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Abstract 
   
     The hematopoietic stem cell niche has been defined as a microenvironment in bone that supports the 
stem cell, controls decisions between quiescence and proliferation of stem cells, and provides a mechanism 
for the self-renewal of stem cells. It is likely that at least two hematopoietic stem cell niches exist in bone: an 
endosteal niche, in which hematopoietic stem cells are adherent to osteoblasts, and an endothelial niche.  
Like self-renewing adult tissues, tumors may also be maintained by stem cells. It is likely that a tumor stem 
cell niche also exists in bone and shares many of the characteristics of the hematopoietic stem cell niche. 
The principal determinants of bone metastasis may be factors in this microenvironment that control the entry 
of tumor cells into the niche, permit long-term quiescence of tumor stem cells within the niche and induce 
their eventual awakening. BoneKEy-Osteovision. 2006 May;3(5):19-29. 
©2006 International Bone and Mineral Society 
 
 
 
Stem Cells and the Stem Cell Niche   
 
Self-renewing adult tissues are maintained 
by stem cells. Stem cells are defined by the 
ability to self-renew and the capacity to give 
rise to a population of mature differentiated 
progeny. If in an adult the number of stem 
cells is to remain relatively constant, then 
there must be a balance between self-
renewal and the production of differentiated 
progeny (1). The simplest way to achieve 
this balance is for an individual stem cell to 
give rise to two nonidentical daughter cells, 
one of which maintains the stem-cell identity 
and the other becomes a differentiated cell. 
The specification of the daughter cells could 
occur before cell division (divisional 
asymmetry) or after (environmental 
asymmetry).  
 
Divisional asymmetry, a cell-autonomous 
process in which cell fate determinants 
distribute unequally during mitosis, is a 
central feature of stem cell function in 
Drosophila (2-4), but it is not clear how  
 
 

 
much it operates in vertebrate stem cells – 
one vertebrate example of divisional 
asymmetry is the epidermis, where an apical 
crescent contains a protein complex that dic- 
tates the polarity of cell division (5). The 
alternative mechanism, environmental 
asymmetry, implies the existence of a stem 
cell niche, a site in which the stem cell 
receives cues for “stemness”, such that after 
cell division one daughter cell remains in the 
niche, retaining exposure to these cues, 
while the other exits the niche.   
 
Within stem cell populations, most stem 
cells are quiescent. They are resistant to 
chemotherapeutic agents that target 
proliferating cells and can renew the tissue 
after chemotherapy. The stem cell niche, 
therefore, must support quiescence, self-
renewal, and proliferation of stem cells.   
 
Cancers also contain stem cells – a small 
population of cells that are capable of both 
self-renewal and repopulation of the cancer 
and that, when quiescent, may be resistant 
to chemotherapy (6-8). Cancer stem cells 
were first convincingly found in studies of 
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leukemia, where only a small subpopulation 
of acute myelocytic leukemia (AML) cells 
expressed a CD34+ hematopoietic stem cell 
(HSC) phenotype and could transfer AML to 
recipient animals (9;10). Deletion of the 
tumor suppressor PTEN is sufficient to 
convert HSCs to an AML stem cell 
phenotype; and, simultaneously, to reduce 
the normal capacity of HSCs for self-renewal 
(11). Treatment with rapamycin, a cancer 
therapeutic whose cellular target, mTor, is 
downstream in the pathway activated by 
deletion of PTEN, wipes out the leukemia 
and simultaneously restores HSC self-
renewal. In this model there is a simple 
relationship between AML stem cells and 
normal HSCs, illustrating how similar normal 
and malignant stem cells can be. 
 
Putative cancer stem cells have also been 
found in solid tumors such as breast, lung 
and prostate cancer. Breast cancer stem 
cells were identified as a population of  
CD44+/CD24-/Lineage- primary human 
breast cancer cells that are highly 
tumorigenic compared to the total cell 
population and capable of generating the full 
diversity of phenotypes that could be found 
in the primary tumor (12). These cells can 
be serially passaged, suggesting that they 
have the capacity for self-renewal, and at 
each passage can generate new tumors 
with a mixed cell population. Their 
relationship to normal breast epithelial stem 
cells is unknown.    
 
Stem cells with a CD44+/high α2β1/CD133+ 
phenotype have been identified in normal 
prostate epithelium, and a population with 
this phenotype constitutes about 1% of cells 
in prostate cancers (13). Such prostate 
cancer cells can self-renew and generate a 
mixed population of cells that express 
differentiated cell products such as the 
androgen receptor and prostatic acid 
phosphatase, making them putative stem 
cells. Others have found that Sca1+ prostate 
cells are enriched for properties including 
replication quiescence and the potential for 
multilineage differentiation (14;15) and that 
perturbations of PTEN/AKT signaling in 
these prostate-renewing cells initiates 
tumorigenesis (14). None of these cells, 

however, have passed the final test, 
demonstration of their tumorigenicity. 
  
Putative solid tumor stem cells thus have 
many predicted stem cell properties but 
have not yet passed every test of the stem 
cell. Tumor stem cells would not necessarily 
be derived from normal tissue stem cells, as 
are leukemia stem cells, but a relationship to 
tissue stem cells seems likely. Self-renewal 
of cancer stem cells implies either 
asymmetric division or environmental 
asymmetry – a niche to determine the stem 
cell properties of quiescence, self-renewal 
and multilineage differentiation – but no 
stem cell niche has yet been identified within 
solid tumors. 
 
