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1. ABSTRACT  
 

Hematopoietic stem cells (HSCs) possess the 
ability to self-renew and to differentiate to mature progeny 
along multiple different hematopoietic lineages. The 
function of HSCs depends upon the signals from 
surrounding cells found within the highly specialized 
microenvironment termed the hematopoietic stem cell 
niche. Understanding and exploiting the HSC niche is a 
goal of basic scientists and clinicians alike. Recent studies 
have focused on defining the cellular components and 
molecular factors critical to this microenvironment. Here 
we review recent findings, discuss unresolved questions, 
and examine the clinical implications of our current 
knowledge of the HSC niche. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION & DEFINITIONS 
 
1. HSC – The hematopoietic stem cell (HSC) is classically 
defined as a cell which, when transplanted into a recipient 
animal, can regerate all elements of the blood. There are 
specific cell-surface markers which define subsets of cells 
enriched with HSCs (e.g. CD34+CD38− cells in humans, 
and Lineage−Kit+Sca+CD48–CD150+ cells in mice). For the 
purposes of this review, we will use the term HSC as an all-
encompassing term, given the high degree of variability 
within the cited articles. In other reviews, the term HSPC 
(hematopoietic stem/progenitor cell) has also been used to 
identify a less-well-defined population of cells which may 
include a mixture of both stem and progenitor cells). We 
will use the term HSC consistently throughout the text, 
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realizing the limitations in defining this population when 
not all experiments can involve confirmation of HSC-
activity through transplantation.  
 
2. HSC Niche - A specialized microenvironment that 
maintains HSC function. In adult human and rodents, bone 
marrow is the major site of hematopoiesis. However, the 
hematopoietic capacity of the bone marrow in humans is 
known to be different from that in rodents. 
 
3. HSC Function - The capability of hematopoietic stem 
cells to undergo either self-renewal for the life-long 
maintenance of HSC pools or lineage differentiation for 
blood cell production, although evidence of single cell-
mediated asymmetric self-renewal and differentiation has 
not been formally proven (1). 
 
4. Negative effect on HSC Function – Loss of self-renewal 
in assays of serial transplantation or competitive 
transplantation 
 
5. Positive effect on HSC Function – Advantage in assays 
of competitive transplantation when compared to wild type 
HSCs  
 
6. Homing – Ability of the transplanted HSC to migrate 
into the bone marrow microenvironment of the recipient. 
 
7. Endosteum - interface between bone and bone marrow 
where osteogenic cells reside 
 
8. Sinusoidal vessels - specialized blood vessels with 
irregular and discontinuous endothelial cells abundant in 
bone marrow 
 
9. Osteogenic cells – Bone forming cells along a spectrum 
of maturation, from the immature osteoprogenitors, aturing 
preosteoblasts, mature osteoblasts, and terminally 
differentiated osteocytes. 
 

With few exceptions, most mammalian tissues 
are comprised primarily of terminally differentiated cells 
which are unable to proliferate. Therefore, tissue 
regeneration and repair depends on the division and 
differentiation of tissue stem or progenitor cells. In general, 
tissue stem cells make up a very small percentage of the 
total population and lack the functionality of their fully-
differentiated progeny. Instead, tissue stem cells balance a 
tightly-regulated program of quiescence, self-renewal, and 
differentiation. This program is capable of responding to 
homeostatic and damage signals by generating new 
functional and differentiated cells. Dysregulation of this 
program can lead to malignancy or degenerative disease.  
While much of stem cell regulation is intrinsic, there is 
growing evidence that these decisions also depend on the 
specialized niche environment. The existence of the stem 
cell niche was first demonstrated while studying the 
behavior of stem cells in the ovary of Drosophila and of 
stem cells in the gonads of Caenorhabditis elegans (2, 3). 
In these models, the stem cells reside in specific locations 
surrounded by niche cells (e.g. the cap cells and hub cells 
in Drosophila ovary and testis respectively and the distal 

tip cells in Caenorhabditis elegans). Furthermore, in these 
models, the interaction with niche cells is critical in the 
stem cell fate decision to either symmetrically divide 
(where both daughter cells self-renew or both daughter 
cells differentiate) or asymmetrically divide (one daughter 
cell self-renews while one daughter cell differentiates) (2). 
These observations established a simple model of the niche 
in which stem cells remain in constant contact and receive 
signals and support from their surrounding cells. 

