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Bone morphogenetic protein 4 (BMP4) is
required for mesoderm commitment to
the hematopoietic lineage during early
embryogenesis. However, deletion of
BMP4 is early embryonically lethal and its
functional role in definitive hematopoi-
esis is unknown. Consequently, we used
a BMP4 hypomorph to investigate the
role of BMP4 in regulating hematopoietic
stem cell (HSC) function and maintaining
steady-state hematopoiesis in the adult.
Reporter gene expression shows that
Bmp4 is expressed in cells associated

with the hematopoietic microenviron-
ment including osteoblasts, endothelial
cells, and megakaryocytes. Although rest-
ing hematopoiesis is normal in a BMP4-
deficient background, the number of c-Kit�,
Sca-1�, Lineage� cells is significantly re-
duced. Serial transplantation studies reveal
that BMP4-deficient recipients have a micro-
environmental defect that reduces the re-
populating activity of wild-type HSCs. This
defect is even more pronounced in a para-
biosis model that demonstrates a profound
reduction in wild-type hematopoietic cells

within the bone marrow of BMP4-deficient
recipients. Furthermore, wild-type HSCs
that successfully engraft into the BMP4-
deficient bone marrow show a marked
decrease in functional stem cell activity
when tested in a competitive repopula-
tion assay. Taken together, these findings
indicate BMP4 is a critical component of
the hematopoietic microenvironment that
regulates both HSC number and function.
(Blood. 2009;114:4393-4401)

Introduction

Bone morphogenetic protein 4 (BMP4), a member of the transform-
ing growth factor-� superfamily of secreted signaling molecules,
regulates cell proliferation differentiation, apoptosis, and cell fate
determination throughout mammalian development.1-3 Hematopoi-
etic cells are among several tissues that are dependent upon BMP4
in the embryo.4 Specifically, BMP4 regulates mesodermal cell
commitment to the hematopoietic lineage such that in embryos
lacking BMP4, primitive hematopoiesis fails to occur.3 Later
during embryogenesis, BMP4 is expressed in the aorta-gonad-
mesonephros region (AGM), where nascent hematopoietic stem
cells (HSCs) emerge.5-7 Recent experimental evidence indicates
that BMP4 is part of a functional microenvironment that supports
these nascent HSCs. Addition of BMP4 to cell cultures enriched for
AGM-derived HSCs increases their hematopoietic colony-forming
capability,7 and blocking of BMP signaling abrogates HSC repopu-
lating activity of AGM cultures.5 Further evidence that BMP4
supports definitive HSCs comes from analysis of CD34�CD38�

HSC-enriched human cord blood cells cultured in the presence of
BMP4. BMP4 increases CD34�CD38� cell colony-forming activ-
ity as well as the repopulating activity of CD34�CD38� cells in
nonobese diabetic/severe combined immunodeficient recipients.8,9

Despite the evidence that exogenous BMP4 can influence adult
HSC maintenance, there is little in vivo evidence to support this
possibility. BMP4 knockout mice die early in embryogenesis and,
to date, tissue-specific knockouts that can address the requirement
of BMP4 for definitive HSC function have not been reported.
Recently, we created a mouse in which a point mutation decreases
the amount of mature BMP4 ligand available for signaling in a
tissue-specific manner.10 These mice, referred to as Bmp4S2G/S2G,

are viable hypomorphs. Apart from a failure to maintain spermato-
genesis in approximately 50% of males, Bmp4S2G/S2G mice have no
other gross defects.10,11 For this study, we exploited these BMP4
hypomorphic mice to determine whether BMP4 is required for
adult hematopoiesis and HSC activity. Our results indicate that
Bmp4 is expressed in several cell types associated with the
hematopoietic microenvironment. BMP4 deficiency causes a reduc-
tion in the number of c-kit�, Sca-1�, Lin� (KSL) cells due to a
cell-extrinsic defect. Serial transplantation and parabiosis studies
show that BMP4 deficiency in the microenvironment impairs the
functional activity of normal HSCs.

Methods

Mice

Bmp4S2G/S2G CD45.2 mice were genotyped as described10 and were
backcrossed for a minimum of 6 generations to C57BL/6J before
analysis. Bmp4lacZ/� mice were obtained from Dr B. Hogan (Duke
University, Durham, NC) and genotyped as described.12 CD45.1
C57BL/6J and CD45.2 C57BL/6J mice were purchased from The
Jackson Laboratory, and C57BL/6 TgN(act-EGFP)OsbY01 mice were
provided by Dr Masaru Okabe (Osaka University, Osaka, Japan).
CD45.1 C57BL/6J and CD45.2 C57BL/6J mice were intercrossed to
generate CD45.1/CD45.2 hybrids. All mice were maintained in a
breeding colony in the animal care facility at the Oregon Health &
Science University. All procedures were approved by the Institutional
Animal Care and Use Committee of the Oregon Health & Science
University.
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In situ BMP4 expression analysis

