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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
BrdU pulse labeling, LTR and subsequent detection has been reported16. The mice were fed
BrdU (0.8 mg ml21 in water) 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.
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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 PPRstimulated 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, liganddependent 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 provide 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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Figure 1 Col1-caPPR transgenic mice have increased numbers of trabeculae and
HSCs. a, Representation of transgene construct. b, c, Haematoxylin and eosin staining of
sections of decalcified proximal tibia from 12-week-old wild-type (WT) and transgenic
(Tg) littermates. Magnifications, £100. d, Increased frequency of Lin2Sca-1þc-Kitþ cells
in transgenic bone marrow. The same symbol designates sex-matched sibling pairs
(n ¼ 6 in each group; solid bar, mean). e, Increased LTC-ICs in transgenic bone
marrow Lin2 haematopoietic cells grown on wild-type stroma. f, g, Bone marrow cells
from col1-caPPR male mice had an increased ability to reconstitute female recipients
by PCR for the Y chromosome (n ¼ 4 in each group). h, No difference in HSCs residing
in G0 and G1 (representative analysis from three separate experiments). i, Unchanged
CFU-Cs.
842

a1(I) collagen promoter active in osteoblastic cells in a transgenic
mouse4 (Fig. 1a).
The long bones of col1-caPPR mice had increased numbers of
trabeculae (Fig. 1b, c) and trabecular osteoblastic cells, as defined by
expression of osteocalcin, alkaline phosphatase, collagen type I,
osteopontin and matrix metalloproteinase 13 (ref. 4). Haematopoietic cells were found in small regions between trabeculae. The
bony change was restricted to the metaphyseal area and there was no
substantial alteration in the overall haematopoietic cell content of
the bone marrow (Supplementary Fig. 1).
Assessing the composition of the bone marrow mononuclear cell
fraction (BMMC), we found that the stem-cell-enriched lineagenegative (Lin2) Sca-1þc-Kitþ subpopulation of cells was significantly greater in the bone marrow of the transgenic animals
(P ¼ 0.008; Fig. 1d). There was a corresponding increase in the
absolute number per hind limb: wild-type, 32,500 ^ 8,000; transgenic, 65,700 ^ 7,500. Testing whether functionally defined cell
types were also increased, we used the quantitative limiting-dilution
‘long-term culture-initiating cell’ (LTC-IC) assay, which linearly
correlates with in vivo HSC function12. Using the Lin2 fraction of
BMMC as the input population, we confirmed an increase in the
frequency of primitive HSC-like cells in the transgenic animals
(P ¼ 0.00009; Fig. 1e). An increase in HSCs was further corroborated by competitive transplantation of irradiated recipients that
showed superior engraftment of transgenic cells (P ¼ 0.001; Fig. 1f,
g). The magnitude of the increase was comparable in the three
independent stem cell assays used. As functional assays may be
influenced by the cell cycle, we analysed the proportions of Sca1þLin2 cells that were in the G0 versus G1 phase, and detected no
differences between the transgenic and wild-type mice (P ¼ 0.768;
Fig. 1h). These data confirm an increase in the stem cell population
in the transgenic animals. However, when the more mature progenitor population was quantified using the CFU-C (colony forming unit-culture) assay, no difference between the transgenic and
wild-type animals was observed (P ¼ 0.573; Fig. 1i). Therefore, cell
expansion was not global across differentiated subsets, but was
notably restricted to stem cells.
To assess whether the impact on primitive cells was dependent on
stroma or haematopoietic cells, we evaluated the ability of stromal
cells from wild-type or transgenic animals to support wild-type
BMMC in LTC-IC assays. Stromal cells expressing the transgene
demonstrated augmented support of LTC-IC (P ¼ 0.004; Fig. 2a).
So, the increased number of primitive cells in the col1-caPPR mice
was stroma-determined and was independent of the haematopoietic cell genotype.
To assess possible mechanisms, we examined levels of the cytokines interleukin 6 (IL-6), kit ligand or stem cell factor (SCF), and
the chemokine stroma-derived factor 1 (SDF-1 or CXCL12), by
immunohistochemistry in cells of osteoblast origin determined by
osteopontin expression (Supplementary Fig. 2). Each protein was
produced at increased levels in the transgenic stroma compared
with wild-type controls. To address whether these diffusible cytokines could account for the effect on primitive cells, we performed
LTC-ICs across a semi-permeable membrane and noted abolition of
benefit from the activated PPR (Supplementary Fig. 3). Therefore,
membrane- or matrix-bound cytokines were necessary for the
stromal effect on HSCs.
The Notch signalling pathway involves membrane-bound ligands
and regulates cell-fate specification in a wide variety of systems,
including HSC self-renewal13–17. By changing the balance of daughter cell self-renewal versus differentiation, Notch signalling has been
shown to increase stem cell numbers without expanding mature
cells in a manner reminiscent of the phenotype observed here13,16.
Furthermore, the Notch ligand jagged 1 (Jag1) has been shown to be
expressed by marrow stromal cells16,18 and by murine osteoblasts19.
Notch activation plus cytokine receptor signalling has a combinatorial effect on haematopoietic cells14. We therefore investigated by
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immunohistochemistry Jag1 protein levels in the marrow of transgenic mice, and observed that overall levels of Jag1 were markedly
increased (Fig. 2b). The cells expressing Jag1 were osteoblastic, as
indicated by morphology and by osteopontin expression (Fig. 2c).
To examine whether the haematopoietic stem cells responded to
the increased expression of Jag1 in the transgenic animals, we
assessed the level of the Notch1 intracellular domain (NICD) in
the Lin2Sca-1þc-Kitþ HSCs from wild-type and transgenic mice.
This anti-NICD antibody has previously been shown to preferentially detect the activated intracellular form of Notch1 (ref. 20).
Whereas wild-type mice had minimal staining for NICD compared
with isotype controls, Lin2Sca-1þc-Kitþ cells from transgenic mice
had a notable increase in the level of NICD (Fig. 2d). Moreover,
long-term co-cultures performed in the presence or absence of a
g-secretase inhibitor capable of blocking Notch cleavage21 showed
that addition of the inhibitor reduced the supportive capacity of
transgenic stroma to baseline levels (Fig. 2e). These data support a
model in which PPR activation in the osteoblastic population
increases cell number and the overall production of Jag1. This,
in turn, may activate Notch on primitive haematopoietic cells,
resulting in expansion of the stem cell compartment.