Stem Cell and Tumor Cell Niches in Bone 
 
The Endosteal Niche 
 
HSC niches in bone can be defined as 
spaces in which HSCs are supported by 
their environment so as to maintain the 
capacity for quiescence and self-renewal. 
The best-characterized HSC niche in bone 
exists in close proximity to endosteal 
osteoblasts. The notion that osteoblasts 
contribute to the HSC niche arose from the 
observation that bone mineralization 
precedes the invasion of the bone marrow 
by hematopoietic cells and was 
strengthened by the absence of marrow 
cells as well as osteoblasts in Runx2 
knockout mice (16). Histologically, HSCs are 
mostly located near the endosteal surface 
(17). Two classic studies identified an 
osteoblast-associated stem cell niche 
(18;19). In one, osteoblast expression of a 
constitutively active PTH/PTHrP receptor 
was shown to increase both osteoblast and 
HSC numbers in bone marrow, and stromal 
cells treated with PTH were better able to 
support HSCs in vitro than WT cells (20). In 
the other, mice lacking the bone 
morphogenetic protein receptor BMPR1A, 
which is normally expressed on osteoblasts, 
had increased numbers of immature 
osteoblasts and of HSCs. Reciprocal 
transplantation experiments confirmed that 
the HSC phenotype of BMPR1A(-/-) cells 
was determined by their environment (21). 
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In this study, direct contact between HSCs 
(defined by long-term BrdU retention) and a 
subset of osteoblasts using homotypic N-
cadherin binding was observed.   
 
Further evidence for an endosteal HSC 
niche comes from ablation experiments. 
Treatment with gangcyclovir to ablate 
immature osteoblasts that express thymidine 
kinase under control of a Col1a1 promoter 
leads to a progressive loss of bone marrow 
HSCs and a reciprocal increase in 
extramedullary hematopoiesis in spleen and 
liver (22;23). Ablation of mature osteoblasts 
using osteocalcin-driven TK has no effect on 
hematopoiesis, however, consistent with 
other evidence that the HSC niche is formed 
by immature osteoblasts (24).  
 
The Endothelial Niche 
 
HSCs are maintained throughout adulthood 
in liver and spleen, which have no 
osteoblasts, suggesting that a second stem 
cell niche exists. A vascular HSC niche has 
recently been identified in association with 
the fenestrated endothelium of sinusoids in 
bone marrow and spleen (25). Its discovery 
followed the identification of the signaling 
lymphocytic activation molecule (SLAM) 
receptor CD150 as a cell surface marker 
that distinguishes HSCs from multipotent 
hematopoietic progenitors (MPP) which 
have lost the capacity for self-renewal. 
About two-thirds of CD150+ HSCs 
(CD150+CD48-CD41-Lineage-) in spleen or 
bone marrow are in contact with sinusoidal 
endothelial cells; a smaller fraction of bone 
marrow HSCs are in contact with the 
endosteum. These imaging results are 
consistent with previous functional studies 
showing that endothelial cells from yolk sac, 
mesonephros and bone marrow express 
factors that permit maintainance of HSCs 
(1;26-28). Little is presently known about the 
vascular HSC niche and its relationship to 
the endosteal niche: do cells reside 
permanently in one niche or the other; or is 
the perivascular niche primarily a site of self-
renewing HSCs poised for rapid release in 
response to stress? And, what molecules 
define the niche? 
 

Niche Entry 
 
Entry of HSCs to their endosteal niche 
occurs during late fetal life, during normal 
homeostatic processes in which HSCs move 
from their bone marrow niche into the 
circulation and back, and after bone marrow 
transplantation (29). In order to enter their 
niche, HSCs must home to the bone 
marrow, attach to the endothelium, and 
migrate across it. Selectins provide a 
molecular address in the bone marrow and 
integrins are also critical to homing of HSCs. 
Cytoskeletal controllers such as the GTPase 
Rac are essential for engraftment. The 
cytokine CXCL12 (SDF1) is expressed on 
osteoblasts and vascular endothelial cells 
and plays a crucial role in entry; mice 
lacking either CXCL12 or its HSC receptor 
CXCR4 have a lethal impairment in 
hematopoiesis, though HSCs are abundant 
in their fetal livers (1;29). It is likely that 
HSCs traverse an endovascular niche to get 
to their endosteal niche, but very little is 
known of the architecture of their pathway or 
the molecular sequence in which 
chemokines, adhesion molecules and 
cytoskeletal elements come into play. 
 
Entry of tumor cells into bone also involves 
selectins and chemokines. Metastatic 
prostate carcinoma cells present a specific 
E-selectin ligand and roll on bone marrow 
endothelial cells that present E-selectin 
(30;31). Entry into bone may also require an 
interaction between CXCL12 on endothelial 
or osteoblast cells and its receptor CXCR4 
on tumor cells. Interference with this 
interaction blocks metastasis of breast 
cancer cells to soft tissue sites (32). Human 
prostate carcinoma cells migrate across an 
endothelial monolayer towards CXCL12 (33) 
and exposure to antibodies to CXCR4 
immediately before and for one day after 
intracardiac injection inhibits metastasis of 
prostate carcinoma cells to bone (34). 
Expression of CXCR4 on a background of 
interleukin 11 and osteopontin expression 
markedly increases the bone metastatic 
potential of MDA-MB-231 human breast 
carcinoma cells (35). These results do not 
clarify the microenvironment(s) in which 
CXCL12 acts: Is it essential for attachment 
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and transendothelial migration, for entry into 
an endosteal niche, or both? 
 
