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Bone and bone marrow are closely aligned physiologic compart-
ments, suggesting that these tissues may represent a single func-
tional unit with a common bone marrow progenitor that gives rise
to both osteoblasts and hematopoietic cells. Although reports of
multilineage engraftment by a single marrow-derived stem cell
support this idea, more recent evidence has challenged claims of
stem cell transdifferentiation and therefore the existence of a
multipotent hematopoietic�osteogenic progenitor cell. Using a
repopulation assay in mice, we show here that gene-marked,
transplantable marrow cells from the plastic-nonadherent popu-
lation can generate both functional osteoblasts�osteocytes and
hematopoietic cells. Fluorescent in situ hybridization for the X and
Y chromosomes and karyotype analysis of cultured osteoblasts
confirmed the donor origin of these cells and excluded their
generation by a fusion process. Molecular analysis demonstrated a
common retroviral integration site in clonogenic hematopoietic
cells and osteoprogenitors from each of seven animals studied,
establishing a shared clonal origin for these ostensibly indepen-
dent cell types. Our findings indicate that the bone marrow
contains a primitive cell able to generate both the hematopoietic
and osteocytic lineages. Its isolation and characterization may
suggest novel treatments for genetic bone diseases and bone
injuries.

Bone marrow cells contribute to many diverse tissues after
systemic transplantation in both mice and humans (1, 2).

This capacity may solely reflect the activities of multiple discrete
stem cells with restricted genetic programs, such as hematopoi-
etic stem cells able to differentiate to leukocytes, erythrocytes,
or megakaryocytes and mesenchymal stem cells that can differ-
entiate to bone, cartilage, or adipose tissue (3). Alternatively, the
bone marrow may contain rare ‘‘marrow stem cells’’ with the
potential to differentiate to a spectrum of tissues, possibly in
response to specific environmental cues. This paradigm is sup-
ported by the findings of Krause et al. (4), which indicate that a
single marrow stem cell can generate both hematopoietic and
nonhematopoietic lineages. However, that study lacked a unique
molecular marker for confirming the multipotentiality of single
transplanted stem cells; further, recent evidence shows that
many examples of so-called stem cell developmental plasticity
may represent fusions of hematopoietic stem cells with com-
mitted progenitors of nonhematopoietic tissues, generating
cell hybrids that possess both donor and host genetic informa-
tion (5–8).

Bone marrow and bone are anatomically contiguous tissues
that show parallel age-related changes and share several genetic
features (9–11), suggesting a close developmental relationship.
Thus, a reasonable hypothesis is that the hematopoietic marrow
harbors a stem cell with osteogenic potential. Consistent with
this idea is the observation, reported over a decade ago, that
nonadherent CD34 bone marrow cells can differentiate to
osteoblasts (12) and the quite recent report that murine bone
marrow side population (SP) cells can engraft in bone after
transplantation (13). Moreover, in our human cell therapy trials,

donor osteoblast engraftment was demonstrated after transplan-
tation of unmanipulated bone marrow (14), but the percentage
of such engraftment could not be improved by transplanting as
many as 5 � 106 isolated plastic-adherent marrow stromal cells
per kg of body weight, a cell number that greatly exceeds the
marrow stromal cell content of unmanipulated marrow (15).
One interpretation of these observations is that cells other than
those in the adherent population, where mesenchymal stem cells
are thought to reside (3), are potent transplantable progenitors
of osteoblasts, consistent with laboratory studies showing that
nonadherent cells can give rise to bone (12, 13, 16). We tested
this prediction in a murine transplantation model by using
gene-marked bone marrow cells and retroviral integration site-
specific PCR analysis.

Methods
Transduction and Transplantation of Marrow Cells. Bone marrow was
flushed from the dissected femurs and tibias of FVB�N mice
(The Jackson Laboratory), and the isolated adherent marrow
cells were transduced with a GFP-expressing retroviral vector
(multiplicity of infection, �5) as described (17). In separate
studies, nonadherent marrow cells, isolated from a 5-day ex vivo
culture in which adherent cells stuck to the plastic dish, were
transduced with the same GFP-expressing retroviral vector
(70–80% efficiency) and transplanted into 4- to 6-week-old
lethally irradiated (1,100 cGy) FVB�N mice (18). In this phase
of the study, 106 nonadherent cells in 500 �l of PBS were infused
into the tail veins of recipient mice at �4 h postirradiation.

Southern Blot Analysis. Genomic DNA was isolated (PureGene
kit, Gentra Systems) from bone fragments that had been rigor-
ously flushed to remove marrow cells, repeatedly minced and
washed, and treated with collagenase to remove any blood cell
remnants, by using the same procedure applied in the prepara-
tion of osteoblasts (14). DNA was also isolated from murine
hematopoietic colony-forming unit-spleen (CFU-S) colonies
and from culture-expanded osteoblasts and stromal cells. The
resultant Southern blots were hybridized with a GFP-specific
probe and visualized with the Storm 860 PhosphorImager
(Molecular Dynamics).

Proviral Integration Analysis. Inverse PCR was performed as
described in detail elsewhere (19), except that primers B and C
were modified to complete complementarity to the murine stem
cell virus (MSCV) sequence, and the genomic DNA was digested
with the CpG methylation-insensitive TaqI restriction endonu-
clease. Primer sequences were as follows: VirA, 5�-TCCATGC-

Abbreviations: SP, side population; CFU-S, hematopoietic colony-forming unit-spleen;
FACS, fluorescence-activated cell sorting.

§To whom correspondence should be addressed at: Divisions of Stem Cell Transplantation
and Experimental Hematology, St. Jude Children’s Research Hospital, Mail Stop 321, 332
North Lauderdale Street, Memphis, TN 38105. E-mail: edwin.horwitz@stjude.org.

© 2004 by The National Academy of Sciences of the USA

www.pnas.org�cgi�doi�10.1073�pnas.0404626101 PNAS � August 10, 2004 � vol. 101 � no. 32 � 11761–11766

M
ED

IC
A

L
SC

IE
N

CE
S




