
run in TBE £0.5 at room temperature for 2 h at 150 V. The following two (Q/q) 27-bp
unmethylated oligonucleotides were used: 5

0
-GATCCTTCGCCTAGGCTC(A/G)CAGCG

CGGGAGCGA-3 0 . A methylated q probe (q*) was generated by incorporating a
methylated cytosine at the mutated CpG site during oligonucleotide synthesis.

Transient transfection assay
The constructs contained 578 bp from IGF2 intron 3 (nucleotides 2868–3446), followed by
the IGF2 P3 promoter (nucleotides 2222 to þ45 relative to the start of transcription)12

and a luciferase reporter. C2C12 myoblast cells were grown to approximately 80%
confluence. Cells were transiently co-transfected with the firefly luciferase reporter
construct (4 mg) and a Renilla luciferase control vector (phRG-TK, Promega; 80 ng) using
10 mg Lipofectamine 2000 (Invitrogen). Cells were incubated for 25 h before lysis in 100 ml
Triton lysis solution. Luciferase activities were measured using the Dual-Luciferase
Reporter Assay System (Promega). The results are based on four triplicate experiments
using two independent plasmid preparations for each construct. Statistical analysis was
done with an analysis of variance.

Northern blot analysis and real-time RT–PCR
Total RNA was prepared using Trizol (Invitrogen) and treated with DNase I (Ambion).
Products from the first-strand complementary DNA synthesis (Amersham Biosciences)
were purified with QIAquick columns (Qiagen). Poly(A)þ RNAwas then isolated using
the Oligotex mRNA kit (Qiagen). Poly(A)þ mRNA (about 75 ng) from each sample
was separated in a MOPS/formaldehyde agarose gel and transferred overnight to a
Hybond-Nþ nylonmembrane (AmershamBiosciences). Themembrane was hybridized in
ExpressHyb hybridization solution (Clontech). The quantification of the transcripts was
performed with a Phosphor Imager 425 (Molecular Dynamics). Real-time PCR was
performed with an ABI PRISM 7700 instrument (Applied Biosystems). TaqMan probes
and primers are given in Supplementary Table 3. PCRs were performed in triplicate using
the Universal PCR Master Mix (Applied Biosystems). Messenger RNA was quantified
using ten-point calibration curves established by dilution series of the cloned PCR
products. Statistical evaluations were done with a two-sided Kruskal–Wallis rank-sum
test.
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Haematopoietic stem cells (HSCs) are a subset of bone marrow
cells that are capable of self-renewal and of forming all types of
blood cells (multi-potential)1. However, the HSC ‘niche’—the
in vivo regulatory microenvironment where HSCs reside—and
the mechanisms involved in controlling the number of adult
HSCs remain largely unknown. The bonemorphogenetic protein
(BMP) signal has an essential role in inducing haematopoietic
tissue during embryogenesis2,3. We investigated the roles of the
BMP signalling pathway in regulating adult HSC development
in vivo by analysing mutant mice with conditional inactivation of
BMP receptor type IA (BMPRIA). Here we show that an increase
in the number of spindle-shaped N-cadherin1CD452 osteoblas-
tic (SNO) cells correlates with an increase in the number ofHSCs.
The long-term HSCs are found attached to SNO cells. Two
adherens junction molecules, N-cadherin and b-catenin, are
asymmetrically localized between the SNO cells and the long-
term HSCs. We conclude that SNO cells lining the bone surface
function as a key component of the niche to support HSCs, and
that BMP signalling through BMPRIA controls the number of
HSCs by regulating niche size.
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We first analysed the expression patterns of Bmpr1a (Alk3) and
Bmpr1b (Alk6) in bone marrow and the surrounding bone tissue.
BMPRIA was found in bone marrow cells, including most of the
haematopoietic lineages apart from the HSC population, and most
osteoblastic cells (Fig. 1a–c). By contrast, we were unable to detect
expression of Bmpr1b in HSCs and the other haematopoietic
lineages that we examined (Fig. 1d).