For �-galactosidase activity detection, isolated bones from 6- to 12-week-
old Bmp4lacZ/� and wild-type (WT) controls were fixed for 1 hour in 4%
paraformaldehyde and then decalcified in 14% EDTA (ethylenediaminetet-
raacetic acid, pH 7.2) until pliable. The bones were washed and stained in
bromo-chloro-indolyl-galactopyranoside substrate, and subsequently embed-
ded in paraffin, sectioned, and counterstained with eosin. To detect
�-galactosidase protein, long bones were processed for frozen sections by
fixing for 24 hours in 4% paraformaldehyde in phosphate-buffered saline,
followed by 14% EDTA, which was changed daily for a total of 5 to 7 days.
The bones were then dehydrated in 30% sucrose/phosphate-buffered saline
overnight, embedded in OCT compound (Sakura Finetek), and cryosec-
tioned. Sections were blocked using the avidin/biotin blocking kit (Vector
Laboratories) and/or IMAGE-iT (Invitrogen) and stained overnight at 4°C with
1:500 rabbit anti–�-galactosidase (Immunology Consultants Laboratory) and
1:50 rat anti–platelet endothelial cell adhesion molecule-1 (BD Pharmin-
gen). Secondary antibodies (1:400) conjugated to Alexa Fluor 488 (Invitro-
gen), cyanine3 (Cy3), or Cy5 (Chemicon) were used. All immunofluores-
cently stained sections were counterstained with DAPI (4,6 diamidino-2-
phenylindole) to visualize nuclei and mounted in FluoromountG
(SouthernBiotech).

Bromo-chloro-indolyl-galactopyranoside–stained sections were photo-
graphed with a Nikon Optiphoto2-UD microscope equipped with a
20�/0.50 objective lens and used in conjunction with a Nikon DXM 1200F
digital camera and Nikon Act-1 Version 2.62 imaging software. Sections
stained for immunofluorescence were photographed with a Zeiss Axio-
phot 200 microscope using a 40�/0.60 Zeiss Achroplan objective, a true
color AxioCam camera or a monochromatic AxioCam camera and standard
epifluorescence filters for fluorescein isothiocyanate (FITC), Cy3, Cy5, and
DAPI (Carl Zeiss). Fluorescent images were digitally combined using Axio
Vision software (Carl Zeiss).

Western analysis

For detection of BMP4 in bone marrow, cell extracts were prepared by
sonication in radioimmunoprecipitation assay buffer (50 mM Tris [tris(hy-
droxymethyl)aminomethane], pH 8; 150 mM NaCl; 0.1% sodium dodecyl
sulfate [SDS], 1% nonidet P-40, 0.5% sodium deoxycholate, 1� Roche
mini complete protease inhibitor cocktail [Roche]). Samples were then
incubated on ice for 20 minutes and centrifuged to remove cellular debris.
Protein concentration was determined by bicinchoninic acid (BCA) analy-
sis (Pierce), and 50 �g total protein for each sample was analyzed. For
assessment of phosphorylated receptor Smads (Smad1, Smad5, and Smad8)
in c-kit� bone marrow cells, equal numbers of cells were sorted from pairs
of WT and mutant mice (2.4 � 105 cells per mouse and 3.2 � 105 cells per
mouse in 2 independent experiments). Total protein was extracted by
boiling samples in 1� SDS sample buffer (Santa Cruz Biotechnology)
containing 2% �-mercaptoethanol as described by Utsugisawa et al.13

Samples were separated by SDS–polyacrylamide gel electrophoresis and
transferred to a polyvinylidene fluoride membrane. Blots were probed with
goat anti-BMP4 antibody (1:500; Santa Cruz Biotechnology), rabbit
anti-actin (1:10 000; Sigma-Aldrich), and/or rabbit anti–phospho-Smad1
(Ser463/465)/Smad5 (Ser463/465)/Smad8 (Ser426/428; 1:1000; Cell Sig-
naling Technology) and rabbit anti-Smad1 (2 �g/mL; Upstate). After
primary antibody incubation, blots were probed with horseradish peroxidase–
conjugated secondary antibody (donkey anti–goat; Santa Cruz Biotechnol-
ogy or donkey anti–rabbit; Amersham) and visualized by
chemiluminescence.

Fluorescence-activated cell sorting

Donor bone marrow was prepared as previously described by Bailey et al.14

All antibodies were purchased from BD Biosciences unless otherwise
indicated. For KSL isolation, single-cell suspensions of bone marrow were
labeled with antibodies to CD117 (c-kit)–allophycocyanin (APC) or
c-kit–APC–Alexa Fluor 750 (eBioscience), Ly6 A/E (Sca-1)–FITC or
Ly6 A/E–phycoerythrin (PE)–Cy7, and a PE–conjugated lineage mixture
(B220, CD3, CD5, CD4, CD8, Mac1, Gr1, Ter119). KSL cells were

enriched to homogeneity by double sorting c-kit�/Sca-1�/Lineage� cells
using a FACSVantage or an Influx (both from Becton Dickinson). For
isolation of c-kit� cells for Western blot analysis, single-cell suspensions
were stained with CD117-APC and FACS sorted. Dead cells were excluded
by a combination of scatter gates and propidium iodide staining.

