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Abstract Five spontaneously transformed cell lines were established from a population of murine bone marrow
stromal cells (BMSCs) and the expression profiles of phenotype-characteristic genes, patterns of in vitro differentiation, and
osteogenic capacity after in vivo transplantation were determined for each. All the clones expressed stable levels of cbfa1,
the osteogenic “master” gene, whereas the levels of individual phenotypic mRNAs were variable within each, suggestive of
both maturational and phenotypic plasticity in vitro. Varying levels of collagen type I and alkaline phosphatase (AP) were
expressed in all the clonal lines. The clonal lines with proven in vivo osteogenic potential (3 out of 5) had a high proliferation
rate and expressed bone sialoprotein (BSP), whereas the two nonosteogenic clones proliferated more slowly and never
expressed BSP. Bone nodules were only observed in 2 out of 3 of the osteogenic lines, and only 1 out of three formed
cartilage-like matrix in vitro. There was no evidence of chondrogenesis in the nonosteogenic lines. By contrast, LPL was
expressed in two osteogenic and in two nonosteogenic lines. These results demonstrate the presence of multipotential and
restricted progenitors in the murine stromal system. cbfa1, collagen type I, and AP expression were common to all, and
therefore presumably early, basic traits of stromal cell lines that otherwise significantly differ with respect to growth and
differentiation potential. This finding suggests that an osteogenic imprinting lies upstream of diversification, modulation, and
restriction of stromal cell differentiation potential. J. Cell. Biochem. 78:391–403, 2000. © 2000 Wiley-Liss, Inc.
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Continuous recruitment of progenitor cells is
required for skeletal growth, remodeling and re-
pair throughout postnatal life. According to the
current hypothesis, the most likely source of the
skeletal progenitor cells is the bone marrow stro-
mal system, as first suggested by Friedenstein
and Owen and coworkers [Friedenstein and
Kuralesova, 1971; Owen, 1985; Owen et al.,
1987]. When a single cell suspension of marrow,
which contains bone marrow stromal cells (BM-
SCs) is cultured at low density in vitro, colonies
are formed. Each of these is considered to be

derived from a single, fibroblast-like clonogenic
progenitor (colony forming unit-fibroblast,
CFU-F) [Friedenstein, 1973; Friedenstein et al.,
1970; Owen, 1985; Owen et al., 1987]. When ex
vivo expanded BMSCs are transplanted using
diffusion chambers in vivo, mature bone, carti-
lage, and adipose tissues of donor origin are si-
multaneously generated [Ashton et al., 1980,
1984; Bab et al., 1984a,b, 1986; Benayahu et al.,
1989; Gundle et al., 1995; Maniatopoulos et al.,
1988; Mardon et al., 1987]. If open transplanta-
tion systems that allow for ingress of host blood-
borne cells are used, hematopoiesis of host origin
develops upon hematopoiesis-supporting stromal
cells of donor origin. These processes contribute
to the generation of an ectopic “ossicle” directly
and closely mimick the architecture of the nor-
mal intact bone/bone marrow organ [Frieden-
stein and Kuralesova, 1971; Goshima et al.,
1991; Krebsbach et al., 1997, 1998; Kuznetsov et
al., 1997; Martin et al., 1997].
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These observations have substantiated the
now generally accepted view that the BMSC
population contains multipotential progenitors
capable of giving rise to multiple differentiated
skeletal connective tissues. CFU-Fs are postu-
lated to represent or comprise such a putative
multipotent progenitor [Beresford, 1989; Bi-
anco et al., 1999; Gehron Robey and Bianco,
1999; Gronthos and Simmons, 1996; Owen,
1985]. Data indicating a heterogeneous differ-
entiation potential across different individual
stromal progenitors have long been available
[Barling et al., 1989; Benayahu et al., 1989;
Cassiede et al., 1996; Dennis et al., 1999;
Gronthos et al., 1994; Haynesworth et al.,
1992; Kassem et al., 1991; Leboy et al., 1991;
Lecka-Czernik et al., 1999; Luria et al., 1987;
Mackay et al., 1998; Maniatopoulos et al.,
1988; Owen, 1988; Owen and Friedenstein,
1988; Owen et al., 1987; Pittenger et al., 1999;
Rickard et al., 1996; Satomura et al., 1991;
Satomura and Nagayama, 1991]. Yet a clearer
understanding of a potential hierarchy of pro-
genitors with broader or more restricted poten-
tial has remained elusive.