To block the BMP signal, we inactivated BMPRIA by crossing
Bmpr1a fx/fx and Bmpr1a fx/2 mouse lines4 with a PolyI:C-inducible
Mx1–Cre mouse line5 and assaying the mutant mice. Multiple
injections of PolyI:C were required for efficient deletion of
Bmpr1a (see Supplementary Information, data 1)

Mice with different injection schedules (see Methods) were
investigated using flow cytometric assays to analyse the HSC popu-
lation. The percentage of lineage-negative (Lin2) Sca-1þc-Kitþ

(HSC) cells was increased 2-fold in the Mx1–CreþBmpr1a fx/fx and
2.4-fold in the Mx1–CreþBmpr1a fx/2 mutant mice compared with
the littermate controls (Fig. 2a). Although the total bone marrow
cell number per femur was reduced in both of the Bmpr1a mutant
lines owing to reduced cavity room, as seen in Fig. 3b, the absolute
number of HSCs per femur was still increased 1.5–2-fold (Fig. 2b).
As no significant difference between Mx1–CreþBmpr1a fx/fx and
Mx1–CreþBmpr1afx/2 mutant mice was observed, we focused on
the Mx1–CreþBmpr1a fx/fx mice in the following studies.

The HSC population is a heterogeneous mixture, including long-
term (LT) and short-term (ST) HSCs6. Therefore, we injected the
mice with 5-bromodeoxyuridine (BrdU) to label cycling cells. Three
hours after labelling, we analysed theHSC population to distinguish
ST-HSCs from LT-HSCs according to differences in their cell-cycle
state. The percentage of BrdU-negative cells in the HSC population
(including the quiescent LT-HSCs) increased by an average of 2.4
times in the Bmpr1a mutant mice compared with littermate con-
trols. The percentage of BrdU-positive cells in the HSC population

Figure 1 Expression patterns of BMPRIA and BMPRIB in bone and bone marrow.

a, Schematic of bone and bone marrow structures. TBA, trabecular bone area.

b, Expression of BMPRIA in osteoblastic cells and bone marrow cells. Bone/bone marrow

sections were immunohistochemically stained using anti-BMPRIA serum. TB, trabecular

bone. c, Detection of Bmpr1a gene expression in HSCs and lineage cells by RT–PCR

(polymerase chain reaction with reverse transcription) assay. GAPDH, glyceraldehyde-3-

phosphate; B220, B-cell marker; Gr1Mac1, myeloid lineage markers; Ter119, erythroid

lineage marker; CD41, megakaryocyte marker; DN, double negative for CD4 and CD8;

DN1, CD44þCD252; DN2, CD44þCD25þ; DN3, CD442CD25þ; DN4, CD442CD252.

d, Detection of Bmpr1b gene expression in HSCs and lineage cells by RT–PCR assay.

NC, negative control.

Figure 2 Analyses of the HSC population. For raw data, see Supplementary Tables 1–4.

a, Typical example of flow assay on the HSC population. Figure in the gate is the

percentage of HSCs in the BM-MNC fraction. b, Comparison of absolute number of HSCs

per femur in wild-type and Bmpr1a mutant mice. Owing to the reduced bone cavity in

Bmpr1a mutant mice, the total bone marrow cell number is also reduced in mutant mice

(an average of 1.58 £ 107 versus 2.1 £ 107 in wild-type control mice). The absolute HSC

number is equal to the percentage of HSCs multiplied by the total number of BM-MNCs.

c, Comparison of the number of LT-HSCs and ST-HSCs in the Bmpr1amutant and control

mice. d, CRU assay to compare the number of functional HSCs per femur between the

Bmpr1a mutant and wild-type (WT) control mice. The number of CRUs per femur (right

panel) equals the frequency of CRUs (left panel) multiplied by the total number of BM-

MNCs as indicated in b. e–f, Bar graphs of the percentage of HSCs in recipient mice.