Hematopoietic progenitor assays

Nucleated bone marrow cells (104) from WT and mutant mice were plated
in triplicate in Methocult GF methylcellulose (M3434; StemCell Technolo-
gies) and incubated at 37°C. Erythroid burst-forming units (BFU-Es) were
scored at 7 to 10 days and all other colonies were scored at 12 to 14 days.

Transplantation studies

Recipient mice (8-12 weeks old) were treated with a total dose of 1050 to
1200 cGy from a cesium irradiator administered in 2 equal doses delivered
3 hours apart. Donor cells were injected intravenously into the retro-orbital
plexus in a total volume of 200 �L. Recipients received antibiotic water for
1 month after transplantation (neomycin sulfate at 1.1 g/L and polymyxin B
sulfate at 167 mg/L).

Parabiosis

Parabiotic pairs of 6- to 12-week-old age- and weight-matched female
CD45.1 WT or CD45.1 Y01 GFP� and CD45.2 Bmp4S2G/S2G mice were
generated as previously described.15 Two to 3 weeks after joining, each
parabiotic mouse was given recombinant human granulocyte colony-
stimulating factor (250 mg/kg, subcutaneously) for 4 days. Parabiotic mice
were separated 8 weeks after joining.

Hematopoietic engraftment and complete blood count analysis

Peripheral blood leukocytes were obtained after erythrocyte depletion by
sedimentation in 3% dextran (Amersham Pharmacia) and hypotonic lysis.
Bone marrow was obtained by flushing tibia and femora. Multilineage
hematopoietic engraftment was analyzed with antibodies to CD45.1
conjugated to PE or PE-Cy7 (eBioscience) and CD45.2 conjugated to FITC
or APC–Alexa Fluor 750 (eBioscience) and the lineage markers Mac1-
APC, Gr1-APC, B220-APC, and CD3-APC as previously described.16

Cells were analyzed on a BD FACSCalibur or a BD LSRII (BD
Biosciences) and data were analyzed using FCS express V3 (De Novo).
Complete circulating blood analysis of peripheral blood was performed by
Antech Diagnostics and IDEXX Laboratories.

Cell cycle and apoptosis analysis

To assess cell cycle, KSL cells from 8- to 12-week-old mice were double
sorted from bone marrow, incubated overnight at 4°C in 70% ethanol
containing 20 �g/mL propidium iodine, and then analyzed on a BD LSRII
to measure DNA content. To assess apoptosis, simultaneous staining with
annexin V–FITC, c-kit–APC, Sca-1–PE–Cy7, Lin-PE, and 7-amino-
actinomycin-D (7-AAD) was performed on freshly isolated bone marrow
and analyzed with a BD LSRII. Annexin V�, 7-AAD� KSL cells were
counted as apoptotic.

Statistical analysis

All quantitative experimental data were analyzed using the unpaired,
2-tailed Student t test. A P value less than .05 was considered significant.

Results

BMP4 is expressed in hematopoietic microenvironments

In the long bones, physical HSC niches and functional hematopoi-
etic microenvironments have been identified in the endosteum,
vasculature, and perivascular regions (reviewed by Kiel and
Morrison17). To begin to determine whether BMP4 might be a
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molecular regulator of the hematopoietic microenvironment, BMP4
expression was analyzed in the long bones of 6- to 12-week-old
mice. Because of the technical difficulty encountered when trying
to immunolocalize BMP4 in decalcified bone, we exploited a Bmp4
knock-in reporter mouse,12 which has been extensively used to
identify Bmp4-expressing cells in both embryos and adults.18-21 In
this reporter line, exon 3 of Bmp4 has been replaced with DNA
encoding nuclear localized �-galactosidase (�-gal); therefore,
cells that express Bmp4 mRNA display a nuclear �-gal signal.
Strong �-gal enzyme activity was detected in cells lining the
trabecular and cortical bone, osteocytes, and numerous bone
marrow (BM) cells in Bmp4lacZ/� tibias and femurs, but not in
age-matched Bmp4�/� controls (Figure 1A and data not shown).

Bmp4-expressing cells were further identified by coimmuno-
localization of �-gal and the endothelial and hematopoietic22

cell marker, CD31 (Figure 1B-E). This analysis confirmed that
Bmp4 is expressed in osteolineage cells (Figure 1B-C), vascular
endothelial cells, and perivascular cells (Figure 1D-E). CD31
was also colocalized with �-gal in a subset of BM cells,
including megakaryocytes (Figure 1D-E), which are also be-
lieved to support HSC/hematopoietic progenitors23 and have
been previously reported to express BMP4.24

We previously generated a Bmp4 mutant allele (Bmp4S2G) which
causes a tissue-specific reduction in BMP4.10 To determine whether
levels of mature BMP4 ligand (� 24 kDa) are reduced in the BM
of Bmp4S2G/S2G mice, BMP4 expression in BM lysates was assessed
by Western analysis. As shown in Figure 1F, significantly less
mature BMP4 was detected in the BM from the hypomorphs.
Together with the spatial analysis of the Bmp4 reporter mice these
data suggest that BMP4 is expressed appropriately to influence
hematopoiesis and that BMP4 expression is significantly reduced
in the BM of Bmp4S2G/S2G mice. Herein, we refer to Bmp4S2G/S2G

mice as BMP4 hypomorphs or BMP4 mutants.