A new imaging advance has now allowed 
investigators to peer directly into an 
endothelial tumor cell niche, one that 
overlaps with a hematopoietic 
stem/progenitor cell (HSPC) niche (36). Real 
time optical sectioning and immunoimaging 
using intravenously injected fluorescent 
antibodies were used to watch tumor cells 
(Nalm-6 acute lymphoblastic leukemia cells) 
in the calvarial vasculature. The leukemia 
cells rolled along the endothelium until they 
found specific spots to attach and diapedese 
across it. Other tumor cells – human and 
murine leukemia cells, multiple myeloma 
cells and prostate carcinoma cells – 
behaved similarly to Nalm-6 cells. The 
vascular “hot spots” where tumor cells 
attached and diapedesed express E-selectin 
as well as CXCL12 (SDF1), a ligand for the 
chemokine receptor CXCR4 on the tumor 
cells. Blocking CXCR4 function markedly 
inhibited localization of tumor cells to these 
domains, while deletion of E-selectin had 
smaller effects. HSPCs localized to the 
same domains as tumor cells, and thereafter 
resided there for up to 70 days, consistent 
with engraftment into a stem cell pool with 
slow cell cycling. Thus an endothelial niche 
accommodates both tumor cells and normal 
HSPCs and is amenable to further study. It 
remains to be shown that this niche confers 
on HSCs or tumor cells the stem-cell 
properties of quiescence and self-renewal. 
 
Entry into the endosteal niche may be 
governed by local rates of bone remodeling. 
The parathyroid calcium-sensing receptor 
(CaR) is expressed on the surface of HSCs 
and has recently been shown to regulate 
entry into the endosteal HSC niche (37). 
Fetal mice in which the CaR had been 
inactivated have reduced HSC numbers in 
bone marrow but increased HSCs in spleen. 
In bone marrow transplantation experiments 
CaR(-/-) HSCs display defective homing to 
the endosteal niche, a trait that is associated 
with poor adhesion to type I collagen. 
Calcium release from mineralized bone may 
enhance the engraftment of hematopoietic 
cells to an osteoblast-associated niche. 

Ambient calcium concentrations in actively 
modeling endosteum may be well above the 
typical calcium concentration of the ECF; 
this could account for the association of red 
marrow with sites of active bone remodeling. 
Breast and prostate cancer cells also 
express the CaR (38-40). There is 
considerable evidence that high bone 
remodeling states favor bone metastasis 
(41-43), and it will be important to determine 
the role of calcium-sensing by tumor cells in 
bone metastasis, for example by using 
antagonists of the CaR in model systems. 
 
Quiescence 
 
One of the key properties of the stem cell 
niche is its ability to regulate exit from and 
subsequent reentry into the cell cycle. About 
75% of HSCs in the endosteal stem cell 
niche are quiescent. Recent findings have 
opened a window onto the molecular basis 
of cell cycle regulation in the endosteal HSC 
niche. Angiopoietin-1 on osteoblasts signals 
for quiescence by activating the Tie2 
receptor on HSCs (17;44). Tie2-mediated 
quiescence involves upregulation of the cell 
cycle inhibitory protein p21. HSCs in mice 
lacking p21 proliferate abnormally at the 
expense of self-renewal (1;45). It is not clear 
whether activation of Tie2 directly blocks 
entry into the cell cycle or whether the signal 
is indirect, e.g., by enhancing cell adhesion 
to stromal cells (44). Addition of 
angiopoietin-1 to HSCs in vivo increases 
expression of both N-cadherin and β1-
integrin and increases adherence of HSCs 
to the bone surface in vivo (17). The 
transcription factor c-Myc may be 
downstream of Tie2 in this pathway (44). 
HSCs that are deficient in c-Myc express 
abundant N-cadherin and the integrins 
lymphocyte function-associated antigen-1 
(LFA1) and VLA4, overexpress p21, do not 
differentiate, and pile up in the niche (46). 
Forced expression of c-Myc has opposite 
effects.  
 
One component of the quiescence signal 
from the niche is the extracellular matrix 
protein osteopontin (47;48). The expression 
of osteopontin by osteoblasts is restricted to 
the endosteal surface. Binding of HSPCs to 
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osteopontin, via β-1 integrin, inhibits their 
proliferation in vitro, and HSCs in mice 
deficient in osteopontin display markedly 
enhanced cycling. This emphasizes that the 
extracellular matrix is a component of the 
stem cell niche that is important in the 
regulation of stem cell quiescence. 
 