 
Likewise, adult hematopoietic stem cells (HSCs) 

require signals and support from their microenvironment 
which in the human is the bone marrow, but in the mouse 
can be either bone marrow or spleen (4). This is perhaps 
most directly evident by the fact that, upon stem cell 
transplantation, donor HSCs home to the bone marrow 
where they establish life-long hematopoiesis in the 
recipient (5). Where in many tissue types, the physical 
structures of the tissues establish a fixed niche (e.g. the 
crypt cells of the small intestine (6)), regulation of the HSC 
in the dynamic environment of the bone marrow has added 
complexities. Firstly, the bone marrow microenvironment 
is comprised of a complex and heterogeneous population of 
cells (stromal cells). And secondly, the HSCs are not fixed, 
rather are capable of circulating, making their cell-cell 
interactions dynamic rather than static (7).  

 
Defining the characteristics of the bone marrow 

niche as well as the mechanism of HSC regulation will be 
important milestones in our understanding of hematopoietic 
disorders. Our current model of treatment of malignant 
hematopoietic disorders generally involves the destruction 
of dysregulated cells (e.g. chemotherapeutic killing of 
leukemic stem cells). However, this model fails to address 
what could represent a new avenue for therapy: targeting 
the niche. Although many leukemias are known to arise in 
the setting of specific mutations, leading to the supposition 
that the disease is primarily cell-autonomous, only a 
fraction of these cells (i.e. the leukemic stem cells) have 
long-term repopulation potential. Furthermore, only a 
fraction of these cells manage to evade chemotherapy, 
contributing to disease relapse despite aggressive treatment. 
Growing evidence suggests that these surviving cells 
occupy and exploit the normal bone marrow niche as a 
source of protection (See review in detail) (8). The ability 
to target the interaction between the malignant cell and the 
microenvironment, disrupting the protective signal while 
sparing the normal HSCs, would be a welcome 
advancement in our treatment of leukemia.  

 
Even in the setting of non-malignant disorders 

(e.g. bone marrow failure syndromes), where the approach 
has been the replacement of the diseased HSCs (e.g. via 
stem cell transplantation), there is growing evidence that 
part of the disease phenotype may be due to a deficiency in 
the niche or the niche-stem-cell interaction (9). Possessing 
the ability to restore deficient signals between the HSC and 
its niche would provide an innovative approach to the 
treatment of these non-malignant hematopoietic disorders. 
Many independent studies have identified cellular and 
extra-cellular components which make up the HSC niche. 
In this review we will discuss these recent insights with a  
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Figure 1. In this model of the bone marrow 
microenvironment, the hematopoietic stem cell (HSC) 
receives a variety of signals from its niche. The signals are 
both positive (promote self-renewal) and negative (decrease 
self-renewal) on the HSCs. Osteoprogenitor cells (OPCs) 
provide a positive signal, while the more mature 
osteopontin (Opn)-expressing osteoblasts provide a 
negative signal. Mesenchymal stem cells 
(MSCs)/CXCL12-abundant reticular (CAR) cells and other 
pericytes associate tightly with the sinusoidal endothelial 
cells (SEC) of bone marrow blood vessels and interact with 
the HSC. Adipocytes form another compartment of the 
bone marrow and are felt to be negative regulators of the 
HSC.  
 
focus on the dynamic relationship between the 
hematopoietic stem cell and the bone marrow 
microenvironment.   
 
3. COMPONENTS OF THE HSC NICHE 

 
3. 1. Osteogenic cells 

It has long been suspected that mesenchymal-
derived cells in the bone marrow make up the important 
components of the niche. Early studies confirmed the 
concept of the HSC niche by demonstrating that HSCs 
required a specialized environment for the maintenance of 
their stem cell function and for induction of differentiation 
(4, 10). Subsequent studies showed that primitive 
hematopoietic cells reside near the endosteum of trabecular 
bones and that the endosteum is highly enriched in 
functional osteoblasts and sinusoidal vessels (11). In vitro 
studies in which human osteoblasts were co-cultured with 
human CD34+ cells (a population enriched for HSCs) 
demonstrated an expansion of stem cell number as well as 
better maintenance of “stem-ness”, as shown in these 
studies by maintenance of long-term culture-initiating cells 
(LTC-IC) assays (12, 13). 