Resting hematopoiesis is normal in BMP4-deficient mice

To determine whether BMP4 is required for hematopoiesis under
homeostatic conditions, numerous hematopoietic parameters were
evaluated in 8- to 12-week-old BMP4 hypomorphs and age-
matched wild-type controls. Circulating blood counts did not
reveal any appreciable differences in total red cells, hematocrit,
hemoglobin, or platelets (Table 1). Although circulating white
blood cells (WBCs) were modestly increased in BMP4 hypo-
morphs, WBCs were within the normal range.25

Isolated hematopoietic cells from the spleen and bone marrow
of 8- to 12-week-old mice were assessed for the frequency of
hematopoietic lineages. For both of these hematopoietic organs, no
significant differences in nucleated cell number were observed in
BMP4 hypomorphs compared with WT controls (Figure 2A and
data not shown). Notably, differences in gross bone morphology
and length were not observed in whole and sectioned femurs from
WT and mutant mice (data not shown). Flow cytometric analysis of
the B-cell (B220�), T-cell (CD3�), red cell progenitor (Ter119�),
and myelomonocytic cell populations (Mac1� and/or Gr1�) within
the total CD45� hematopoietic population also revealed no signifi-
cant differences between WT and mutants (Figure 2B). In total,
these data indicate that resting hematopoiesis is normal in BMP4-
deficient mice.

KSL number is reduced in BMP4 hypomorphs

BMP4 maintains CD34�CD38�Lin� human cord blood cell nono-
bese diabetic/severe combined immunodeficient repopulating activ-
ity as well as CD34�CD38�Lin� human cord blood cell prolifera-
tion and differentiation in a dose-dependent manner.8,9 To further
investigate BMP4 function in supporting adult HSCs in vivo, we
assessed the frequency of HSC-enriched c-kit�, Sca-1�, Lineage�

(KSL) cells present within the femurs of BMP4 hypomorphs
compared with that of age- and sex-matched WT controls. As
shown in Figure 3A and B, a 40% decrease in the absolute number
of KSL cells per femur was detected in the BMP4 mutants. A
similar decrease in the percentage of KSL cells in total nucleated
femoral bone marrow cells was also observed.

To determine whether reduced BMP4 expression in the mutants
affects BMP signaling in hematopoietic stem and progenitor cells,
an antibody directed against the active, phosphorylated forms of
the BMP pathway-specific Smads (Smad1, Smad5, and Smad8)
was used for Western analysis of c-kit� cells isolated from WT and
BMP4 hypomorphs. BM cells expressing c-kit are enriched for

Figure 1. BMP4 is expressed in hematopoietic niches and BMP4 expression is
reduced in the BM of Bmp4S2G/S2G mice. (A-E) Analysis of Bmp4 expression in the
long bones in Bmp4lacZ/� reporter mice. (A) �-Galactosidase enzyme activity (blue) is
detected in the nuclei of trabecular (TB) and cortical (CB) bone-encased osteocytes
(arrowheads), bone-lining cells, and BM cells. (B-C) Staining with (B) anti–�-gal
antibody (green) and (C) DAPI (blue) confirms Bmp4 is expressed in osteocytes
(arrowheads) and bone-lining osteoblasts (arrows). Trabecular bone (TB) is outlined
by the dotted white line. (D-E) CD31 and �-gal colocalize in the BM. (D) Merged
image showing endothelial cells (arrowheads) and megakaryocytes (arrow) are
among the BM cells costained with �-gal (green) and CD31 (magenta). L indicates
blood vessel lumen. (E) Merged image showing DAPI (blue) and CD31 (magenta)
expression. (F) Western analysis shows reduced levels of mature BMP4 (� 24 kDa)
expression in the BM of Bmp4S2G/S2G mice (n � 2) compared with WT controls
(n � 2). Actin (� 42 kDa) expression was probed as a loading control. Scale bars:
(A) 80 �m, (B-E) 20 �m. See “In situ BMP4 expression analysis” for details about
image acquisition and processing.

Table 1. Blood counts are normal in BMP hypomorphs

WT Mutant P

WBCs, �103/�L 5.7 � 1.1 9.7 � 1.1 .03

RBCs, �106/�L 8.8 � 0.2 9.1 � 0.1 .21

Hemoglobin, g/dL 14.0 � 0.4 14.6 � 0.2 .12

Hematocrit, % 47.5 � 1.8 52.5 � 1.6 .06

MCV, fL 53.7 � 1.1 57.2 � 1.8 .20

MCH, pg 15.8 � 0.1 16.0 � 0.2 .57

MCHC, % 29.5 � 0.8 27.9 � 0.7 .21

Platelets, �103/�L 1147 � 37 1171 � 131 .86

Blood counts were assessed in 7 wild-type (WT) and 13 age-matched BMP4
hypomorphs (8-12 weeks old). Platelet counts were obtained for 5 WT and 5 BMP4
hypomorphs. All hematologic parameters measured for both genotypes were in the
normal range. The mean value � SEM is presented for each parameter. The
calculated P values from unpaired, 2-tailed, Student t tests for each parameter are
shown.