Since the col1-caPPR mice represented a genetic means of
activating a receptor that could also be activated by endogenous
ligand, we tested whether the effects of col1-caPPR stroma could
be recapitulated through exposure of wild-type stroma to PTH.
LTC-IC assays were performed using C57Bl/6 stroma expanded
in vitro in the presence or absence of PTH, after which BMMC was
introduced to the stroma in the presence or absence of PTH. When
stroma was grown in medium containing PTH, it closely resembled
the LTC-IC results using the col1-caPPR stroma, increasing LTC-IC
(P ¼ 0.004; Fig. 3a). Of note, the effect was not seen using stromal
cells that were expanded in the absence of PTH, or when PTH was
added at the same time as the haematopoietic cells, suggesting an
effect on the composition or activity of the stroma as it matures
in vitro. To assess whether there was an increase in the number of
osteoblastic cells in the stromal cell cultures, we performed alkaline
phosphatase staining. After 14 days, the cultures were confluent and
heterogeneous, and there was an increase in the number of alkalinephosphatase-positive cells in the PTH-treated cultures (Fig. 3b).
These data confirm that activation of PPR induces an increase in the
number of osteoblastic cells. To further assess whether the effects of
PPR activation on primitive haematopoietic cells were due to

Figure 2 PPR activation of stromal cells increases HSC support and upregulates Notch
signalling molecules. a, Stromal cells from transgenic mice (n ¼ 6 versus n ¼ 6
wild-type littermates) improve support of wild-type HSCs. b, Increased anti-Jag1 antibody
staining (red) in sections of the proximal tibia from transgenic versus wild-type
littermates. Magnifications, £200. c, Positive anti-osteopontin antibody staining in
transgenic cells expressing Jag1 in sequential representative sections of the proximal

tibia from a transgenic mouse. d, Increased anti-NICD antibody staining of haematopoietic
Lin2Sca-1þc-Kitþ cells from transgenic compared with wild-type littermates. Isotype
controls are also shown (representative histogram from three independent experiments).
e, HSC expansion mediated by col1-caPPR stromal cells was blocked by the addition of
g-secretase inhibitor to LTC-IC assays.
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Figure 3 PTH administration expands HSCs. a, PTH-treated wild-type BM-SCs
reproduce the col1-caPPR effect (SP, stromal preparation; CM, culture maintenance).
b, Increased numbers of alkaline-phosphatase-positive BM-SCs (red) in PTH-treated
cultures (n ¼ 4 in both groups). c, PTH-mediated HSC expansion was blocked by the
addition of g-secretase inhibitor to LTC-IC assays. d, PTH-treated mice (n ¼ 8) had
increased Lin2Sca-1þc-Kitþ cells (mock-injected mice, n ¼ 7) (mean absolute number

per hind limb: PTH-treated, 211,000 ^ 12,000; mock-treated, 139,000 ^ 29,000).
e, PTH-treated mice had increased LTC-IC frequency. f, Bone marrow cells from PTHtreated mice had increased ability to reconstitute secondary recipients as shown by flow
cytometry for CD45.2 (n ¼ 5 in each group). g, Unchanged CFU-C frequency (n ¼ 5 in
each group).