Wild-type donor (Ly5.1) HSCs (2 £ 103) were transplanted into Bmpr1amutant recipients

or littermate controls (Ly5.2) (e). Bone marrow cells (2 £ 106) from controls and mutants

(Ly5.2) were transplanted into wild-type recipients (Ly5.1) (f).
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(including the cycling ST-HSCs) was similar to that in the littermate
controls (Fig. 2c). Therefore, direct comparison of the entire HSC
population provides an underestimated but reliable representation
(Fig. 2b; 1.6-fold) of the difference in LT-HSC numbers (Fig. 2c; 2.4-
fold) between the mutant and control animals.
These experiments demonstrated an increase in the LT-HSC

population. However, the gold-standard test for functional stem
cells is the competitive repopulation unit (CRU) assay7, in which a
series of diluted donor-derived bone marrow mononuclear cells
(BM-MNCs) is transplanted into different groups of sublethally
irradiated recipient mice. Three months after transplantation,
peripheral blood is examined to monitor the engraftment of
donor cells in the recipient mice in order to determine the lowest
number of bone marrow cells required for the reconstitution of
haematopoiesis. Using this assay, we confirmed that the functional
stem cell number increased 2.2-fold in the mutant mice compared

with controls (Fig. 2d and Supplementary Table 4). The results from
both immunophenotypical and CRU assays indicate that the
population of LT-HSCs is expanded in the Bmpr1a mutant mice.

There are several mechanisms that can lead to changes in the HSC
number: (1) an intrinsic change in stem cells that either promotes
self-renewal or blocks apoptosis; (2) an internal defect in progeni-
tors that inhibits differentiation, leading to an accumulation of stem
cells; or (3) an external influence from the HSCmicroenvironment.
The finding that Bmpr1a is not expressed in HSCs (Fig. 1c) does not
support the argument that an intrinsic defect in HSCs was the cause
of a change in the number of HSCs in the Bmpr1amutant mice. We
then analysed myeloid and lymphoid lineages, common myeloid
progenitor and common lymphoid progenitor subsets8,9. The
results revealed no significant phenotypical change in any of the
subsets analysed (Supplementary Information, data 2a, b). This was
consistent with results obtained from in vitro colony-forming unit

Figure 3 Analyses of bone structure and HSC number. a, b, X-ray image and histology of

the bone structures of ectopically formed TBLA (red arrow). BM, bone marrow. c, X-ray

images of femur and tibia from Bmpr1a mutant and control mice. d, Comparison of the

absolute number of HSCs per femur in Bmpr1a mutant and wild-type control mice.

e, Inactivation of Bmpr1a on the surface of ectopically formed TBLA in the triple-genotype

mice as shown by GFP expression, counterstained with 4,6-diamidino-2-phenylindole

(DAPI). f, BrdU-LTR cells (upper panels, black arrow), SNO cells (lower panels, black

arrow) and matrix-forming osteoblasts (blue arrow). g, SNO cell number in control and

Bmpr1a mutant mice. (The average total number of the SNO cells per section is given in

Supplementary Table 6.) h, Summary of the distribution of three types of BrdU-LTR cell

(see text and Supplementary Table 7).
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(CFU) assays, which showed that the progenitor number of differ-
ent lineages was similar in the Bmpr1a mutant and littermate
control mice (Supplementary Information, data 3). These results
ruled out the possibility of an accumulation of HSCs resulting from
a block in progenitor cell differentiation.
Direct evidence of an external influence causing the change in