Dissecting the origin, mutual positioning,
and hierarchical layout of stromal progenitor
cells requires (1) the identification of clonal
stromal cell subsets with multiple or restricted
potential, and (2) the definition of appropriate
markers suited to establish clear-cut diver-
gences, kinships, or lineage relationships
among functionally heterogeneous stromal cell
clones. In this study, we isolated 30 single
colony-derived strains from the murine bone
marrow stromal population, out of which we
obtained 5 spontaneously immortalized clonal
cell lines (C-3, C-4, C-8, C-10 and C-11). Each
clonal line was then characterized with respect
to its gene expression profile by RT-PCR anal-
ysis, in vitro differentiation, and in vivo osteo-
genic potential. We show here that stable and
consistent expression of the osteogenic “mas-
ter” gene, cbfa1, is found in murine clonal stro-
mal cell strains otherwise noted for marked
heterogeneity of differentiation potential
across different strains, and phenotypic insta-
bility of individual strains in culture. These
data suggest that a flexible osteogenic imprint-
ing lies upstream of stromal cell diversifica-
tion, providing a novel angle for interpreting
the organization of the stromal cell system.

MATERIALS AND METHODS

Cell Cloning And Culture

All experiments were performed under an
institutionally approved animal study protocol
(#114-93). Bone marrow was obtained from the
dissected femora and tibiae of 6–8-week-old
male C57Bl/6 mice. The epiphyses were re-
moved, and marrow tissue was flushed from
the shaft using 0.5 ml of a-MEM (Life Technol-
ogies, Grand Island, NY) expelled from a sy-
ringe through a 25-gauge needle. A single cell
suspension was obtained by gently aspirating
the cells sequentially through 20- and 23-gauge
needles, and finally a cell strainer (70 mm in
sieve size, Becton Dickinson Labware, Frank-
lin Lakes, NJ) to exclude tissue debris. The
cells were washed with a-MEM and seeded into
T-75 flasks (Falcon Labware, Meylan Cedex,
France) at a cell density of 4.0 3 105 nucleated
cells/cm2, and cultured in a-MEM containing
20% lot selected fetal bovine serum (Atlanta
Biologicals, Norcross, GA), containing 1028 M
dexamethasone (Sigma Chemicals Company,
St. Louis, MO), 1024 M L-ascorbic acid phos-
phate magnesium salt (Wako Pure Chemical
Industries, Ltd., Osaka, Japan), 100 IU/ml
penicillin and 100 mg/ml streptomycin.

After 1 week, the culture medium was
changed for the first time. Thereafter, the
medium was changed twice a week. After 2
weeks in culture, the adherent BMSCs were
washed with Hanks’ balanced salt solution,
subcultured by treating with trypsin-EDTA
(Life Technologies) and plated into 150-mm2

tissue culture dishes (Falcon Labware, Mey-
lan Cedéx, France) at a cell density of 1.1–
5.7 3 102 cells/cm2. Only one-half of the cul-
ture medium was changed twice a week, until
distinct colonies were identified. Thereafter,
the medium was completely changed twice a
week. Two to 3 weeks later, discrete colonies
well separated from one another were cloned
using cloning cylinders (Sigma). After clon-
ing, the cells were expanded in number by
passaging and plating at a density 2 3 104

cells/cm2 in successively larger tissue culture
vessels. Based on their ability to proliferate
continuously, five clonal strains (C-3, C-4,
C-8, C-10, and C-11) appeared to be sponta-
neously immortalized and were further char-
acterized as described below.
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Growth Curve Analysis

The clonal lines were plated into 6-well cul-
ture plates (Falcon Labware, Meylan Cedéx,
France) at a cell density of 2 3 103 cells/cm2.
Medium was changed every 2 days. Cells were
harvested every day for 10 days by treatment
with Trypsin-EDTA, suspension in serum-
containing medium and counted using a Coulter
Counter (Coulter Electronics, Hialeah, FL).