Quiescence, or dormancy, is also one of the 
cardinal features of bone metastasis. 
Patients with early breast or prostate 
carcinoma have abundant tumor cells in 
their blood and bone marrow. In the case of 
breast carcinoma, early bone 
micrometastases have been studied 
extensively and shown to be predictors of 
prognosis (49;50). Much less is known about 
prostate cancer, but in one study, prostate 
cancer cells were detected in the bone 
marrow of 54% of men before prostatectomy 
and 33% of men soon after prostatectomy 
(51). Thus, tumor cells readily escape from 
the primary tumor and find their way to bone 
marrow, indicating that mechanisms that 
target tumor cells to bone, while 
undoubtedly important, are rarely limiting for 
bone metastasis. Yet bone metastases often 
do not make their clinical appearance until 
many years after the primary tumor was 
resected. What has happened in the 
interval? It seems very likely that a fraction 
of the tumor cells that were already present 
in bone marrow in large numbers when the 
primary tumor is removed were lying 
dormant in a bone marrow niche during the 
intervening years, eventually to wake up and 
proliferate as metastatic tumors. Arguably, a 
key to understanding bone metastasis is to 
understand how tumor cells find their way to 
a niche that supports quiescence and what 
factors lead them to re-enter the cell cycle 
years later. These considerations and the 
analogy between tumor cells and HSCs lead 
to the formulation of several hypotheses. 
 
Hypotheses 
 
A population of the pioneer tumor cells that 
reach bone early in the course of a cancer 
are cancer stem cells. They can be defined 
in the same way as stem cells in self-
renewing tissues like the bone marrow, as 
cells capable of quiescence, self-renewal 

and the ability to give rise to the mixed cell 
population of the metastatic tumor. Their 
stem cell properties are not cell-autonomous 
but are determined by residence in a cancer 
stem cell niche, which overlaps with and 
may be identical to the HSC niche. This 
niche may be either endothelial or 
endosteal. Residence in the stem cell niche 
induces cancer stem cells to become 
quiescent; in turn, quiescence renders them 
resistant to standard chemotherapy. The 
development of clinical bone metastasis 
requires that quiescent cells re-enter the cell 
cycle and self-renew as they give rise to the 
mixed cell population of the metastatic 
tumor. Re-entry of dormant tumor cells into 
the cell cycle could be induced by cell-
autonomous events such as new mutations 
in tumor stem cells, but is likely to be 
determined by events in the cancer stem cell 
niche. Understanding the factors that 
determine entry of tumor cells into their 
niche in bone and the factors that determine 
re-entry of quiescent tumor cells into the cell 
cycle will be necessary to produce 
successful therapies of bone metastasis. 
 
Experimental Approaches 
 
A functional definition of tumor stem cells is 
required to understand their role in bone. 
When bone metastasis develops in 
experimental models, e.g., after intracardiac 
injection of tumor cells or spontaneous 
metastasis from an orthotopic or 
subcutaneous injection of tumor cells, the 
fraction of cells that colonize bone and go 
on, after a latent period, to originate 
metastasis are candidate tumor stem cells. 
They have undergone a period of 
quiescence and are capable of producing 
the diversity of cells present in the bone 
metastasis. Experimental data suggest that 
selection of cells from bone metastases may 
enrich this population (35). If the behavior of 
such cells in experimental metastasis is 
determined by the niche they occupy in 
bone, then they could be regarded as a 
surrogate of true tumor stem cells. 
Considerable work would be required to 
conclude that the fraction of cells that 
generate bone metastases is a distinct 
subpopulation, e.g., definable by cell sorting 
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using cell surface markers; nor it is clear, 
though it is quite possible, that stem cell 
subpopulations exist in established tumor 
cell lines. 
 
Models of dormancy must be developed. 
Dormancy models could use human cell 
lines that give rise to bone metastases only 
many months after intracardiac injection 
(52). Such cell lines could simply give rise to 
slow-growing tumors, but it is more likely 
that the cells undergo a period of dormancy 
in a bone microenvironment before 
proliferating as metastases. Can tumor cells 
that are marked, e.g., with a fluorescent or 
chemoluminescent marker, be detected 
during a dormant period? If so, do they exist 
as single cells or small preangiogenic 
clusters? Noninvasive imaging methods will 
ultimately be able to follow the fates of 
single tumor cells and preangiogenic cell 
clusters in putative stem cell niches in bone 
and determine which of them give rise to 
bone metastases. 
 
New imaging techniques have now 
visualized HSCs and tumor cells in 
endothelial and endosteal niches (17;36) 
and are available to define the functional 
architecture of tumor cell niches in bone. 
Real-time immunoimaging with 
intravenously injected fluorescent antibodies 
and multiphoton microscopy could be used 
to visualize tumor cells not only in calvaria 
but also in other superficial bone sites and in 
subcutaneously implanted bones. For 
example, it may be possible to visualize 
details of niche architecture in implanted 
vertebral bodies, or “vossicles”, which have 
been used to introduce bones with mutant 
phenotypes into athymic mice (53). 
Experimental metastasis to vossicles would 
permit genetic approaches to manipulating 
the bone microenvironment in experimental 
studies of metastasis. Investigators have 
also used functional bioluminescent imaging 
of cells into which a promoter–luciferase 
cassette has been introduced to visualize 
gene expression in situ in bone metastases 
(54). 
 