activation of the Notch pathway, we performed LTC-IC in
the presence or absence of the g-secretase inhibitor. Addition of
the inhibitor abrogated the impact of PTH on the stromal support
of primitive haematopoietic cells (Fig. 3c). Therefore, Notch activation is necessary for osteoblastic-cell-induced increases in primitive haematopoietic cells. Taken together, these results support the
concept that PPR activation can increase the number of osteoblastic
cells, resulting in Notch1-mediated expansion of HSCs.
As the addition of exogenous PTH could influence in vitro stem
cell support, we evaluated the pharmacological use of PTH in vivo.
Wild-type C57Bl/6 mice were injected daily with PTH using a
dosing schedule known to increase osteoblasts. After four weeks,
PTH-treated mice had a significant increase in the absolute number
of Lin2Sca-1þc-Kitþ cells (P ¼ 0.0049; Fig. 3d) and LTC-IC
(P ¼ 0.0012; Fig. 3e) compared with vehicle-injected controls. To
further clarify that functional HSCs were increased by PTH,
competitive transplantation into secondary irradiated recipients
was used and an increase in engraftment was documented
(P ¼ 0.022; Fig. 3f). These data provide evidence for an increase
in the number of HSCs induced by PTH. Consistent with observations in the transgenic animals, PTH treatment did not affect the
concentration of haematopoietic progenitors as assessed by CFU-C
(P ¼ 0.780; Fig. 3g). Therefore, pharmacological activation of PPR
increased HSC, but appeared to do so without a broad haematopoietic cell expansion. These data are consistent with HSC expansion by enhanced self-renewal, a phenomenon known to result from

Notch activation13–17.
To assess whether PPR stimulation could have a meaningful
physiological effect, we chose a model relevant to the clinical use
of stem cells in humans. PTH was administered to animals undergoing myeloablative bone marrow transplantation using limiting
numbers of donor cells to mimic a setting of therapeutic need.
Survival at 28 days in control mice that received mock injections
after transplant was 27%. In sharp contrast, animals receiving
pulse dosing of PTH had improved outcomes with 100% survival
(Fig. 4a). The bone marrow histology of the two groups was also
substantially different, with an increase in cellularity and a decrease
in fat cells in the PTH-treated group (Fig. 4b–e). Therefore, PTH
alteration of the bone marrow microenvironment can result in
improved engraftment and thereby markedly affect the results of
this physiological challenge. Manipulating the microenvironment is
a means to influence haematopoietic outcomes that is relevant for
human medicine.
The studies reported here and in anatomical detail in the
accompanying paper by Zhang et al.22 indicate that osteoblastic
cells represent a regulatory component of the bone marrow microenvironment. Zhang and colleagues show that the number of these
cells is influenced by bone morphogenetic protein (BMP) signalling
and directly correlates with HSC number. We show that PPR
signalling affects osteoblastic cells, leading to an increase in the
number of HSCs through Notch activation. The concept that a
stable, custom microenvironment or niche might control stem cells
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may be useful in stem cell expansion ex vivo or in vivo, and has
potential implications for stem cell harvesting and recovery after
transplantation. Understanding the interactions between bone and
bone marrow may, therefore, yield practical methods for manipulating stem cells and define a model for the impact of microenvironment on cell physiology.
A

Methods
Sample preparation and histological analysis
Col1-caPPR mice were generated and genotyped previously, as described4. For all studies,
mice were killed by CO2 asphyxiation. The institutional animal care committee approved
all studies described.
Hind limbs from 12-week-old transgenic mice and sex-matched wild-type littermates
were fixed, decalcified and processed as described4. For immunohistochemistry, sections
were stained with anti-IL-6 goat polyclonal antibody M-19 (1:100 dilution), anti-SCF goat
polyclonal antibody G-19 (1:100), anti-SDF-1 goat polyclonal antibody C-19 (1:50), antiosteopontin goat polyclonal antibody P-18 (1:200), and anti-Jag1 rabbit polyclonal
antibody H-114 (1:100) (all Santa Cruz Biotechnology, Inc.), a biotinylated rabbit antigoat or goat anti-rabbit secondary antibody (Vector Labs), horseradish-peroxidaseconjugated streptavidin (Jackson Immuno Research), and AEC chromogen (Biocare
Medical) or the Vector ABC alkaline phosphatase kit (Vector Labs). Slides were
counterstained with Mayer’s haematoxylin. Staining was completely absent in identical
tissue sections in which the primary antibody was omitted (data not shown).