RNA Extraction, cDNA synthesis, and RT-PCR

After 30–35 passages, cells were plated into
T-75 culture flasks at a cell density of 2.0 3 103

cells/cm2 and medium was changed twice a
week. Total RNA was extracted at 1, 2, 3, and
4 weeks after reaching confluence, and treated
with 1 U of DNase I at room temperature for 15
min to digest any contaminating DNA. The
reaction was terminated by the addition of 1 ml
of EDTA followed by heating at 65°C for 10
min. cDNA was synthesized from 3 mg of total
RNA in a 20 ml reaction mixture containing 13
reverse transcription buffer: 20 mM Tris-HCl,
pH 8.4, 50 mM KCl, 2.5 mM MgCl2, 10 mM
dithiothreitol (Gibco-BRL, Grand Island, NY),
0.5 mM of dNTP (Perkin-Elmer, Foster City,
CA), 200 U of SuperScript IIt reverse transcrip-
tase (Gibco-BRL), 0.5 mg of oligo(dT)12–18mer
primer (Gibco-BRL). The reaction was per-
formed for 50 min at 42°C.

Aliquots (5%) of the total cDNA was ampli-
fied in each PCR in a 50 ml reaction mixture
containing 10 pmole of 59 and 39 primers specific
for cbfa1, a1(I) procollagen, alkaline phosphatase
(AP), bone sialoprotein (BSP), a1(II) procollagen,
lipoprotein lipase (LPL), and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (Table I),
13 PCR buffer containing 10 mM Tris-HCl (pH
8.3), 50 mM KCl, 1.5 mM MgCl

2
(Perkin-

Elmer), 0.5 mM of dNTP, 2.5 U of Taq polymer-
ase (Perkin-Elmer), and 0.44 mg of TaqStart™
(Clontech, Palo Alto, CA). The amount of cDNA
in each sample was confirmed by preliminary
PCR in logarithmic phase for GAPDH. Ampli-
fication was performed in a GeneAmp Thermal
cycler 2400 (Perkin Elmer) for 21–30 cycles
after an initial denaturation at 94°C for 5 min.
All the PCR reactions were terminated before
the reaction reached the saturation phase. The
reaction profile was 94°C for 30 s, 55-58°C for 2
min, and 72°C for 2 min for cbfa1, a1(I) procol-
lagen, AP, BSP, a1(II) procollagen, LPL, and
GAPDH (Table I).

Reaction products were analyzed by elec-
trophoresis of 5-ml aliquots in 6% nondena-
turing polyacrylamide gels. The amplified
DNA fragments were visualized by ethidium
bromide staining. The semiquantitative na-
ture of this procedure was confirmed by com-
parison of amplification to northern blot
analysis for BSP. The relative intensities of
the PCR products of BSP were comparable to
the intensities of northern blot analysis (data
not shown).

Differentiation of Marrow Stromal Cells
in Culture

The clonal strains were passaged into T-75
culture flasks at a density of 2.0 3 103 cells/
cm2, and cultured for 4–5 weeks. Cultures
were fixed briefly in 4% phosphate-buffered
formalin (PBF) freshly prepared from parafor-
maldehyde at room temperature and stained

TABLE I. Oligonucleotide Primers Used in
RT-PCR

Cbfa1
sense: 59-CCAAATTTGCCTAACCAGAATG-39
antisense: 59-GAGGCTGTGGTTTCAAAGCAC-

39
amplified fragment length: 458bp

a1(I) procollagen (GenBank Accession #X06753)
sense: 59-TCTCCACTCTTCTAGTTCCT-39
antisense: 59-TTGGGTCATTTCCACATGC-39
amplified fragment length: 269bp

Alkaline phosphatase (GenBank Accession
#J02980)

sense: 59-AAGACGTGGCGGTCTTTGC-39
antisense: 59-GGGAATCTGTGCAGTCTGTG-39
amplified fragment length: 457bp

Bone sialoprotein (GenBank Accession #20232)
sense: 59-GAAACGGTTTCCAGTCCAG-39
antisense: 59-GACTTTGGGCAAGTCTTCC-39
amplified fragment length: 564bp

a1(II) procollagen (GenBank Accession #M65161)
sense: 59-CACACTGGTAAGTGGGGCAAGACCG-39
antisense: 59-GGATTGTGTTGTTTCAGGGT-