WBCs indicates white blood cells; RBCs, red blood cells; MCV, mean corpuscle
volume; MCH, mean corpuscular hemoglobin; and MCHC, mean corpuscular
hemoglobin concentration.
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hematopoietic stem and progenitor cells. In 2 independent experi-
ments, a significant reduction in phosphorylated Smad1/5/8, but
not total Smad1/5, was detected in the hypomorphs (Figure 3C).

The KSL population is composed of both long-term and
short-term HSCs that give rise to hematopoietic progenitors. We
therefore assessed in vitro colony-forming activity in bone marrow
to determine whether the frequency of committed myeloid hemato-
poietic progenitors is also altered in BMP4 hypomorphs. Specifi-
cally, the number and type of colony-forming units (CFUs),
including erythroid (BFU-Es), granulocyte and/or macrophage
(CFU-GM) and mixed myeloid lineage (granulocyte, erythroid,
macrophage, megakaryocyte [CFU-GEMM]) were evaluated in
methylcellulose cultures. Significant differences in total CFUs or in
the frequency of each type of myeloid colony were not observed in
the mutant bone marrow (Figure 3D). Our data therefore suggest
that the HSC compartment may be specifically decreased in the
setting of BMP4 deficiency.

To begin to understand how BMP4 regulates KSL cell mainte-
nance, the cell cycle in KSL cells isolated from mutant and WT
mice was assessed by measuring their DNA content. No difference
in the proportion of cells in S/G2/M was detected in these
populations in 5 independent experiments (Figure 3E). In some
developmental contexts,26,27 loss of BMP4 causes increased apopto-
sis. To determine whether the lack of BMP4 in the hypomorphs
contributed to loss of KSL cells by inducing programmed cell
death, the apoptotic fraction of KSL cells in BMP4 hypomorphs
and WT mice was compared. Specifically, annexin V staining in
these populations was assessed in 4 independent experiments. As

shown in Figure 3F, no significant difference in the percentage of
KSL cells undergoing apoptosis between mutant and WT cells was
detected. Thus, a deficiency in BMP4 reduces KSL number without
altering KSL cell cycle and apoptosis.

Wild-type HSCs lose functional activity in BMP4-deficient bone
marrow

We hypothesized that the hematopoietic microenvironment is
altered in BMP4 hypomorphs, thus accounting for the observed
decrease in KSL cells. If this hypothesis is true, then wild-type
HSCs placed into a mutant microenvironment should not be
maintained as well as wild-type HSCs placed into a wild-type
microenvironment. To test this, lethally irradiated 8- to 12-week-
old mutant and WT CD45.2 mice were reconstituted with
105 CD45.1 WT bone marrow cells (Figure 4A). Long-term
(	 24 weeks), high-level (	 90%), multilineage engraftment of
primary recipient mice was confirmed by flow cytometric analysis
of peripheral blood and BM (Figure 4B). To test the self-renewal
activity of the donor HSCs, BM harvested from WT and mutant
primary recipients after more than 24 weeks of engraftment was
transplanted into lethally irradiated WT CD45.2 secondary recipi-
ents at a dose of 106 cells per mouse (Figure 4A). Flow cytometric
peripheral blood (PB) analysis of the secondary recipients 20 weeks
after transplantation revealed that WT donor cells that had pas-
saged through a primary mutant host reconstituted hematopoiesis
to a much lower extent (3.1-fold decrease; P � .01) compared with
WT cells passaged through a WT host (Figure 4C). Thus, self-
renewal activity of WT HSCs is compromised in BMP4-deficient
mice. These data support our hypothesis that BMP4 is a critical
component of the HSC microenvironment that regulates HSC in a
non–cell-autonomous manner.

Parabiosis reveals that WT HSCs and progenitor cells engraft
and function poorly in a BMP4-deficient microenvironment

In the irradiation model used for the transplantation experiments
described in the previous section, there are many inductive signals
that drive the engraftment and expansion of donor hematopoietic
cells in the damaged and “empty” hematopoietic microenviron-
ment. Therefore, the extensive regeneration seen after lethal
irradiation and bone marrow transplantation in the primary recipi-
ents might initially compensate for and mask a microenvironmental
defect present during steady-state hematopoiesis. We therefore
wished to determine whether a microenvironmental defect exists in
BMP4 hypomorphs under steady-state conditions.