A number of molecules could converse 
between osteoblasts, HSCs and tumor cells 

in the tumor stem cell niche. For example, 
homotypic N-cadherin interactions, which 
are important for attachment of HSCs to 
their stem cell niche (21), could also take 
place between tumor cells and osteoblasts. 
N-cadherin expression is not a general 
feature of breast and prostate carcinoma, 
but N-cadherin in prostate carcinoma cells is 
upregulated by β1-integrin binding to 
fibronectin (55). β-catenin could be a key to 
a decision by tumor cells between a 
quiescent state in which they are anchored 
to the niche by cadherin interactions and an 
activated state in which β-catenin is 
localized to the nucleus (18), thereby 
activating cell cycle control genes such as c-
Myc and cyclin D1. Activation of tumor stem 
cells may involve Wnt signaling. Osteoblast-
tumor cell crosstalk in the tumor cell niche 
could also involve the osteoclast 
differentiation signal receptor activator of 
NF-κB (RANK). RANK is a functional 
signaling molecule in breast and prostate 
carcinoma and could transmit survival 
signals to tumor cells from osteoblasts that 
express RANK ligand (56-58).  
 
The tumor cell niche in bone can be looked 
at as a special case of the kind of epithelial-
stromal cell interactions involving the 
extracellular matrix that are generally 
important for progression of epithelial 
cancers (59;60). Not only are tumor cells 
themselves influenced by adherence to 
osteopontin, type I collagen, fibronectin, and 
other matrix proteins, but osteoblasts, like 
stromal fibroblasts, may provide the key 
angiogenic signals required for progression 
to metastasis (59). HSCs themselves could 
be a key feature of the tumor cell niche. 
Surprisingly, HSPCs arrive at sites of soft 
tissue metastasis before tumor cells do and 
tell them where to set up shop, possibly by 
encouraging neoangiogenesis (61). Wilson 
and Trumpp (1) have likened the HSC niche 
to a synapse, and the analogy is likely to 
hold for tumor cells in their niche in bone as 
well. 
 
Conflict of Interest: The author reports that no conflict 
of interest exists. 
 
References 

 
Copyright 2006 International Bone and Mineral Society 

 



BoneKEy-Osteovision. 2006 May;3(5):19-29 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;3/5/19 
DOI: 10.1138/20060211 
 

   
25 

1.  Wilson A, Trumpp A. Bone-marrow 
haematopoietic-stem-cell niches. Nat 
Rev Immunol. 2006 Feb;6(2):93-106. 

2.  Roegiers F, Jan YN. Asymmetric cell 
division. Cur Opin Cell Biol. 2004 
Apr;16(2):195-205. 

3.  Xie T, Spradling AC. A niche 
maintaining germ line stem cells in the 
Drosophila ovary. Science. 2000 Oct 
13;290(5490):328-30. 

4.  Kiger AA, White-Cooper H, Fuller MT. 
Somatic support cells restrict germline 
stem cell self-renewal and promote 
differentiation. Nature. 2000 Oct 
12;407(6805):750-4. 

5.  Lechler T, Fuchs E. Asymmetric cell 
divisions promote stratification and 
differentiation of mammalian skin. 
Nature. 2005 Sep 8;437(7056):275-80. 

6.  Pardal R, Clarke MF, Morrison SJ. 
Applying the principles of stem cell 
biology to cancer. Nat Rev Cancer. 
2003 Dec;3(12):895-902. 

7.  Al Hajj M, Clarke MF. Self-renewal and 
solid tumor stem cells. Oncogene. 2004 
Sep 20;23(43):7274-82. 

8.  Zhang M, Rosen JM. Stem cells in the 
etiology and treatment of cancer. Curr 
Opin Genet Dev. 2006 Feb;16(1):60-4. 

9.  Lapidot T, Sirard C, Vormoor J, 
Murdoch B, Hoang T, Caceres-Cortes J, 
Minden M, Paterson B, Caligiuri MA, 
Dick JE. A cell initiating human acute 
myeloid leukaemia after transplantation 
into SCID mice. Nature. 1994 Feb 
17;367(6464):645-8. 

10.  Bonnet D, Dick JE. Human acute 
myeloid leukemia is organized as a 
hierarchy that originates from a primitive 
hematopoietic cell. Nat Med. 1997 
Jul;3(7):730-7. 

11.  Yilmaz OH, Valdez R, Theisen BK, Guo 
W, Ferguson DO, Wu H, Morrison SJ. 

Pten dependence distinguishes 
haematopoietic stem cells from 
leukaemia-initiating cells. Nature. 2006 
Apr 5; [Epub ahead of print] 

12.  Al Hajj M, Wicha MS, Benito-Hernandez 
A, Morrison SJ, Clarke MF. Prospective 
identification of tumorigenic breast 
cancer cells. Proc Natl Acad Sci U S A. 
2003 Apr 1;100(7):3983-8. 

13.  Collins AT, Berry PA, Hyde C, Stower 
MJ, Maitland NJ. Prospective 
identification of tumorigenic prostate 
cancer stem cells. Cancer Res. 2005 
Dec 1;65(23):10946-51. 

14.  Xin L, Lawson DA, Witte ON. The Sca-1 
cell surface marker enriches for a 
prostate-regenerating cell subpopulation 
that can initiate prostate tumorigenesis. 
Proc Natl Acad Sci U S A. 2005 May 
10;102(19):6942-7. 

15.  Burger PE, Xiong X, Coetzee S, Salm 
SN, Moscatelli D, Goto K, Wilson EL. 
Sca-1 expression identifies stem cells in 
the proximal region of prostatic ducts 
with high capacity to reconstitute 
prostatic tissue. Proc Natl Acad Sci U S 
A. 2005 May 17;102(20):7180-5. 