 
The role of osteoblastic cells in the HSC niche 

was further supported by in vivo functional studies showing 
that the genetic manipulation of osteoblastic cells can alter 
HSC function. The Col2.3 promoter (2.3 kb of the collagen 
1 type I promoter) is expressed specifically in osteoblastic 
cells in adult mice (14, 15). Expression of a constitutively 
active PTH/PTHrP receptor (PPR) under the control of the 

Col2.3 promoter resulted in an increase in the number of 
osteoblastic cells and HSCs (16). Conditional inactivation 
of the bone morphogenetic protein receptor type IA 
(BMPRIA) in mouse bone marrow also increased the 
number of endosteal osteoblasts as well as the  percentage 

of hematopoietic progenitor cells as measured by cell 
surface marker expression (Lineage-negative, c-Kit-
positive, Sca-1-positive cells) (17). In a model of inducible 
ablation of osteoblastic cells (herpesvirus thymidine kinase 
gene expression under control of the Col2.3 promoter) 
resulted in severe pancytopenia and a decrease in the 
number of hematopoietic progenitor cells (18). In 
particular, the phenotype in this model was reversible, and 
discontinuation of ganciclovir permitted recovery of the 
osteoblasts as well as the hematopoietic progenitors. Taken 
together, these results support that the osteoblast lineage is 
clearly important for the regulation of HSC function. 

 
More subtle genetic models have demonstrated 

the importance of a number of cell-signaling pathways 
between the osteoblast and the HSC. Osteoblast membrane 
and extracellular factors angiopoietin-1 (19), 
thrombopoietin (20), Wnt agonists inhibited by Dkk1 (21), 
and Notch ligand (after PPR activation) (16) preserve HSC 
function. In contrast, osteoblast products such as 
osteopontin (22, 23) negatively regulated long-term HSC 
quiescence (Figure 1). 
 

Unlike the stem cells of other tissues, HSCs 
continuously circulate in the peripheral blood and require 
specific signals to home to the bone marrow niche. The 
circulation of HSCs follows a circadian rhythm controlled 
by the level of the chemokine/SDF-1α which can bind to 
the CXCL12 receptor on the surface of the HSCs (24-26). 
Noradrenaline signaling via beta-adrenergic receptors on 
the surface of CD34+ human HSCs and on mesenchymal 
cells in the niche increases HSC circulation (25). In fact, 
treatment with G-CSF (granulocyte colony stimulating 
factor) is known to increase the circulation of HSCs, and 
may do so via upregulation of the beta-adrenergic receptor 
expression (27). Whether osteoblastic cells are involved in 
the local secretion of cytokines such as CXCL12 or G-CSF, 
or whether this is a role of the other stromal or endothelial 
cells in the bone marrow has not been clearly elucidated.   

 
HSC quiescence, the ability to remain in a non-

cycling state, is essential to preserving stem cell function 
(19, 28). Frequent exposure to stresses or aging signals 
cause HSCs to exit their quiescent state and leads to 
premature exhaustion of stem cell function (29-31). Taken 
together, these studies speak to the importance of the bone 
marrow microenvironment on long-term HSC function. 
The osteoblastic cells are critical components of the niche, 
and alterations in osteoblastic cells results in changes in 
HSC function. Osteoblastic cell association with HSCs 
plays a role in regulating HSC number and quiescence. 
During embryogenesis, osteoblast differentiation and bone 
development occurs before normal hematopoiesis is 
initiated in the bone marrow. These observations point 
towards a critical role of the osteogenic cells in HSC 
development and quiescence. 
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3. 2. Subsets of osteogenic cells 
The terminology of ‘endosteal niche’ refers to 

the enrichment of HSCs near the endosteal surface of the 
bone and the observation that alterations in endosteal 
osteoblastic cells contribute to HSC dysfunction. This 
region also contains abundant microvessels, sympathetic 
neurons and multiple different cells of hematopoietic and 
mesenchymal origin.  