Preparation of bone marrow stromal layers
Femurs and tibias removed from euthanized mice were flushed with long-term culture
medium (LTM), and bone marrow mononuclear cells (BM-MNCs) were cultured at an
initial concentration of 5 £ 106 cells ml21 as described25.

Flow cytometric analysis
To immunophenotypically enumerate HSCs, single-cell suspensions of BMMC were
stained with biotinylated lineage antibodies (anti-CD3, anti-CD4, anti-CD8, anti-Ter119,
anti-Gr-1, anti-Mac-1 and anti-B220), anti-Sca-1 and anti-c-Kit (Pharmingen), then
labelled with a secondary fluorescent-conjugated streptavidin and analysed on a
FACScalibur cytometer (Becton Dickinson and Co.) using Cell Quest software. To assess
the cell cycle in the primitive population, BMMC cells were stained with lineage
antibodies, anti-Sca-1, Pyronin Y (RNA dye) and Hoechst 33342 (DNA dye) as
described25. For intracellular NICD staining, Lin2Sca-1þc-Kitþ cells were permeabilized
using the Fix and Perm cell-permeabilization kit (Caltag) and incubated with 1 mg of
anti-NICD antibody and secondary goat anti-mouse antibody.

Colony-forming unit assay
Isolated BM-MNCs were assessed for CFU-C frequency as described previously25. In this
study, we used the methylcellulose-containing medium M3434 (StemCell Technologies).

Long-term culture-initiating cell assay
LTC-IC frequency in Lin2 BMMC preparations was quantified as described previously13.

Figure 4 PTH administration confers a survival advantage after bone marrow
transplantation. a, Kaplan–Meier survival analysis of C57Bl/6 mice transplanted with
limiting numbers of BMMC cells and treated with either PTH or mock injection for four
weeks (n ¼ 18 in each group from three independent experiments). Histology at four
weeks of long bones from either PTH-treated animals (b, c) or mock-injected controls
(d, e).

was initially hypothesized by Schofield23. In a niche, neighbouring
subsets of cells and extracellular substrates house stem cells, and
provide specialized functions to modulate stem cell self-renewal and
progeny production in vivo1. Apart from gonadal tissue of the
Drosophila2,3, physiological niches have not been well defined,
largely owing to limited definition of functional microenvironment
constituents. That the osteoblast may have a role in the haematopoietic system was first proposed by Taichman and Emerson9,24, a
hypothesis for which our data and those of Zhang et al.22 now
provide direct in vivo support. By identifying cellular participants
that affect stem cells in trans, it might be possible to define the
complexity of the niche and to tease apart the systems that direct
stem cell behaviour. In so doing, strategies for altering stem cells to
achieve therapeutic outcomes become feasible. We show here the
potential for such an approach—the definition of the osteoblast as a
participant has allowed the identification of a pharmacological
manipulation for expanding primitive haematopoietic cells. PTH
NATURE | VOL 425 | 23 OCTOBER 2003 | www.nature.com/nature

In vitro treatment with PTH
LTC-IC assays were performed using wild-type stroma and haematopoietic cells. Rat PTH
(1–34) (Bachem) or vehicle was added to each media change, either during stroma
establishment and/or during culture maintenance (PTH final concentration, 1027 M). For
alkaline phosphatase staining, primary bone marrow stromal cells (BM-SCs) were
cultured in 24-well plates. After 10 or 14 days, the adherent cells were fixed in 10% neutral
formalin buffer, and alkaline phosphatase activity was determined histochemically by
incubation with 0.1 mg ml21 naphthol AS-MX phosphate (Sigma), 0.5% N,Ndimethylformamide, 0.6 mg ml21 red violet LB salt (Sigma) in 0.1 M Tris-HCl (pH 8.5).
To inhibit g-secretase activity, 30 mM of g-secretase inhibitor II (Calbiochem) in
dimethylsulphoxide was added to the LTM and LTC-IC assays were performed. For noncontact LTC-ICs, BM-SC layers were plated into 96-well plates as described. BMMC cells
were seeded into culture inserts with a membrane of 0.2 mm pore size (Nunc) placed in the
wells.

In vivo PTH administration
Rat PTH (1–34) (Bachem) (80 mg per kg body weight) or vehicle was injected
intraperitoneally five times a week for four weeks in 6–8-week-old wild-type C57Bl/6 male
mice.