TCGGG-39
amplified fragment length: 172bp

Lipoprotein lipase (GenBank Accession #J03302)
sense: 59-TCCAGAGTTTGACCGCCTTC-39
antisense: 59-TTGGTCAGACTTCCTGCTACG-39
amplified fragment length: 477bp

GAPDH (GenBank Accession #M32599)
sense: 59-ACCACAGTCCATGCCATCAC-39
antisense: 59-TCCACCACCCTGTTGCTGTA-39
amplified fragment length: 450bp
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for alkaline phosphatase by the azo dye
method, using naphthol AS-BI phosphate and
fast blue BB salt as substrate (Sigma, kit 86-
C). For the detection of mineralized matrix for-
mation, the cultures were fixed in 4% PBF and
stained with Alizarin Red S or by the von
Kossa reaction. The presence of proteoglycans
was identified by staining with Alcian blue (pH
2.5), and adipocytes with Oil Red O after fixa-
tion with 4% PBF.

Assessment of Osteogenic Potential of Mouse
Stromal Cells In Vivo

Transplantation in immunocompro-
mised mice. Confluent clonal strains (after
30–35 passages) and mouse skin fibroblasts
(after 5 passages) were harvested with trypsin-
EDTA and resuspended in 1 ml of culture me-
dium. 3.0 3 106 cells were collected in sterile
microtubes by centrifugation and absorbed to a
25–50-mm3 Gelfoam sponge (Upjohn, Kalama-
zoo, MI) by incubation at 37°C for 30 min as
described previously [Krebsbach et al., 1997,
1998]. NIH-BG-NU-XID immunocompromised
mice (6–8-week-old females) were used as
transplantation recipients.

Animals were anesthetized by an intraperi-
toneal injection of 0.015 ml of 2.5% Avertin per
gram of body weight. One mid-longitudinal
skin incision of ;1 cm in length was made on
the dorsal surface of the cranium and the skin
and periosteum were separated by blunt dis-
section. A 5-mm cranial defect in diameter was
prepared with a trephine bur (Fine Science
Tools, Foster City, CA) attached to an electric
handpiece (Dremell, Racine, WI). Full-
thickness calvarial bone was removed with
minimal invasion of the dura mater. Gelfoam
sponges with mBMSCs or skin fibroblasts were
placed over the cranial defect, and the skin was
sutured with 5-0 Vicryl suture (Ethicon, John-
son and Johnson, Somerville, NJ).

Four weeks later, the transplants were re-
trieved from the recipient mice and fixed in 4%
PBF at 4°C for 2 days. After decalcification
with 10% EDTA (pH 8.0), the tissues were de-
hydrated through ascending concentrations of
ethanol, embedded in paraffin and sectioned at
5 mm in thickness. After deparaffinization, sec-
tions were stained with hematoxylin and eosin.

Demonstration of donor origin by poly-
merase chain reaction for a mouse y
chromosome-specific repetitive sequence.
Since the donor cells were of male origin, PCR
for a mouse Y chromosome-specific repetitive

sequence was performed to determine the ori-
gin of newly formed bone. The template DNA
was isolated from the tissue sections by a mod-
ification of the method of Candeliere [Cande-
liere et al., 1997]. In brief, newly formed bone
in the transplant, fibrous tissue around new
bone, and host female bone were retrieved from
the eosin-stained sections by microexcision, us-
ing a small scalpel under the microscope. To
prevent any contamination of tissues, the sec-
tions were covered with Crystal Mount
(Biomeda, Foster City, CA) and completely
dried before microexcision, to facilitate the pro-
cedure. After washing excised tissue with wa-
ter in order to remove Crystal Mount, the tis-
sues were collected in microtubes by
centrifugation and boiled in the presence of 10
ml of 50 mM NaOH for 10 min in order to
remove contaminating RNA and protein. The
solution was neutralized by the addition of 2 ml
of 1 M Tris-HCl (pH 7.5), and the resulting
solution was used for PCR amplification after
clarification by centrifugation. The amplifica-
tion was performed in a 50-ml reaction mixture
containing 10 pmole of 59 and 39 specific prim-
ers (sense: 59-GAATTCTGAACATGTTCTCA-
CATAG-39 and antisense: 59-GAATTCATCCA-
GTATCCTTTCTCTTC-39, GenBank Accession
#L03314) for 50 cycles. The reaction profile was
94°C for 30 s, 60°C for 30 s and 72°C for 1 min
after an initial denaturation at 94°C for 5 min.
When the 30th cycle was completed, 2.5 U of
Taq polymerase was added into the reaction
mixture. 10% of the reaction product was ana-
lyzed by electrophoresis in 6% nondenaturing
polyacrylamide gels. The amplified DNA frag-
ment was visualized by ethidium bromide
staining.