 
Osteoblast differentiation from osteogenic 

progenitors to terminally differentiated osteoblasts can be 
distinguished by changes in stage-specific genes. Genetic 
models manipulating different stages of osteoblast 
differentiation have focused on a number of systems to 
address this additional complexity. Sequential expression 
from a variety of promoters helps to identify the different 
stages of development. Runx2 is one of the earliest 
active promoters, followed by osterix (Osx) in 
osteoprogenitors, the Col2.3 promoter (2.3kb fragment 
of type I collagen) in maturing osteoblastic cells, 
osteocalcin (Ocn) in mature osteoblasts, and finally 
DMP1 in osteocytes (14). Unfortunately, these genetic 
stage separations do not correlate with reliable 
phenotypic markers to clearly label the different stages 
of osteogenic cells in vivo. Still, using lineage-specific 
inducible genetic models based on the outlined 
promoters, it has been possible to uncover important 
differences between the different stages of the 
osteolineage. 

 
The study of hematopoiesis in transgenic 

mouse models in which osteogenic cells expressing 
thymidine kinase (TK) from the Col2.3 promoter has 
been compared to mice expressing TK from the 
osteocalcin promoter. Treatment with ganciclovir results 
in the death of those cells expressing TK. Col2.3-TK 
mice treated with ganciclovir show dramatic loss of 
bone marrow cellularity with deficiencies in lymphoid, 
erythroid, and myeloid progenitors, followed by 
decreases in the number of hematopoietic stem cells 
(HSCs) (18). However, in a mouse model of chronic 
inflammatory arthritis in which the mice display a 
severe defect in the number and function of mature 
osteoblasts, the HSCs appear normal as assayed by cell 
cycling parameters and long-term repopulation ability (32). 
This could be due to the support of less mature, non-bone 
forming osteoblasts which are not lost in this model of 
chronic inflammation, although the possibility that the 
residual mature osteoblast population in these mice is 
sufficient to provide the HSC niche has not been clearly 
excluded. Consistent with this finding, osteopontin (OPN), 
a matrix protein predominantly secreted from mature 
osteoblasts, is a negative regulator of HSC function and 
limits the size of the stem cell pool, perhaps providing a 
basis for the lack of positive correlation between HSCs and 
OPN+ osteoblasts (22). 

  
As there is no such model to specifically ablate 

osteoprogenitors in adult bone, most studies have used 
osteoprogenitors derived from the bones of fetal mice in 
which osteogenesis is active and there is an abundance of 
less mature cells. The role of less mature osteoprogenitors 

as components of the HSC niche has been formally 
explored in models of osteoprogenitor-mediated ectopic 
bone formation and marrow reconstitution. Injection of 
osteoprogenitors (as identified by CD105+ and Thy1– cell 
surface marker expression) under the kidney capsule of 
recipient mice can create donor-derived ectopic bone 
formation and a niche which host-derived HSCs can 
populate. In contrast, the subset of osteoprogenitors which 
are CD105+ and Thy1+ can form bone, but do not recruit 
HSCs (33). In addition, a recent real-time imaging study 
documented that the majority of HSCs were detected near 
or in contact with N-cadherin+ pre-osteoblastic cells in the 
endosteal surface of the trabecular bone (34), although this 
may not represent a specific interaction via N-cadherin, 
especially given the controversy as to whether HSCs 
express N-cadherin themselves (35). Taken together, 
these results support the notion that mature osteoblasts 
are unlikely to have direct role in the support of HSCs, 
while more immature pre-osteoblasts are likely to 
participate in the HSC niche.  