Bone marrow transplantation
For in vivo quantification of HSCs from wild-type and transgenic mice, 1 £ 107 BMMNCs from female FVB mice (Jackson Laboratories) were mixed with 5 £ 106 cells from
male wild-type or transgenic mice. Cells were injected into recipient female FVB mice
lethally irradiated 24 h previously with 8.5 Gy of radiation (137Cs source). After 8 weeks,
the bone marrow was removed and flushed with fully supplemented Iscove’s medium. The
relative contribution of engraftment from the different cell sources was assessed by
semiquantitative polymerase chain reaction (PCR) for Y chromosome using primers and
conditions as described previously26. Band density on the agarose gel was quantified using
a ChemiImager 5500 (Alpha Innotech).
For in vivo quantification of HSCs following PTH administration, 4 £ 105 BMMC cells
from CD45.1 þ B6.SJL mice (Jackson Laboratories) were mixed with 2 £ 105 cells from
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vehicle-injected or PTH-injected CD45.2þ C57Bl/6 mice. Cells were injected in recipient
B6.SJL mice lethally irradiated 24 h previously with 10 Gy of radiation. The relative
contribution of engraftment from the different cell sources was assessed by flow cytometry
of BM-MNCs using anti-CD45.1 and anti-CD45.2 antibodies (Pharmingen).
To assess post-transplantation PTH effects, lethally irradiated recipient C57Bl/6 mice
were injected with 2 £ 105 BM-MNCs from a donor B6.SJL mouse. Twenty-four hours
later, mice were injected with PTH or vehicle for four weeks.

..............................................................
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Statistical analysis
Results are expressed as mean ^ s.e.m. Data were analysed using the unpaired two-tailed
Student’s t-test as appropriate for the data set. P , 0.05 was considered significant.
Received 30 May; accepted 26 August 2003; doi:10.1038/nature02040.
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Activation of the Hedgehog (Hh) signalling pathway by sporadic
mutations or in familial conditions such as Gorlin’s syndrome
is associated with tumorigenesis in skin, the cerebellum and
skeletal muscle1,2. Here we show that a wide range of digestive
tract tumours, including most of those originating in the oesophagus, stomach, biliary tract and pancreas, but not in the colon,
display increased Hh pathway activity, which is suppressible by
cyclopamine, a Hh pathway antagonist. Cyclopamine also suppresses cell growth in vitro and causes durable regression of
xenograft tumours in vivo. Unlike in Gorlin’s syndrome tumours,
pathway activity and cell growth in these digestive tract tumours
are driven by endogenous expression of Hh ligands, as indicated
by the presence of Sonic hedgehog and Indian hedgehog transcripts, by the pathway- and growth-inhibitory activity of a
Hh-neutralizing antibody, and by the dramatic growthstimulatory activity of exogenously added Hh ligand. Our results
identify a group of common lethal malignancies in which Hh
pathway activity, essential for tumour growth, is activated not by
mutation but by ligand expression.
The Hh signalling pathway specifies patterns of cell growth and
differentiation in a wide variety of embryonic tissues. Mutational
activation of the Hh pathway, whether sporadic or in Gorlin’s
syndrome, is associated with tumorigenesis in a small subset of
these tissues, predominantly skin, the cerebellum and skeletal
muscle1,2. Mutations that activate the Hh pathway include those
that impair the ability of the transporter-like Hh receptor3 Patched
(PTCH, the target of Gorlin’s syndrome mutations) to restrain
Smoothened (SMO)-mediated activation of transcriptional targets
through the Gli family of latent transcription factors1,2,4,5. Paradoxically, Hh pathway activity is associated with increased
expression of PTCH, which is a transcriptional target of the pathway
but is unable to restrain SMO when bound by Hh protein. Pathway
activation, whether triggered by Hh binding or by PTCH mutation,
requires SMO, a seven-transmembrane protein that binds to and is
inactivated by the pathway antagonist cyclopamine6.
The recent finding that Hh pathway activity is important for
growth of a significant proportion of small-cell lung cancers7, a
tumour type not associated with Gorlin’s syndrome, suggested that
other, non-Gorlin’s tumours might require Hh pathway activity for
growth. We investigate here the role of pathway activity in tumours
derived from the gut, a tissue with prominent and diverse roles for
Hh signalling in developmental patterning, and in mature tissue
homeostasis. A role in homeostasis is suggested by the expression of
Hh ligands and target genes in postnatal gut epithelium and
mesenchyme8–11 (Fig. 1a).
We began our examination of gut-derived tumours by testing for
expression of Sonic hedgehog (SHH) and Indian hedgehog (IHH),
which encode members of the Hh ligand family that are expressed in
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