To assay the functionality of the hematopoietic microenviron-
ment in BMP4 hypomorphs without myeloablative preconditioning
and in a competitive engraftment setting that more closely approxi-
mates steady-state conditions, we used a parabiotic model
(Figure 5A). In this model, pairs of 6- to 12-week-old, age-matched
WT (CD45.1 or CD45.1; Y01 GFP) and BMP4 hypomorphic
(CD45.2) mice were surgically joined to establish cross circulation
and trafficking of HSCs between each pair of mice. Two weeks
after joining, granulocyte colony-stimulating factor was adminis-
tered to mobilize HSCs from hematopoietic niches and encourage
their engraftment into partner parabionts.28 The parabionts were
separated approximately 6 weeks later and donor-derived hemato-
poiesis was assessed at various time points. We hypothesized that if
the hematopoietic microenvironment in the BMP4 hypomorph was
defective, then both WT and mutant long-term repopulating cells
would preferentially engraft in the WT parabiont. As a control, we

Figure 2. Resting hematopoiesis is normal in BMP4 hypomorphs. (A) The total
number of nucleated bone marrow cells per femur in 8- to 12-week-old WT (n � 14)
and BMP4 (n � 15) hypomorphs is not significantly different. (B) Hematopoietic
lineage analysis in WT (n � 11) and BMP4 (n � 16) hypomorphs. The fractions of
B cells (B220�), red blood cell progenitors (Ter119�), and myelomonocytic cells
(Mac1/Gr1�) within the CD45� BM population are shown. Error bars show SEM.
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also generated congenic WT parabiotic pairs and mobilized and
separated them on the same experimental schedule.

To quantitate the degree to which the mutant and WT hematopoi-
etic microenvironments supported hematopoietic stem/progenitor
cell engraftment and function, donor cell reconstitution of the
blood was assessed in each parabiont 2 to 24 weeks after the mice
had been separated. Multilineage, donor-derived hematopoiesis
was detected at each time point (supplemental Figure 1, available
on the Blood website; see the Supplemental Materials link at the
top of the online article); however, as early as 2 weeks after
separation (Figure 5B), we observed a significant decrease in the
fraction of WT donor cells present in the blood of mutant hosts
compared with the fraction of mutant cells detected in the blood of
WT hosts (14.4% vs 33.8%; P 
 .001). Notably, in control
WT/WT parabiotic pairs, donor cells comprise 32.6% of circulat-
ing leukocytes at this time point (Figure 5B). In the mutant/WT
parabionts, a further reduction in circulating WT cells in mutant
host peripheral blood was observed 24 weeks after separation

compared with the fraction of circulating mutant cells present in
WT hosts (7.1% vs 22.4%). In control WT/WT parabiosed mice,
long-term donor cell hematopoiesis (22-30 weeks) in the blood
(19.3%) was again very similar to the frequency of mutant cells in
WT hosts. These results indicate that the BMP4-deficient environ-
ment minimally supports WT HSC function, whereas the WT
microenvironment supports both mutant and WT HSCs to the
same extent.

Consistent with these findings in the peripheral blood, analysis
of donor cell engraftment in the bone marrow of 3 mutant/WT
parabiotic pairs approximately 40 weeks after separation (Figure 5C)
revealed minimal WT-derived hematopoiesis in mutant host BM,
whereas mutant-derived blood cells were readily detected in WT
host BM (1.9% vs 38.0%, P 
 .006). To rule out the possibility that
WT hematopoietic cells preferentially homed to extramedullary
hematopoietic sites in the BMP4 hypomorphs, we assessed donor
cell frequency in the spleens in 2 of the parabiotic pairs. Similar
to the results for the PB and BM, significantly fewer WT

Figure 3. KSL number is reduced in BMP4 hypomorphs. (A) Representative FACS plots of c-kit�/Sca-1�/lin� (KSL) cells (boxed areas) isolated from 8- to 12-week-old WT
and BMP4 hypomorphic mice. Live cells within the lineage-negative gate are shown. (B) Pooled data for total KSL number per femur (left) and the percentage of KSL cells per
femur (right) are shown. Significantly fewer KSL cells are detected in the BMP4 hypomorphs (n � 15) relative to that in age-matched controls (n � 14). *P 
 .004. (C) Analysis
of phosphorylated (p) Smad1/5/8 in sorted c-kit� BM cells from WT and mutant mice. In this representative Western blot, 2.4 � 104 cells from each genotype were assayed with
an antibody that recognizes pSmad1, pSmad5, and pSmad8 (� 60 kDa, top panel). The blot was stripped and reprobed (bottom panel) with antibodies that recognize total
Smad1 and Smad5 (� 60 kDa) and actin (� 42 kDa). The positions of molecular weight markers (in kilodaltons) are indicated on the right. (D) Hematopoietic progenitor activity
assays. Progenitor activity (colony-forming units [CFUs]) in 104 nucleated BM cells was assessed in methylcellulose cultures. Pooled data from 4 independent experiments
performed in triplicate are shown. (E) KSL cell-cycle analysis. The fraction of sorted KSL cells in S/G2/M was determined for each genotype in 5 independent experiments.
Significant differences in KSL cell cycle status between WT and mutant mice were not detected. (F) KSL apoptosis analysis. Pooled results from annexin V and 7-AAD staining
of KSL cells from WT and BMP4 mutant mice. Four independent experiments were performed and no significant differences were detected. Error bars show SEM.
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cells (� 6-fold) were detected in the spleens of the mutant hosts
compared with the number of mutant cells that engrafted into
WT hosts (data not shown).