 
Beyond the importance of osteogenic cells in 

the maintenance of normal HSCs, our group has recently 
demonstrated that disruption of the osteogenic cells may 
actually induce dysplastic changes in neighboring HSCs 
(9). In this model, disruption of normal microRNA 
processing in the bone marrow microenvironment 
resulted in the development of myelodysplasia in the 
majority of animals, as well as frank leukemia harboring 
distinct genetic abnormalities in a small subset. In 
addition, comparing the role of osteoprogenitors and 
mature osteoblasts, the more immature osteogenic cells 
are felt to be critical for maintaining the integrity of 
hematopoiesis rather than mature osteoblasts. These 
results suggest a pivotal role of osteoprogenitors as the 
bone marrow microenvironment in HSC maintenance 
and suggest that further understanding may provide 
pathological and clinical insights into the development 
of MDS and leukemia (Figure 1).  

 
Overall, growing evidence suggests that 

subpopulations of osteolineage cells are functional 
contributors to the HSC niche though the nature of the 
interactions, whether they are by direct contact or paracrine 
effect are still to be elucidated.  
 
3. 3. Vascular contributions to the HSC niche 

Another potential cellular component of the HSC 
niche is the sinusoidal endothelial cells. It has been well 
documented that progenitor cells of megakaryocyte lineage 
are in close proximity to and regulated by endothelium (36). 
Evidence pointing to a potential role for endothelial cells 
serving as a HSC niche grew out of histologic studies using 
highly purified populations. The SLAM family markers 
(CD48–CD150+CD41–) are capable of reliably labeling a 
very rare and very pure population of LT-HSCs (1 out of 
every 2.2 cells are long-term-HSCs) (37). 
Immunohistologic microscropy of HSCs with the SLAM 
family markers demonstrated that the majority of the 
CD48–CD150+ HSCs were associated with the sinusoidal 
vasculature and that only 14 % of this cell population was 
localized close to the endosteum (37). 
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Bone marrow sinusoidal endothelial cells (SECs) 
express VEGFR2 and VEGFR3. A recent study 
demonstrated that conditional deletion of VEGFR2 in SECs 
could inhibit HSC engraftment and reconstitution (38). 
Whether this was due to issues of cell localization or 
support of HSC by the SEC could not be discerned. 
However, in vitro co-culture models suggest SECs can 
support HSC possibly through Notch-dependent manner 
(39).  

 
One factor complicating the role of SECs in the 

HSC niche is the dynamic and circulating nature of the 
HSC, raising the possibility that the accumulation of HSCs 
near blood vessels is due simply to normal HSC trafficking 
through these blood vessels. Indeed, the conditional 
deletion of VEGFR2 in SECs did not result in 
hematopoietic defects for several weeks (38). This may 
suggest that SECs function in the homing and engraftment 
of HSCs, rather than for the maintenance of endogenous 
HSCs under homeostatic conditions.   

 
The location of HSCs, vessels, and osteoblasts 

within intact bones was examined using high resolution, 
confocal in vivo video imaging technology (40). This study 
demonstrated that the 3-dimensional architecture of the 
endosteal region includes trabecular bone lining 
osteoblastic cells surrounding a rich microvascular network. 
These data argue that drawing a distinction between a 
perivascular and periosteoblastic niche is artificial. The 
anatomy indicates that these are very tightly associated 
structures. It is not clear that this is true throughout the 
bone marrow as most, but not all stem cells are located in 
the trabecular regions. HSC in diaphyseal areas may not be 
near trabeculae and therefore there may be perivascular 
niches in that context and there are almost surely 
perivascular niches in non-bony tissues like spleen and fetal 
liver.  

 
It is likely that in the bone marrow the 

mesenchymal and vascular components interact in a 
cooperative fashion to regulate HSC. The vasculature 
clearly plays an essential role in the trafficking of HSC and 
delivery of the nutritional support for the tissue. Other 
paracrine features are still to be worked out, but are likely 
and likely to be regional. It has been shown previously that 
regional subsets of endothelial cells express the chemokine 
SDF-1α or CXCL12 and dictate the localization of injected 
HSC (41). 
 