HSC number came from reciprocal bone marrow/HSC transplan-
tation experiments. HSCs isolated from wild-type Ly5.1 mice were
transplanted into lethally irradiated Bmpr1a mutant and littermate
control mice (both Ly5.2 genotype). The result of a flow cytometric
assay three months after transplantation revealed that the percen-
tage of donor-derived HSCs in the Bmpr1a mutant mice was, on
average, 1.6 times higher than in the wild-type control recipient
mice (Fig. 2e). A reciprocal assay was also carried out by transplant-
ing BM-MNCs derived from the Bmpr1a mutant or wild-type
control mice into lethally irradiated wild-type Ly5.1 mice. These
flowcytometric results showed that the percentage of donor-derived
HSCs in both groups of recipient mice was similar, regardless of the
origin of BM-MNCs (Fig. 2f). We conclude that the change in the
microenvironment led to an increase in HSC number in the Bmpr1a
mutant mice.
Bone marrow stromal cells are derived from mesenchymal stem

cells, including fibroblasts, adipocytes, endothelial cells and osteo-
blasts10. Previous studies of the roles of stromal cells in supporting
HSCs have been based mainly on in vitro culture, and each of these
stromal cells has been suggested to be capable of supporting
haematopoietic stem/progenitor cells in vitro11,12. However, none
of these results has been confirmed in vivo.
We observed obvious abnormal bone formation in the Bmpr1a

mutant mice. Our X-ray and histological analyses revealed that an
ectopic formation of trabecular-bone-like area (TBLA) occurred in
the long-bone region of themutantmice (Fig. 3a, b). The location of
the ectopically formed TBLAs varied depending on the PolyI:C
injection time: TBLAs were seen distal to the knee in the early-
induced group, but were proximal to the knee in the late-induced
group, and at both sites in the combined-injection group (Fig. 3c).
This raised the possibility of a change in osteoblasts or osteoclasts
affecting the HSC microenvironment. Recent in vitro evidence
shows that an osteoblastic cell line can expand the number of
HSCs 2–4-fold12. In addition, osteoblasts, when co-transplanted
with HSCs, can also increase the engraftment rate13. These obser-
vations suggest that osteoblasts have a role in supporting HSCs.
We next asked whether the ectopically formed TBLAwas respon-

sible for the increased HSC number in the mutant mice. As
described above (Fig. 2b), the number of HSCs per femur in the
mutant animals was increased 1.67-fold on average in both early-
and late-induced mutant mice. In addition, we found that the
number of HSCs per femur increased 2.5-fold on average in the
combined early- and late-induced mice, in which two regions of
TBLA were observed (Fig. 3d). This shows that an increase in the
number of HSCs correlates with an increase in the number of
ectopically formed TBLAs.
We investigated the mechanism that leads to the ectopic for-

mation of TBLAwhen the BMP signal is blocked. BMPRIA has been
shown to inhibit osteoblastic lineage commitment from mesen-
chymal progenitors in vitro14. We ruled out the possibility of an
increase in the number of mesenchymal progenitors in the mutants
using a CFU-fibroblast assay10 (Supplementary Table 5). Osteoblas-
tic lineage commitment from mesenchymal progenitors is not
increased, because the ectopic formation of TBLA is regional rather
than evenly distributed. This suggests that regional inactivation of
Bmpr1a leads to the ectopic formation of TBLA. To confirm this, we
generated a triple-genotype mouse line bearing Mx1–Cre,
Bmpr1a fx/fx and Z/EG alleles. Cre-induced green fluorescent protein
(GFP) expression reflects successful targeting of Bmpr1a (Fig. 3e).
Analysis of bone sections derived from the triple-genotype mice
revealed that only the surface of ectopically formed TBLAwas GFP

Figure 4 Co-staining of BrdU-LTR cells with HSC markers, counterstained with DAPI.

a–e, HSC markers as indicated. The lens magnification used for the microscopic

photograph is indicated. Most BrdU-LTR cells attached to the trabecular bone surface are

co-stained with Sca-1 (74%), c-Kit (72%) or a pan-haematopoietic marker, CD45 (92%).