As the low levels of WT reconstitutive activity in the mutant
parabionts could simply reflect a bias against WT hematopoietic
cell engraftment in a BMP4 hypomorph, we wished to directly
ascertain whether WT cells that had successfully engrafted in the
mutants possessed normal, long-term repopulating activity. There-
fore, we FACS sorted equal numbers of donor CD45.1 WT BM
cells and donor CD45.2 mutant BM from 3 pairs of mutant/WT
parabionts (� 40 weeks after separation) and transplanted them

along with host type carrier cells into double congenic, 8- to
12-week-old CD45.1/CD45.2 host mice (Figure 6A). Assessment
of long-term, multilineage engraftment of cells isolated from
parabionts 16 weeks after transplantation revealed that WT donor
cells isolated from the mutant parabiont hosts had severe defects in
hematopoietic repopulating activity compared with equal numbers
of mutant cells isolated from WT parabionts (Figure 6B; P 
 .002).
In contrast, transplantation of equal numbers of host cells from the
same WT and mutant parabiotic pairs (Figure 6C) revealed no
significant difference in their long-term repopulating activity
relative to each other (Figure 6D). These findings indicate that
donor WT HSCs that had engrafted in the mutant mice lost
reconstitutive activity as a result of prolonged contact with the
BMP4-deficient hematopoietic microenvironment.

Discussion

Given the essential function of BMP4 in supporting embryonic
hematopoiesis, it has been widely speculated that BMP4 regulates

Figure 4. Reduction in WT HSC activity after transplantation into BMP4-
deficient hosts. (A) Primary and secondary transplantation scheme. (B) Analysis of
wild-type donor cell engraftment in WT (n � 6) and BMP4 (n � 6) hypomorphic
primary recipients 24 weeks after transplantation. (C) Analysis of donor cell engraft-
ment in secondary hosts 20 weeks after transplantation. Wild-type cells that en-
grafted into primary BMP4 hypomorphic hosts reconstituted long-term hematopoiesis
in secondary recipients (n � 12) significantly less well than wild-type cells that
engrafted into WT primary hosts before secondary transplantation (n � 9 secondary
recipients). *P � .01. In panels B and C, total donor cells are shown as a percentage
of live cells. Individual lineages are shown as the percentage of donor-derived cells.
Error bars show SEM.

Figure 5. WT cells engraft poorly in BMP4-deficient mice after parabiosis.
(A) Experimental strategy. (B) Donor cell analysis of the peripheral blood in mu-
tant/WT parabiotic mice and WT/WT parabiotic mice 2 weeks after separation.
Significantly fewer circulating WT donor cells are found in the mutant hosts after
parabiosis (n � 7), whereas comparable donor engraftment of mutant donor cells
into WT hosts (n � 6) or WT donor cells into WT hosts (WT/WT parabionts, n � 3) is
observed. *P 
 .001. (C) BM donor cell engraftment and lineage analysis in 3 pairs of
mutant/WT parabionts approximately 10 months after separation. Significantly fewer
donor cells are observed in the mutant BM (*P 
 .006). Total donor cells are shown
as a percentage of live cells. Individual lineages are shown as the percentage of
donor-derived cells. Error bars show SEM.
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adult HSCs. Here, by exploiting a viable BMP4 hypomorphic
mouse mutant in which BMP4 expression and signaling is reduced
in the bone marrow, we have provided the first direct evidence that
BMP4 signaling is necessary to maintain functional adult HSCs in
vivo. Specifically, we have shown that BMP4 is expressed in
several of the cell types that comprise the hematopoietic microenvi-
ronment. Adult mice deficient in BMP4 have significantly fewer
KSL cells than wild-type mice, consistent with a decrease in HSC
number. Furthermore, using serial transplantation, we have shown
that wild-type HSCs transplanted into BMP4 mutants have a

substantially reduced capacity for long-term hematopoietic repopu-
lating activity. A parabiosis model revealed that circulating wild-
type HSCs/progenitors engraft poorly in BMP4-deficient microen-
vironment, and that those few HSCs that do engraft lose a
significant amount of their functional hematopoietic activity. Our
data indicate that BMP4 is an important component of the HSC
microenvironment and is necessary for maintaining HSC function.

Comparisons of the effects of exogenous BMP4 on human and
mouse HSC cultures have revealed some notable differences in BMP4
activity in these populations. Whereas it has been previously demon-
strated that BMP4 is sufficient to elicit a dose-dependent effect on the
proliferation, CFU activity, and maintenance of primitive human
CD34�CD38� cells,8,9 BMP4 has no measurable effect on cultured
mouse BM-derived CD34�KSL proliferation, CFU activity, or KSL
expansion in vitro.13 These discrepancies raise the possibility that BMP4
signaling in HSCs elicits different responses in different ontogenic
sources of HSCs (eg, fetal cord blood vs adult long bones) and/or has
species-specific functions in HSC regulation. Although our data suggest
that BMP4 is required to maintain normal KSL number in vivo, we
found that, as has been shown for mouse HSCs in vitro, changes in
BMP4 signaling in vivo also do not alter KSL proliferation, KSL
apoptosis (Figure 3F), KSL CFU activity (data not shown), and unfrac-
tionated BM CFU activity (Figure 3D), further underscoring the differ-
ences between human cord blood and adult mouse HSCs.