3. 4. Perivascular mesenchymal cells in the HSC niche 

The continuity of committed osteolineage cells 
and vascular structures in endosteal trabeculae suggests the 
close interaction of these tissue components. The 
mesenchymal populations that may serve as either 
osteolineage progenitors or other mesenchymal functions 
are also likely participants in regulated HSC. One report 
described that bone marrow perivascular reticulocytes also 
play a role in controlling hematopoietic stem cells. These 
reticular cells (CAR cells), an otherwise not well 
characterized mesenchymal population, express high 
amounts CXCL-12 (42, 43). It has been shown that 
MCAM/CD146+ marrow stromal cells in humans are 

subendothelial reticulocytes residing in sinusoidal vessel 
wall and are a main source of angiopoietin-1 (44). Notably, 
CD146+ subendothelial cells have been shown to be 
clonogenic in vivo and to recapitulate many ex vivo 
characteristics of mesenchymal/osteogenic stem cells. More 
recently, a rare Nestin-positive population of cells with 
mesenchymal stem cell (MSC) features has been shown to 
be in close association with the vasculature and with 
transplanted HSCs. Upon depletion of the Nestin+ cells, 
HSC engraftment was severely reduced, suggesting that 
these Nestin-positive MSCs are participants in the HSC 
niche (45). Of note, these cells do respond to parathyroid 
hormone and are capable of yielding osteolineage 
descendent cells. They may therefore be the base of a 
hierarchy of mesenchymal cells affecting hematopoiesis 
(Figure 1). 
 
3. 5. ADIPOCYTES 

The role of other types of mesenchymal stromal 
cells has also been studied, including bone marrow 
adipocytes. Until a recent study explored the effect of 
adipocytes in hematopoiesis, it was a question as to 
whether adipocytes were functional effectors of the HSC 
niche or whether they simply filled the unoccupied marrow 
space. It was demonstrated that the number and frequency 
of hematopoietic stem cells and short-term progenitors 
were dramatically reduced in adipocyte-rich vertebrae of 
the mouse tail. Using ‘fatless’ mouse models, which are 
genetically incapable of forming adipocytes, or in a parallel 
model of mice treated with a adipogenic inhibitor, 
(peroxisome proliferator-activated receptor-gamma 
inhibitor; PPARr inhibitor), marrow engraftment following 
irradiation was accelerated relative to the wild-type or 
untreated mice (46). These data implicate adipocytes as 
predominantly negative regulators of the bone-marrow 
microenvironment, and suggest that by inhibiting marrow 
adipogenesis may enhance hematopoietic recovery 
following bone marrow transplantation. 
 
4. LOCALIZATION OF HSCS WITHIN THE NICHE  
 

As mentioned, pinpointing the exact location of 
the hematopoietic stem cell in vivo within the bone marrow 
is difficult despite advancements in immunohistochemistry, 
genetic marking of cells, and in vivo imaging. Early studies 
showed that hematopoietic progenitor and stem cells were 
highly enriched near the endosteal bone surface, whereas 
more mature cells were selectively localized more centrally 
within the bone marrow cavity (11, 47).  

 
More recently it was shown that transplanted 

HSCs could localize to spindle-shaped osteoblasts through 
a specific interaction via the type-1 transmembrane protein 
N-cadherin on both the osteoblast cell and HSC surface 
(17). A follow-up study using real-time imaging confirmed 
the physical interaction between N-cadherin-expressing 
osteogenic cells and green fluorescent protein labeled 
HSCs (34). Transplanted HSCs homed with greater 
efficiency to the endosteal bone surface; most localized 
within 2 cell diameters (<15 µm) from N-cadherin-positive 
osteoblasts and 40% were detected within 1 cell diameter 
(<8 µm). However, the critical nature of the N-cadherin 
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interaction with HSCs has been called into question by 
conflicting results in the literature. One group in particular 
has published that highly purified HSCs do not express N-
cadherin (48), and has shown that that deletion of N-
cadherin from the HSCs does not alter the frequency and 
function of HSCs in vivo (35). 

 
Another candidate molecule implicated in the 

association between the osteoblast and HSC is Tie2, a 
transmembrane tyrosine kinase found on HSCs which 
interacts with Ang-1 on the osteoblast cell surface. One 
study demonstrated signaling through Tie2 could enhance 
the interaction between HSCs and osteoblasts. Furthermore, 
depletion of Tie2 from HSCs resulted in more active cell 
division and stem cell exhaustion both in vitro and in vivo, 
implicating Tie2 in the maintenance of HSC quiescence 
(19). 