Yellow arrow indicates SNO cells. f, A blow-up of part e. g, Model illustrating the

haematopoietic stem cell niche. The SNO cells, which are located mainly on the surface of

cancellous/trabecular bone, are a key component of the resident niche for HSCs.
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positive, indicating that regional deletion of Bmpr1a occurs exclu-
sively in the cells that line the TBLA surface. This was further
supported by a 3-fold increase in osteoblast number, a 2-fold
increase in the rate of bone formation, and a 10-fold increase in
bone volume in the TBLA of Bmpr1a mutants compared with the
long-bone region in control littermates (Supplementary Infor-
mation, data 4, and Supplementary Table 8); however, there was
no apparent change in osteoclasts (cells that reabsorb bone)
measured by tartrate-resistant acid phosphatase staining (data not
shown). The ectopic TBLAmight be formed by over-proliferation or
abnormal differentiation of an osteoblast progenitor. In addition,
inactivation of BMPRIA might make the osteoblasts less sensitive to
apoptotic signal, as a BMP signal is known to induce osteoblast
apoptosis15.
We observed a correlation between the number of LT-HSCs and

the increase in TBLA. Are the LT-HSCs in the TBLA enriched? The
limited number of LT-HSCs in bone marrow and the lack of a
unique marker make their visualization difficult. As LT-HSCs are
quiescent or slow cycling, they are able to retain labelled nucleotides
for a relatively long period and can be identified as BrdU-LTR (long-
term retaining) cells16 (see Methods). We found that 76% of the
BrdU-LTR cells were located within the bone marrow cavity,
whereas 24% were attached to the bone surface. Most BrdU-LTR
cells attached to the bone surface were located in cancellous/
trabecular bone area (including epiphysis and metaphysis), whereas
the rest were dispersed along the endosteal surface of long bone
(Fig. 3f, upper panel). This is consistent with previous observations
in which HSCs were found to be close to the endosteal surface of
long bone17 or homing to the bone surface of epiphysis18. Impor-
tantly, a significantly increased number of BrdU-LTR cells was
found in the ectopically formed TBLA compared with the long-
bone region (Fig. 3f). There are different types of BrdU-LTR cell,
including Lin2CD45þ (enriched with LT-HSCs), LinþCD45þ

(enriched with memory T or B cells) and Lin2CD452 (enriched
with mesenchymal stem cells) (see Fig. 3h). We estimate that the
frequency of the enriched LT-HSCs in control animals (BrdU-LTR
Lin2CD45þ cells) is 0.01%, close to the frequency of LT-HSCs
(0.007%) on the basis of functional studies19. These cells are
located mainly on the bone surface, particularly the surface of
the cancellous/trabecular bone, and most of these cells are co-
stained with other HSCmarkers: CD45, Sca-1 and c-Kit (Fig. 4a–c).
These observations support the conclusion that the ectopically
formed TBLA is responsible for the increase in the number of
HSCs.
The increased number of osteoblasts on the surface of ectopically

formed TBLA correlates with the increase in HSC number. The
LT-HSCs appear to be attached to cells with an early osteoblastic
character (the mononuclear spindle-shaped cells lining the bone
surface; Fig. 3f, upper panel). As N-cadherin is expressed in both
early and late osteoblastic cells20, we used this biological marker to
confirm this observation. This marker stains two osteoblastic cell
types: a small subset of spindle-shaped osteoblasts (osteoblastic
lining cells) and most of the larger, oval-shaped, matrix-forming
osteoblasts (Fig. 3f, lower panel). Histological analysis of the
distribution of the spindle-shaped N-cadherinþ osteoblastic
(SNO) cells revealed that these cells were enriched on the surface
of cancellous/trabecular bone, including the vesicle area in epiphy-
sis, and sporadically dispersed along the endosteal surface of long
bone (Fig. 3f, lower panel). This distribution pattern was similar to
that of LT-HSCs (Fig. 3f, upper panel). Indeed, the LT-HSCs are
attached only to the SNO cells that line the bone surface, (Fig. 4e).
We also counted the number of SNO cells (Supplementary Table 6).
The result showed that an increase in the number of these cells (2.3-
fold; Fig. 3g) correlates to a high degree with the increase in LT-HSC
number (2.2-fold; Fig. 2d) in the Bmpr1a mutant mice. Taken
together, these observations indicate that the SNO cells have an
important role in supporting LT-HSCs. This conclusion is also