To regulate HSC functional activity, BMP4 may signal either
directly or indirectly to HSCs. Numerous lines of evidence support
direct signaling to HSCs and progenitors. First, purified KSL cells
express the signaling machinery required to transduce a BMP4 signal,
including the BMP type I receptor Alk2,13,29 BMP-receptor activated
Smads (Smad1 and Smad5), and the common Smad, Smad4.13 Second,
BMP4 is expressed appropriately within known HSC niches (Figure 1
and Sipe et al24). Finally, we have shown that in BMP4 hypomorphs,
activation of BMP pathway–specific Smads is reduced in c-kit� BM,
which is enriched for hematopoietic progenitors (Figure 3C).

The existing tissue-specific knockout mice in which BMP
signaling components are deleted in HSCs do not provide conclu-
sive evidence to discern whether BMP signaling directly regulates
HSC function. Interestingly, loss of Smad4 in HSCs leads to
impaired repopulating activity in vivo,30 indicating that like BMP4,
Smad4 is also essential for HSC maintenance. However, whether
BMP signaling regulates Smad4 activity in HSCs is not yet clear.
BMPs regulate Smad4 activity through activation of the receptor
Smads, Smad1, Smad5, and Smad8. Whereas Smad8 is not
expressed in HSCs,13 and loss of Smad5 does not impact HSC
function,31 the effects of loss of Smad1 or Smad1 together with
Smad5 in HSCs have not yet been reported. Furthermore, although
Smad4 is the major transducer of BMP4 signals, recent findings
highlight that other signaling pathways, such as the mitogen-
activated protein kinase pathway, are activated in a Smad-
independent manner.32 Therefore, it remains to be determined
whether and how BMP4 and other BMPs signal to HSCs.

Although direct BMP4 signaling to HSCs is an attractive possibility,
BMP4 may mediate HSC function in an indirect manner. Specifically,
BMP4 signaling may be necessary in another cell type(s) that in turn
supports HSCs through the production of other cytokines and/or matrix
factors. Based on our analysis of a Bmp4 reporter mouse, Bmp4 is
expressed in or near bone-lining osteoblasts, endothelium, and perivas-
cular cells, including megakaryocytes, and therefore, may be available
to signal to all of these cell types. For instance, BMPs, which are known
bone inducers, have complex functions in postnatal osteoblasts.33-35 In
some contexts, tissue-specific knockout of BmpR1a/Alk334 or overex-
pression of the BMP4 antagonist Noggin36 reduces osteoblast function,

Figure 6. WT HSC activity is poorly supported in a BMP4-deficient microenviron-
ment. (A) Approximately 10 months after separation, equal numbers of donor cells
were FACS sorted from 3 pairs of mutant/WT parabionts and cotransplanted into
secondary recipients along with an equal number of carrier BM cells. (B) Analysis of
donor cell engraftment for the experiment diagrammed in panel A, 16 weeks after
transplantation. WT cells conditioned in BMP4 hosts were drastically outcompeted by
mutant cells conditioned in WT hosts. Two of a total of 5 secondary recipients were
engrafted with WT cells. *P 
 .002. (C) To test host cell activity, equal numbers of
host cells were also FACS sorted from 2 mutant/WT parabiont pairs approximately
10 months after separation and cotransplanted into secondary recipients along with
an equal number of carrier BM. (D) Analysis of donor cell engraftment for the
experiment diagrammed in panel C, 16 weeks after transplantation. Significant
differences between WT and mutant cell engraftment were not detected, indicating
comparable host cell activity. Four secondary recipients were assayed. #P � .12. In
panels B and D, total donor cells are shown as a percentage of live cells. Individual
lineages are shown as the percentage of donor-derived cells. Error bars show SEM.
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thereby resulting in bone loss. Whether such changes in osteoblast
activity also impact hematopoiesis is presently unknown. Endothelial
cells are also responsive to BMP4, as application of BMP4 to cultured
microvascular endothelial cells can induce proliferation, migration, and
angiogenesis.37,38 Finally, recent data highlight an autocrine function of
BMP4 in megakaryocyte differentiation.39 Although we did not observe
any obvious changes in femur architecture or morphology in the BMP4
mutants, further experiments are required to determine whether the
niche function of any of these populations is adversely affected in
Bmp4S2G/S2G mice.

BMP4 has been previously demonstrated to support HSC activity in
nascent HSCs from the AGM region of embryonic day 11.5 embryos.5

Our finding that BMP4 supports HSC maintenance in adult mice
suggests that the HSC-supportive functions of BMP4 operate at all
stages of definitive hematopoiesis. Whereas BMP4 supports HSC
activity without affecting HSC number in the embryo, our data suggest
that BMP4 maintains HSC number in adult bone marrow. Future studies
will elucidate the precise mechanisms by which BMP4 maintains HSC
number and activity in vivo.
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