 
Real-time imaging techniques examining isolated 

hematopoietic progenitors and osteoblasts revealed that a 
specialized membrane domain of HSCs was involved in 
prolonged contact with osteoblasts surface, inducing the 
delivery of signaling endosomes and resulting in elevated 
SDF-1α secretion from osteoblasts, thus providing a 
potential molecular mechanism governing physical 
interaction between HSCs and the osteogenic niche (49). 
Our recent in vivo imaging study further supports this 
notion showing that more primitive HSCs rapidly home to 
bone marrow and localize in close proximity to osteoblastic 
cells (at a distance of less than 10 µm) (40), suggesting that 
there is indeed preferred localization of HSCs within the 
bone marrow microenvironment where certain osteogenic 
cells and signals are provided. 

 
The above studies demonstrate that HSCs are 

enriched at the endosteal surface of trabecular bones and 
suggest possible candidate molecules for the interaction 
between HSCs and osteoblastic cells. Still, the use of 
models in which purified fractions of stem or progenitor 
cells are transplanted may not reflect the frequency and 
localization of endogenous HSCs in vivo.  
 
5. CLINICAL IMPLICATIONS OF THE HSC NICHE 
 

Despite improvements in diagnosis, prognosis, 
and molecular profiling of hematopoietic malignancies, 
therapeutic advancements are lacking. The cornerstone 
cytotoxic chemotherapies in the treatment of acute myeloid 
and acute lymphoid leukemia (daunorubicin, cytarabine, 
and vincristine) have gone unchanged in three decades. 
Despite a brisk and often seemingly complete initial 
response to chemotherapy, most adult patients still 
eventually succumb to their disease due to relapse of 
chemotherapy-resistant cells. It is now clear that relapses 
are due to the ‘minimal residual disease’, that small 
population of leukemic cells which are able to survive. And 
there is growing evidence that the survival of these cells 
may depend on their interaction with the bone marrow 
microenvironment.  

 
This concept of disease relapse due to the 

minimal residual disease of the leukemic cells mirrors the 

recovery of the normal hematopoietic stem cells following 
high-dose chemotherapy. Just as a small population of 
HSCs is capable of reconstituting the entire hematopoietic 
system, a small population of leukemic cells is capable of 
surviving and contributing to disease relapse. Furthermore, 
just as we believe that the survival of this small population 
of HSCs depends on their interactions with the niche, it is 
likely that the leukemic cells derive similar protective 
signals. 

 
Currently, there are no known unique 

interactions which occur between leukemic cells and the 
niche. However, the goal of selectively targeting the niche 
of leukemic cells while sparing the niche of normal HSCs 
raises the exciting possibility of designing new therapies 
against that small population of cells contributing to disease 
relapse. 

 
One concept, that of releasing or ‘mobilizing’ the 

leukemic cells from their protective niche environment, 
also stems from our understanding of normal HSCs. The 
chemokine CXCL12 acts as a powerful chemoattractant for 
HSCs which express the CXCR4 receptor. Osteoblastic 
cells express high levels of CXCL12 (50), as do the 
endothelial cells in the bone marrow. Following infusion, 
CXCL12 can help in the ‘homing’ of HSCs to the bone 
marrow. Furthermore, specific disruption of the CXCR4-
CXCL12 axis can cause the release of HSCs from the bone 
marrow. This has been exploited clinically in the 
development of a CXCR4 antagonist (AMD3100, 
Plerixafor) which increases the number of circulating 
CD34+ cells as quickly as six hours after administration 
(51). In patients from whom one is collecting CD34+ stem 
cells from the periphery for stem cell transplantation, 
AMD3100 has been especially useful in ensuring adequate 
collection of cells. In animal models, it has been 
demonstrated that the use of AMD3100 affects leukemic 
cell sensitivity to chemotherapy through a putative 
mechanism of releasing leukemic cells from the protective 
environment of the niche (52). Clinical trials testing this 
concept are underway employing AMD3100 in the 
treatment of patients with myelodysplastic syndrome, acute 
myeloid leukemia, and multiple myeloma. 