16.  Komori T, Yagi H, Nomura S, 
Yamaguchi A, Sasaki K, Deguchi K, 
Shimizu Y, Bronson RT, Gao YH, Inada 
M, Sato M, Okamoto R, Kitamura Y, 
Yoshiki S, Kishimoto T. Targeted 
disruption of Cbfa1 results in a complete 
lack of bone formation owing to 
maturational arrest of osteoblasts. Cell. 
1997 May 30;89(5):755-64. 

17.  Arai F, Hirao A, Ohmura M, Sato H, 
Matsuoka S, Takubo K, Ito K, Koh GY, 
Suda T. Tie2/angiopoietin-1 signaling 
regulates hematopoietic stem cell 
quiescence in the bone marrow niche. 
Cell. 2004 Jul 23;118(2):149-61. 

18.  Li L, Neaves WB. Normal stem cells and 
cancer stem cells: the niche matters. 
Cancer Res. 2006 May 1;66(9):4553-7. 

 
Copyright 2006 International Bone and Mineral Society 

 



BoneKEy-Osteovision. 2006 May;3(5):19-29 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;3/5/19 
DOI: 10.1138/20060211 
 

   
26 

19.  Calvi LM. Hematopoietic-osteoblastic 
interactions in the hematopoietic stem 
cell niche. BoneKEy-Osteovision. 2006 
May;3(5):10-18. 

20.  Calvi LM, Adams GB, Weibrecht KW, 
Weber JM, Olson DP, Knight MC, Martin 
RP, Schipani E, Divieti P, Bringhurst FR, 
Milner LA, Kronenberg HM, Scadden 
DT. Osteoblastic cells regulate the 
haematopoietic stem cell niche. Nature. 
2003 Oct 23;425(696):841-6. 

21.  Zhang J, Niu C, Ye L, Huang H, He X, 
Tong WG, Ross J, Haug J, Johnson T, 
Feng JQ, Harris S, Wiedemann LM, 
Mishina Y, Li L. Identification of the 
haematopoietic stem cell niche and 
control of the niche size. Nature. 2003 
Oct 23;425(6960):836-41. 

22.  Visnjic D, Kalajzic I, Gronowicz G, 
Aguila HL, Clark SH, Lichtler AC, Rowe 
DW. Conditional ablation of the 
osteoblast lineage in Col2.3deltatk 
transgenic mice. J Bone Miner Res. 
2001 Dec;16(12):2222-31. 

23.  Visnjic D, Kalajzic Z, Rowe DW, Katavic 
V, Lorenzo J, Aguila HL. Hematopoiesis 
is severely altered in mice with an 
induced osteoblast deficiency. Blood. 
2004 May 1;103(9):3258-64. 

24.  Corral DA, Amling M, Priemel M, Loyer 
E, Fuchs S, Ducy P, Baron R, Karsenty 
G. Dissociation between bone 
resorption and bone formation in 
osteopenic transgenic mice. Proc Natl 
Acad Sci U S A. 1998 Nov 10; 
95(23):13835-40. 

25.  Kiel MJ, Yilmaz OH, Iwashita T, Yilmaz 
OH, Terhorst C, Morrison SJ. SLAM 
family receptors distinguish 
hematopoietic stem and progenitor cells 
and reveal endothelial niches for stem 
cells. Cell. 2005 Jul 1;121(7):1109-21. 

26.  Avecilla ST, Hattori K, Heissig B, Tejada 
R, Liao F, Shido K, Jin DK, Dias S, 
Zhang F, Hartman TE, Hackett NR, 
Crystal RG, Witte L, Hicklin DJ, Bohlen 

P, Eaton D, Lyden D, de Sauvage F, 
Rafii S. Chemokine-mediated interaction 
of hematopoietic progenitors with the 
bone marrow vascular niche is required 
for thrombopoiesis. Nat Med. 2004 
Jan;10(1):64-71. 

27.  Heissig B, Hattori K, Dias S, Friedrich 
M, Ferris B, Hackett NR, Crystal RG, 
Besmer P, Lyden D, Moore MA, Werb Z, 
Rafii S. Recruitment of stem and 
progenitor cells from the bone marrow 
niche requires MMP-9 mediated release 
of kit-ligand. Cell. 2002 May 
31;109(5):625-37. 

28.  Li W, Johnson SA, Shelley WC, 
Ferkowicz M, Morrison P, Li Y, Yoder 
MC. Primary endothelial cells isolated 
from the yolk sac and para-aortic 
splanchnopleura support the expansion 
of adult marrow stem cells in vitro. 
Blood. 2003 Dec 15;102(13):4345-53. 

29.  Lapidot T, Dar A, Kollet O. How do stem 
cells find their way home? Blood. 2005 
Sep 15;106(6):1901-10. 

30.  Dimitroff CJ, Lechpammer M, Long-
Woodward D, Kutok JL. Rolling of 
human bone-metastatic prostate tumor 
cells on human bone marrow 
endothelium under shear flow is 
mediated by E-selectin. Cancer Res. 
2004 Aug 1;64(15):5261-9. 

31.  Dimitroff CJ, Descheny L, Trujillo N, Kim 
R, Nguyen V, Huang W, Pienta KJ, 
Kutok JL, Rubin MA. Identification of 
leukocyte E-selectin ligands, P-selectin 
glycoprotein ligand-1 and E-selectin 
ligand-1, on human metastatic prostate 
tumor cells. Cancer Res. 2005 Jul 
1;65(13):5750-60. 