supported by evidence from studies of conditional ablation of
osteoblasts in Col2.3Dtk (thymidine kinase) transgenic mice,
which showed that osteoblasts were necessary for the maintenance
of haematopoiesis and where a loss of osteoblasts led to loss of
haematopoietic cells21.

As the functions of the niche include adhesive interaction
between stem cells and the niche22, we asked whether the SNO
cells provide an adhesive attachment for HSCs. In Drosophila, two
important junction-related adherens molecules, E-cadherin and
b-catenin, are essential for the maintenance of ovarian somatic
stem cells, as evidenced by the observation that a loss of E-cadherin
leads to a loss of somatic stem cells23. E-cadherin was not expressed
in either the osteoblasts or the LT-HSCs (although it was expressed
in many bone marrow cells; data not shown). However, we found
that N-cadherin was asymmetrically localized to the cell surface of
LT-HSCs adjacent to the SNO cells (Fig. 4e, f). Using flow cyto-
metric assay, we confirmed that N-cadherin is expressed in a
subpopulation (10%) of murine adult HSCs (Lin2Sca-1þc-Kitþ)
(Supplementary Information, data 5). It will be important to
demonstrate an in vivo functional role of the N-cadherinþ HSCs.
In addition, b-catenin, which interacts with and forms an adherens
complex with N-cadherin24, is also found to be asymmetrically
localized between the SNO cells and the LT-HSCs (Fig. 4d).

The niche hypothesis was first proposed by Schofield25 in 1978,
and is supported by the co-culture of HSCs with marrow stromal
cells26. The stem cell niche has been described in the Drosophila
ovary27, but the HSC niche, owing to complicated anatomical
architecture, has remained an enigma. We show that, in bone and
bone marrow, the cancellous/trabecular bone area is the primary
site for HSCs. The SNO cells located on the bone surface are a key
component of the niche, supporting LT-HSCs (Fig. 4g). SNO cells
might support HSCs through a specific adhesive interaction
between N-cadherin and b-catenin. Consistent with this, in
col1-PPR (parathyroid hormone (PTH)/PTHrP receptor) trans-
genic mice, the osteoblastic lineage has been defined as a key
participant in the regulation of HSC numbers28. The niche size
must be tightly regulated in vivo to maintain HSCs and normal
homeostasis25,29. We provide in vivo evidence to show that a change
in the niche size affects the number of stem cells. BMP signalling
through BMPRIA is an important component of this regulatory
system. A

Methods
Inducible Cre expression
PolyI:C (250 mg per mouse) was injected intraperitoneally. For the early-induced group,
PolyI:C was injected on the 3rd, 5th and 7th day after birth, whereas the late-induced
group was treated with PolyI:C on the 21st, 23rd and 25th day after birth. A third double-
induced group combined both injection schedules.

Flow cytometric assay and CFU culture
Isolation and preparation of bone marrow, thymus, spleen and peripheral blood cells, and
the method for subsequent flow cytometric assays have been described30. For HSC
analysis, BM-MNCs were stained with fluorescein isothiocyanate (FITC)-lineage markers
(CD4, CD8, CD3, B220, IgM, Mac-1, Gr-1 and Ter-119) to eliminate Linþ cells, but
positive for APC-c-Kit and phycoerythrin (PE)-Sca-1. For lineage analyses, see
Supplementary Information, data 1a, b. CFU assay was performed according to the
manufacturer’s recommendations (StemCell Technologies).