 
More than twenty years ago, it was shown that 

treatment of patients with granulocyte colony stimulating 
factor (G-CSF) increased the number of circulating 
progenitors (53). The mechanism of action of G-CSF and 
stem cell mobilization remains unclear, though 
investigators wondered whether treatment with G-CSF or 
GM-CSF (granulocyte-macrophage colony stimulating 
factor) could sensitize the leukemic cells to chemotherapy. 
This possibility was balanced by the observation that many 
myeloid malignancies expressed the receptor for G-CSF or 
GM-CSF, raising the concern that treatment with the 
colony stimulating factors might actually stimulate cell 
proliferation and more aggressive disease. Human trials of 
‘priming’ with G-CSF or GM-CSF in acute myeloid 
leukemias have suggested improvements in remission rates, 
but have failed to show a benefit in terms of overall 
survival (54, 55). More recent investigation has shown that 
signaling through the epidermal growth factor receptor 
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(EGFR) may synergize with G-CSF in the mobilization of 
HSCs (56). It may be that priming with a combination of 
G-CSF and EGFR-inhibitors would mobilize leukemic cells 
from the niche and expose them to the toxic effects of 
chemotherapy. 

 
As discussed earlier, the niche provides both 

protective signals as well as quiescence signals to HSCs. 
As cytotoxic chemotherapy acts primarily on dividing cells, 
a small population of quiescent leukemic cells may be 
therefore resistant. In addition to targeting the niche to 
release these leukemic cells, one would also like to trigger 
them to enter into the cell cycle and divide, thereby 
becoming sensitive to chemotherapy. In a mouse model of 
leukemia, treatment with G-CSF could indeed stimulate 
entry of leukemic cells into cycle, making them more 
sensitive to chemotherapy (57).  

 
In addition to the prospect of targeting the niche 

in hematologic malignancies with the goal of interrupting 
the survival and quiescence signals, there has been growing 
concern that the niche, itself, may be a contributor to 
hematologic malignancy. Mice deficient for the retinoic 
acid receptor gamma (RAR-gamma) developed a 
myeloproliferative disorder due to the RAR-gamma-
deficient microenvironment (58). When wild-type HSCs 
with normal RAR-gamma were transplanted into the RAR-
gamma deficient mice, the myeloproliferative phenotype 
was maintained, demonstrating that the effect was not due 
to an HSC-autonomous effect. Furthermore, mutations in 
micro-RNA processing in osteoprogenitors can initiate a 
myelodysplastic phenotype and, in a small number of 
animals, resulted in the development of acute myeloid 
leukemia with multiple genetic alterations (9). 

 
Overall, the development of hematologic 

malignancy may be a multi-step process involving 
mutations both autonomous to the hematopoietic cells as 
well as mutations in the supportive microenvironment. 
Targeting of the niche-HSC, niche-leukemic cell, or niche 
in hematopoietic malignancy is an attractive addition to the 
therapeutic armamentarium. Still, much work needs to be 
done to identify unique signals which will allow for 
elimination of leukemic residual disease while sparing the 
normal HSCs necessary to reconstitute the hematopoietic 
system following high-dose chemotherapy.   
 
6. CONCLUSIONS 
 

Unlike the stem cells from other tissues, 
hematopoietic stem cells are distinctive in the degree to 
which they migrate and circulate. They are difficult to 
study using static histologic sections where one must make 
assumptions on the steady state of the microenvironment. 
With the advances in imaging capability, it has become 
possible to demonstrate the microanatomy of the bone 
marrow microvenironment. By combining this with 
genetically engineered mouse models, we are beginning to 
understand the complex systems biology at play in the 
microenvironment. These studies have indicated 
populations of cells that are of particular importance in 
regulating HSC function. As the molecular details of those 

interactions in the normal and disease settings become 
more clear, interventions to more effectively induce 
changes in normal and malignant HSC may be forthcoming 
and yield novel ways to therapeutically manipulate 
hematopoiesis.  
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