RESULTS

General characteristics and growth of murine
clonal stromal cell lines

Of 30 clones initially isolated, 5 spontane-
ously transformed cell lines were established
(C-3, C-4, C-8, C-10, and C-11). At low density,
all these cell lines exhibited polygonal and rel-
atively flat cell morphology in culture. After
plating at a density of 2.2 3 103 cells/cm2, the
cell lines grew at different rates, reaching con-
fluency between 5 and 7 days. C-3 exhibited the
fastest rate of proliferation (doubling time of
24 h) and reached the highest confluent den-
sity. C-4 and C-8 proliferated at approximately
one-half that rate (doubling times of 32 and
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34 h, respectively) and were half as dense at
confluency. C-10 and C-11 proliferated at an
even slower rate (doubling times of 53 and
54 h, respectively) and were slightly less dense
at confluency (Fig. 1A). After reaching conflu-
ency, C-3, C-4, and C-8 consisted of polygonal
cells throughout the culture dish, and C-3 and
C-8 formed multilayered clusters of cells. Inter-
estingly, the clonal lines that were osteogenic
in vivo (described below), had shorter doubling
times than those that were nonosteogenic
(Fig. 1B).

Gene Expression Profile in Murine Clonal
Stromal Cell Lines

For each clonal line, a gene expression profile
was defined by semiquantitative RT-PCR anal-
ysis of selected phenotype-characteristic
mRNA species. Based on established patterns
of tissue-specific expression in vivo, BSP was
chosen as a marker of a mature osteoblast and
also because of its high correlation with the
initial phase of matrix mineralization [Bianco
et al., 1993], a1(II) procollagen as a marker of
the chondrogenic phenotype [Thorogood et al.,
1986]; and LPL for the adipocytic phenotype
[Kirchgessner et al., 1989]. a1(I) procollagen,
expressed in osteoblastic and fibroblastic cells
in vivo, and AP, expressed in osteoblastic and
pre-adipocytic cells in vivo, were also mea-
sured.

All five lines expressed a1(I) procollagen
mRNA and AP mRNA. BSP, a marker of osteo-
blastic maturation, was expressed in 3 out of 5
cell lines, all of which proved to be osteogenic in
vivo. By contrast, the two BSP-silent lines
failed to form bone in the same assay (de-
scribed below). mRNA for a1(II) procollagen
was expressed in 2 out of 3 of the BSP-
expressing, osteogenic lines. LPL was ex-
pressed in 4 of 5 lines but failed to correlate to
actual adipogenic capacity as detectable by his-
tological analysis of long-term cultures (Fig.
2A) (see below).

Levels of expression of individual markers in
individual cell lines changed with time in cul-
ture. In the clonal line C-3, mRNA for a1(I),
AP, and BSP increased with time in culture,
whereas mRNA for a1(II) and LPL declined to
nearly undetectable levels (Fig. 2B). C-4 also
expressed increasing amounts of proa1(I) and
BSP mRNA with time, however at relatively
lower levels compared with C-3. While initially
high, AP levels decreased, and a1(II) and LPL
started low and were undetectable with time

(Fig. 2C). C-8 was similar to C-3, but a(II)
mRNA was expressed at high levels, and a low
level of LPL was maintained throughout the
culture period (Fig. 2D). C-10 expressed rela-