32.  Muller A, Homey B, Soto H, Ge N, 
Catron D, Buchanan ME, McClanahan 
T, Murphy E, Yuan W, Wagner SN, 
Barrera JL, Mohar A, Verastegui E, 
Zlotnik A. Involvement of chemokine 
receptors in breast cancer metastasis. 
Nature. 2001 Mar 1;410(6824):50-6. 

 
Copyright 2006 International Bone and Mineral Society 

 



BoneKEy-Osteovision. 2006 May;3(5):19-29 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;3/5/19 
DOI: 10.1138/20060211 
 

   
27 

33.  Taichman RS, Cooper C, Keller ET, 
Pienta KJ, Taichman NS, McCauley LK. 
Use of the stromal cell-derived factor-
1/CXCR4 pathway in prostate cancer 
metastasis to bone. Cancer Res. 2002 
Mar 15;62(6):1832-7. 

34.  Sun YX, Schneider A, Jung Y, Wang J, 
Dai J, Wang J, Cook K, Osman NI, Koh-
Paige AJ, Shim H, Pienta KJ, Keller ET, 
McCauley LK, Taichman RS. Skeletal 
localization and neutralization of the 
SDF-1(CXCL12)/CXCR4 axis blocks 
prostate cancer metastasis and growth 
in osseous sites in vivo. J Bone Miner 
Res. 2005 Feb;20(2):318-29. 

35.  Kang Y, Siegel PM, Shu W, Drobnjak M, 
Kakonen SM, Cordon-Cardo C, Guise 
TA, Massague J. A multigenic program 
mediating breast cancer metastasis to 
bone. Cancer Cell. 2003 Jun;3(6):537-
49. 

36.  Sipkins DA, Wei X, Wu JW, Runnels 
JM, Cote D, Means TK, Luster AD, 
Scadden DT, Lin CP. In vivo imaging of 
specialized bone marrow endothelial 
microdomains for tumour engraftment. 
Nature. 2005 Jun 16;435(7044):969-73. 

37.  Adams GB, Chabner KT, Alley IR, Olson 
DP, Szczepiorkowski ZM, Poznansky 
MC, Kos CH, Pollak MR, Brown EM, 
Scadden DT. Stem cell engraftment at 
the endosteal niche is specified by the 
calcium-sensing receptor. Nature. 2006 
Feb 2;439(7076):599-603. 

38.  Yano S, MacLeod RJ, Chattopadhyay 
N, Tfelt-Hansen J, Kifor O, Butters RR, 
Brown EM. Calcium-sensing receptor 
activation stimulates parathyroid 
hormone-related protein secretion in 
prostate cancer cells: role of epidermal 
growth factor receptor transactivation. 
Bone. 2004 Sep;35(3):664-72. 

39.  Chattopadhyay N. Effects of calcium-
sensing receptor on the secretion of 
parathyroid hormone-related peptide 
and its impact on humoral 
hypercalcemia of malignancy. Am J 

Physiol Endocrinol Metab. 2006 
May;290(5):E761-70. 

40.  Sanders JL, Chattopadhyay N, Kifor O, 
Yamaguchi T, Butters RR, Brown EM. 
Extracellular calcium-sensing receptor 
expression and its potential role in 
regulating parathyroid hormone-related 
peptide secretion in human breast 
cancer cell lines. Endocrinology. 2000 
Dec;141(12):4357-64. 

41.  Clines GA, Guise TA. Hypercalcaemia 
of malignancy and basic research on 
mechanisms responsible for osteolytic 
and osteoblastic metastasis to bone. 
Endocr Relat Cancer. 2005 
Sep;12(3):549-83. 

42.  Schneider A, Kalikin LM, Mattos AC, 
Keller ET, Allen MJ, Pienta KJ, 
McCauley LK. Bone turnover mediates 
preferential localization of prostate 
cancer in the skeleton. Endocrinology. 
2005 Apr;146(4):1727-36. 

43.  van der Pluijm G, Que I, Sijmons B, 
Buijs JT, Lowik CW, Wetterwald A, 
Thalmann GN, Papapoulos SE, 
Cecchini MG. Interference with the 
microenvironmental support impairs the 
de novo formation of bone metastases 
in vivo. Cancer Res. 2005 Sep 
1;65(17):7682-90. 

44.  Suda T, Arai F, Hirao A. Hematopoietic 
stem cells and their niche. Trends 
Immunol. 2005 Aug;26(8):426-33. 

45.  Cheng T, Rodrigues N, Shen H, Yang Y, 
Dombkowski D, Sykes M, Scadden DT. 
Hematopoietic stem cell quiescence 
maintained by p21cip1/waf1. Science. 
2000 Mar 10;287(5459):1804-8. 

46.  Wilson A, Murphy MJ, Oskarsson T, 
Kaloulis K, Bettess MD, Oser GM, 
Pasche AC, Knabenhans C, Macdonald 
HR, Trumpp A. c-Myc controls the 
balance between hematopoietic stem 
cell self-renewal and differentiation. 
Genes Dev. 2004 Nov 15;18(22):2747-
63. 

