni F, Racaud-Sultan C, Chicanne G, et
al. A crosstalk between the Wnt and the
adhesion-dependent signaling pathways
governs the chemosensitivity of acute
myeloid leukemia. Oncogene 2006;25: 3113-
22.

77. Damiano JS, Cress AE, Hazlehurst LA, Shtil
AA, Dalton WS. Cell adhesion mediated drug
resistance (CAM-DR): role of integrins and
resistance to apoptosis in human myeloma
cell lines. Blood 1999; 93:1658-67.

78. Damiano JS, Hazlehurst LA, Dalton WS. Cell
adhesion-mediated drug resistance (CAM-
DR) protects the K562 chronic myelogenous
leukemia cell line from apoptosis induced by
BCR/ABL inhibition, cytotoxic drugs, and
gamma-irradiation. Leukemia 2001;15:
1232-9.

79. Hazlehurst LA, Dalton WS. Mechanisms
associated with cell adhesion mediated drug
resistance (CAM-DR) in hematopoietic
malignancies. Cancer Metastasis Rev
2001;20:43-50.

80. Mudry RE, Fortney JE, York T, et al. Stromal
cells regulate survival of B-lineage leukemic
cells during chemotherapy. Blood
2000;96:1926-32.

81. Narendran A, Ganjavi H, Morson N, et al.
Mutant p53 in bone marrow stromal cells
increases VEGF expression and supports
leukemia cell growth. Exp Hematol
2003;31:693-701.

82. Nefedova Y, Cheng P, Alsina M, et al.
Involvement of Notch-1 signaling in bone
marrow stroma-mediated de novo drug
resistance of myeloma and other malignant
lymphoid cell lines. Blood 2004;103: 3503-10.

83. Andreasson B, Swolin B, Kutti J. Patients
with idiopathic myelofibrosis show
increased CD34+ cell concentrations in

Article



[page 86] [Hematology Reviews 2009; 1:e14]

peripheral blood compared to patients with
polycythaemia vera and essential thrombo-
cythaemia. Eur J Haematol  2002;68: 189-93.

84. Barosi G, Viarengo G, Pecci A, et al.
Diagnostic and clinical relevance of the
number of circulating CD34+ cells in
myelofibrosis with myeloid metaplasia.
Blood 2001;98:3249-55.

85. Bruns I, Czibere A, Fischer JC, et al. The
hematopoietic stem cell in chronic phase
CML is characterized by a transcriptional
profile resembling normal myeloid progeni-
tor cells and reflecting loss of quiescence.
Leukemia 2009 Jan 22 [Epub Ahead of
Print].

86. Ries C, Loher F, Zang C, et al. Matrix metal-
loproteinase production by bone marrow
mononuclear cells from normal individuals
and patients with acute and chronic myeloid
leukemia or myelodysplastic syndromes.
Clin Cancer Res 1999;5:1115-24.

87. Barille S, Akhoundi C, Collette M, et al.
Metalloproteinases in multiple myeloma:
production of matrix metalloproteinase-9
(MMP-9), activation of proMMP-2, and
induction of MMP-1 by myeloma cells. Blood
1997;90:1649-55.

88. Janowska-Wieczorek A, Marquez LA,
Matsuzaki A, et al. Expression of matrix
metalloproteinases (MMP-2 and -9) and tis-
sue inhibitors of metalloproteinases (TIMP-
1 and -2) in acute myelogenous leukaemia
blasts: comparison with normal bone mar-
row cells. Br J Haematol 1999; 105:402-11.

89. Xu M, Bruno E, Chao J, et al. Constitutive
mobilization of CD34+ cells into the periph-
eral blood in idiopathic myelofibrosis may
be due to the action of a number of proteas-
es. Blood 2005;105:4508-15.

90. Brouty-Boye D, Briard D, Azzarone B, et al.
Effects of human fibroblasts from
myelometaplasic and non-myelometaplasic
hematopoietic tissues on CD34+ stem cells.
Int J Canc 2001;92:484-8.

91. Cervi D, Shaked Y, Haeri M, et al. Enhanced
natural-killer cell and erythropoietic activi-
ties in VEGF-A-overexpressing mice delay F-
MuLV-induced erythroleukemia. Blood
2007;109:2139-46.

92. Koistinen P, Siitonen T, Mantymaa P, et al.
Regulation of the acute myeloid leukemia
cell line OCI/AML-2 by endothelial nitric
oxide synthase under the control of a vascu-
lar endothelial growth factor signaling sys-
tem. Leukemia 2001;15:1433-41.

93. Hatfield K, Ryningen A, Corbascio M,
Bruserud O. Microvascular endothelial cells
increase proliferation and inhibit apoptosis
of native human acute myelogenous
leukemia blasts. Int J Canc 2006;119: 2313-
21.

94. Wang L, O'Leary H, Fortney J, Gibson LF.
Ph+/VE-cadherin+ identifies a stem cell like
population of acute lymphoblastic leukemia

sustained by bone marrow niche cells. Blood
2007;110:3334-44.

95. Chatterjee M, Honemann D, Lentzsch S, et
al. In the presence of bone marrow stromal
cells human multiple myeloma cells become
independent of the IL-6/gp130/ STAT3 path-
way. Blood 2002;100:3311-8.

96. Folkman J. Role of angiogenesis in tumor
growth and metastasis. Semin Oncol
2002;29:15-8.

97. Hussong JW, Rodgers GM, Shami PJ.
Evidence of increased angiogenesis in
patients with acute myeloid leukemia. Blood
2000;95:309-13.