CRU assay
A series of diluted BM-MNCs (1 £ 104, 3 £ 104, 1 £ 105 and 3 £ 105) from either Bmpr1a
mutant or wild-type control were transplanted into several groups of sublethally (500 rad)
irradiated Ly5.1 recipient female mice. Three months after transplantation, peripheral
blood was analysed usingmyeloid and lymphoid lineagemarkers:Mac-1, Gr-1, B220, CD3
and Ly5.2. An engraftment rate of.1% (the basal level was defined by transplantation of
bone marrow derived from Ly5.1 mice) was scored as positive. The data shown in Fig. 2f
are based on two independent experiments. The CRU frequencies were determined using
L-Calc software (StemCell Technologies), which uses Poisson statistics and the method of
maximum likelihood to the proportion of negative recipients, using limiting-dilution
analysis (see Supplementary Table 4). We found that the CRU frequency was lower than
that reported in studies where lethal doses of irradiation have been used7.
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Immunohistochemistry and BrdU-LTR assay
The procedures for bone and bone marrow section preparation, immunostaining
conditions and antibodies are described in Supplementary Methods. The procedure for
BrdUpulse labeling, LTR and subsequent detection has been reported16. Themice were fed
BrdU (0.8mgml21 inwater) for 10 days, during which time 40%of LT-HSCs would divide
at least once31. Seventy days after BrdU labelling, sections were stained with anti-BrdU
antibody.

N-cadherin1 cell count
For quantitative analysis of N-cadherinþ cells, the sections were developed with AEC after
being incubated with rabbit anti-N-cadherin antibody for 1 h and horseradish peroxidase
(HRP)-conjugated goat anti-rabbit second antibody for 1 h. Three people counted the
SNO cells in these sections, blind to the source of the sections.

X-ray image
High-resolution X-rays (Faxitron MX-20) of bone and bone histomorphometry
(OsteoMetrics, Inc.) were performed at the University of Missouri–Kansas City School of
Dentistry.
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Stem cell fate is influenced by specialized microenvironments
that remain poorly defined in mammals1–3. To explore the
possibility that haematopoietic stem cells derive regulatory
information from bone, accounting for the localization of
haematopoiesis in bone marrow, we assessed mice that were
genetically altered to produce osteoblast-specific, activated
PTH/PTHrP receptors (PPRs)4. Here we show that PPR-
stimulated osteoblastic cells that are increased in number
produce high levels of the Notch ligand jagged 1 and support
an increase in the number of haematopoietic stem cells with
evidence of Notch1 activation in vivo. Furthermore, ligand-
dependent activation of PPR with parathyroid hormone (PTH)
increased the number of osteoblasts in stromal cultures, and
augmented ex vivo primitive haematopoietic cell growth that
was abrogated by g-secretase inhibition of Notch activation. An
increase in the number of stem cells was observed in wild-type
animals after PTH injection, and survival after bone marrow
transplantation was markedly improved. Therefore, osteoblastic
cells are a regulatory component of the haematopoietic stem cell
niche in vivo that influences stem cell function through Notch
activation. Niche constituent cells or signalling pathways pro-
vide pharmacological targets with therapeutic potential for
stem-cell-based therapies.
Mammalian bone marrow architecture involves haematopoietic

stem cells (HSCs) in close proximity to the endosteal surfaces5,6,
with more differentiated cells arranged in a loosely graduated
fashion as the central longitudinal axis of the bone is approached5,7,8.
This nonrandom organization of the marrow suggests a possible
relationship between HSCs and osteoblasts—osteogenic cells lining
the endosteal surface. Osteoblasts produce haematopoietic growth
factors9–11 and are activated by parathyroid hormone (PTH) or the
locally produced PTH-related protein (PTHrP), through the PTH/
PTHrP receptor (PPR). We tested whether osteoblasts contribute to
the unique microenvironment of the bone marrow in vivo using a
constitutively active PPR (col1-caPPR) under the control of the
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