 
Copyright 2006 International Bone and Mineral Society 

 



BoneKEy-Osteovision. 2006 May;3(5):19-29 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;3/5/19 
DOI: 10.1138/20060211 
 

   
28 

47.  Nilsson SK, Johnston HM, Whitty GA, 
Williams B, Webb RJ, Denhardt DT, 
Bertoncello I, Bendall LJ, Simmons PJ, 
Haylock DN. Osteopontin, a key 
component of the hematopoietic stem 
cell niche and regulator of primitive 
hematopoietic progenitor cells. Blood. 
2005 Aug 15;106(4):1232-9. 

48.  Stier S, Ko Y, Forkert R, Lutz C, 
Neuhaus T, Grunewald E, Cheng T, 
Dombkowski D, Calvi LM, Rittling SR, 
Scadden DT. Osteopontin is a 
hematopoietic stem cell niche 
component that negatively regulates 
stem cell pool size. J Exp Med. 2005 
Jun 6;201(11):1781-91. 

49.  Muller V, Pantel K. Bone marrow 
micrometastases and circulating tumor 
cells: current aspects and future 
perspectives. Breast Cancer Res. 2004; 
6(6):258-61. 

50.  Pantel K, Brakenhoff RH. Dissecting the 
metastatic cascade. Nat Rev Cancer. 
2004 Jun;4(6):448-56. 

51.  Ellis WJ, Pfitzenmaier J, Colli J, Arfman 
E, Lange PH, Vessella RL. Detection 
and isolation of prostate cancer cells 
from peripheral blood and bone marrow. 
Urology. 2003 Feb;61(2):277-81. 

52.  Yin JJ, Mohammad KS, Kakonen SM, 
Harris S, Wu-Wong JR, Wessale JL, 
Padley RJ, Garrett IR, Chirgwin JM, 
Guise TA. A causal role for endothelin-1 
in the pathogenesis of osteoblastic bone 
metastases. Proc Natl Acad Sci U S A. 
2003 Sep 16;100(19):10954-9. 

53.  Koh AJ, Demiralp B, Neiva KG, Hooten 
J, Nohutcu RM, Shim H, Datta NS, 
Taichman RS, McCauley LK. Cells of 
the osteoclast lineage as mediators of 
the anabolic actions of parathyroid 
hormone in bone. Endocrinology. 2005 
Nov;146(11):4584-96. 

54.  Kang Y, He W, Tulley S, Gupta GP, 
Serganova I, Chen CR, Manova-
Todorova K, Blasberg R, Gerald WL, 

Massague J. Breast cancer bone 
metastasis mediated by the Smad tumor 
suppressor pathway. Proc Natl Acad  
Sci U S A. 2005 Sep 27;102(39):13909-
14. 

55.  Alexander NR, Tran NL, Rekapally H, 
Summers CE, Glackin C, Heimark RL. 
N-cadherin gene expression in prostate 
carcinoma is modulated by integrin-
dependent nuclear translocation of 
twist1. Cancer Res. 2006 Apr 
1;66(7):3365-9. 

56.  Kim NS, Kim HJ, Koo BK, Kwon MC, 
Kim YW, Cho Y, Yokota Y, Penninger 
JM, Kong YY. Receptor activator of NF-
kappaB ligand regulates the proliferation 
of mammary epithelial cells via Id2. Mol 
Cell Biol. 2006 Feb;26(3):1002-13. 

57.  Jones DH, Nakashima T, Sanchez OH, 
Kozieradzki I, Komarova SV, Sarosi I, 
Morony S, Rubin E, Sarao R, Hojilla CV, 
Komnenovic V, Kong YY, Schreiber M, 
Dixon SJ, Sims SM, Khokha R, Wada T, 
Penninger JM. Regulation of cancer cell 
migration and bone metastasis by 
RANKL. Nature. 2006 Mar 
30;440(7084):692-6. 

58.  Andrews NA. RANKL: A soil factor for 
cancer metastasis to bone? BoneKEy-
Osteovision. 2006 May;3(5):6-9. 

59.  Orimo A, Gupta PB, Sgroi DC, 
Arenzana-Seisdedos F, Delaunay T, 
Naeem R, Carey VJ, Richardson AL, 
Weinberg RA. Stromal fibroblasts 
present in invasive human breast 
carcinomas promote tumor growth and 
angiogenesis through elevated SDF-
1/CXCL12 secretion. Cell. 2005 May 
6;121(3):335-48. 

60.  Bhowmick NA, Neilson EG, Moses HL. 
Stromal fibroblasts in cancer initiation 
and progression. Nature. 2004 Nov 
18;432(7015):332-7. 

61.  Kaplan RN, Riba RD, Zacharoulis S, 
Bramley AH, Vincent L, Costa C, 
MacDonald DD, Jin DK, Shido K, Kerns 

 
Copyright 2006 International Bone and Mineral Society 

 



BoneKEy-Osteovision. 2006 May;3(5):19-29 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;3/5/19 
DOI: 10.1138/20060211 
 

   
29 

SA, Zhu Z, Hicklin D, Wu Y, Port JL, 
Altorki N, Port ER, Ruggero D, 
Shmelkov SV, Jensen KK, Rafii S, 
Lyden D. VEGFR1-positive 
haematopoietic bone marrow 
progenitors initiate the pre-metastatic 
niche. Nature. 2005 Dec 
8;438(7069):820-7. 

 
 

 
Copyright 2006 International Bone and Mineral Society 

 