98. AR, Kay NE, Peterson LC. Increased bone
marrow angiogenesis in B cell chronic lym-
phocytic leukemia. Leukemia 2000;14: 1414-
8.

99. Lundberg LG, Lerner R, Sundelin P, et al.
Bone marrow in polycythemia vera, chronic
myelocytic leukemia, and myelofibrosis has
an increased vascularity. Am J Pathol
2000;157: 15-9.

100.Padro T, Ruiz S, Bieker R, Burger H, Steins
M, Kienast J, et al. Increased angiogenesis
in the bone marrow of patients with acute
myeloid leukemia. Blood 2000;95:2637-44.

101.Vacca A, Ribatti D, Roncali L, et al. Bone
marrow angiogenesis and progression in
multiple myeloma. Br J Haematol 1994;87:
503-8.

102.Fragoso R, Elias AP, Dias S. Autocrine VEGF
loops, signaling pathways, and acute
leukemia regulation. Leuk Lymphoma
2007;48:481-8.

103.Kelaidi C, Eclache V, Fenaux P. The role of
lenalidomide in the management of
myelodysplasia with del 5q. Br J Haematol
2008;140:267-78.

104.Kumar S, Witzig TE, Dispenzieri A, et al.
Effect of thalidomide therapy on bone mar-
row angiogenesis in multiple myeloma.
Leukemia 2004;18:624-7.

105.Ribatti D, Vacca A, Dammacco F, English D.
Angiogenesis and anti-angiogenesis in
hematological malignancies. J. Hematother
Stem Cell Res  200312:11-22.

106.Dias S, Choy M, Alitalo K, Rafii S. Vascular
endothelial growth factor (VEGF)-C signal-
ing through FLT-4 (VEGFR-3) mediates
leukemic cell proliferation, survival, and
resistance to chemotherapy. Blood 2002;
99:2179-84.

107.Rafii S, Shapiro F, Pettengell R, et al. Human
bone marrow microvascular endothelial
cells support long-term proliferation and dif-
ferentiation of myeloid and megakaryocytic
progenitors. Blood 1995;86:3353-63.

108.Nefedova Y, Landowski TH, Dalton WS.
Bone marrow stromal-derived soluble fac-
tors and direct cell contact contribute to de
novo drug resistance of myeloma cells by
distinct mechanisms. Leukemia 2003;17:
1175-82.

109.Hertenstein B, Hambach L, Bacigalupo A, et
al. Development of leukemia in donor cells
after allogeneic stem cell transplantation--a
survey of the European Group for Blood and
Marrow Transplantation (EBMT).
Haematologica 2005;90:969-75.

110.Kai T, Spradling A. An empty Drosophila
stem cell niche reactivates the proliferation
of ectopic cells. Proc Natl Acad Sci USA
2003;100:4633-8.

111.Kai T, Spradling A. Differentiating germ
cells can revert into functional stem cells in
Drosophila melanogaster ovaries. Nature
2004;428:564-9.

112.Ballen KK, Shpall EJ, Avigan D, et al. Phase
I trial of parathyroid hormone to facilitate
stem cell mobilization. Biol Blood Marrow
Transplant 2007;13:838-43.

113.Napoli C, William-Ignarro S, Byrns R, et al.
Therapeutic targeting of the stem cell niche
in experimental hindlimb ischemia.  Nat
Clin Pract 2008;5:571-9.

114.Adams GB, Martin RP, Alley IR, et al.
Therapeutic targeting of a stem cell niche.
Nature Biotechnol 2007;25:238-43.

115.Broxmeyer HE, Orschell CM, Clapp DW, et
al. Rapid mobilization of murine and human
hematopoietic stem and progenitor cells
with AMD3100, a CXCR4 antagonist. J Exp
Med 2005;201:1307-18.

116.Cashen AF, Link D, Devine S, DiPersio J.
Cytokines and stem cell mobilization for
autologous and allogeneic transplantation.
Curr Hematol Rep 2004;3:406-12.

117.Levesque JP, Hendy J, Takamatsu Y, et al.
Disruption of the CXCR4/CXCL12 chemotac-
tic interaction during hematopoietic stem
cell mobilization induced by GCSF or
cyclophosphamide. J Clin Invest 2003;111:
187-96.

118.Calandra G, McCarty J, McGuirk J, et al.
AMD3100 plus G-CSF can successfully mobi-
lize CD34+ cells from non-Hodgkin's lym-
phoma, Hodgkin's disease and multiple
myeloma patients previously failing mobi-
lization with chemotherapy and/or cytokine
treatment: compassionate use data. Bone
Marrow Transplant 2008;41: 331-8.

119.Hideshima T, Richardson P, Chauhan D, et
al. The proteasome inhibitor PS-341
inhibits growth, induces apoptosis, and
overcomes drug resistance in human multi-
ple myeloma cells. Cancer Res 2001;61:
3071-6.

120.Maciejewski JP, Risitano AM, Sloand EM, et
al. A pilot study of the recombinant soluble
human tumour necrosis factor receptor
(p75)-Fc fusion protein in patients with
myelodysplastic syndrome. Br J Haematol
2002;117:119-26.

121.Klasa RJ, List AF, Cheson BD. Rational
approaches to design of therapeutics tar-
geting molecular markers. Hematology Am
Soc Hematol Educ Program 2001:443-62.

Article