Fig. 1. A: Growth curves of 5 murine clonal stromal cell lines.
Cells were inoculated into 6-well culture plates at a cell density
of 2 3 103 cells/cm2 and cultured in a-MEM containing 20%
fetal bovine serum, 1028 M, 1024 M L-ascorbic acid phosphate
magnesium salt, 100 IU/ml penicillin and 100 mg/ml strepto-
mycin. Medium was changed every 2 days. Cells were retrieved
every day until day 10 after inoculation by treatment with
Trypsin-EDTA, suspended in serum-containing medium and
counted using a Coulter counter. The clonal lines grew at
different rates, and achieved different levels of confluent den-
sity. B: Based on demonstration of osteogenic capacity by in
vivo transplantation (see text and Fig. 6), it was found that the
osteogenic clonal lines (C-3, C-4, C-8) proliferated more rapidly
(shorter doubling time) than nonosteogenic clonal lines (C-10
and C-11).

395Mouse Marrow Stromal Cell Lines With Distinct Differentiation Potential



Fig. 2. A: Patterns of gene expression in murine clonal stromal
cell lines as a function of time in culture. After reaching con-
fluency, mRNA was harvested from the murine clonal BMSC
lines at 1-week intervals and the levels of mRNA for a1(I)
procollagen, AP, BSP, a1(II) procollagen, and LPL were deter-
mined by semiquantitative RT-PCR as described under Materi-
als and Methods. BSP is a marker of osteoblastic differentiation,
while a1(II) procollagen is indicative of chondrogenic differen-
tiation, and LPL is indicative of adipocytic conversion. a1(I)
procollagen is commonly expressed by many phenotypes, AP is
expressed by osteogenic and preadipogenic cells. The levels of
amplification product were quantitated by densitometric scan-

ning and plotted on a relative scale for each murine clonal line
B: C-3. C: C-4. D: C-8. E: C-10. F: C-11. Each line exhibited a
characteristic pattern of mRNA expression, and the levels of the
different markers varied within each line as a function of time.
All the lines expressed a1(I) procollagen and AP at some point
during the time course, whereas only three (C-3, C-4, C-8)
expressed BSP, and two expressed a1(II) procollagen (C-3 and
C-8), although only C-8 maintained it consistently. Interest-
ingly, those clones that did not express BSP or a1(II) procolla-
gen exhibited a low level of LPL expression, and maintained
expression of a1(I) procollagen and AP.



tively constant levels of a1(I) and AP mRNA,
with a slight increase in LPL with time (Fig.
2E). C-11 expressed stable levels of mRNA for
a1(I) and initially low levels of AP that in-
creased with time, as well as low LPL that
diminished with time (Fig. 2F).

In Vitro Differentiation of Clonal
Stromal Cell Lines

Evidence of in vitro differentiation toward os-
teoblastic, chondrogenic, or adipogenic pheno-
types was sought for each cell line at 4 weeks
postconfluency, using established morphological/
cytochemical criteria. Formation of “bone nod-
ules” (dense cellular mineralizing foci, positive
for AP, calcium, and phosphate) was taken as
indicative of osteoblastic differentiation in vitro.
Accumulation of chondroid-appearing, alciano-
philic matrix was taken as evidence of chondro-
genic potential, and intracellular accumulation
of Oil Red O-stainable lipid vacuoles as evidence
of adipogenesis in vitro.

Evidence of “bone nodule” formation in the
absence of chondrogenic or adipogenic differen-
tiation was obtained for line C-3 (Fig. 3). Evi-
dence of multiple differentiation (osteogenic,
chondrogenic, adipogenic) within the same cul-
ture was obtained for line C-8 (Fig. 4). No clear-
cut evidence of any type of in vitro differentia-
tion parameter was obtained for the other
lines. Of note, “bone nodule” formation was not
observed in line C-4, which proved to be osteo-
genic in vivo (see below).

cbfa1 Expression in Clonal Stromal Cell Lines

Cells were harvested at different time points
after reaching confluency, and semiquantita-
tive RT-PCR was performed for cbfa1, a tran-
scription factor that has been shown to be es-
sential for osteogenesis during development
and postnatal bone formation [Ducy et al.,
1997, 1999; Komori et al., 1997]. All lines con-
sistently expressed cbfa1. The level of expres-
sion was stable over the 4-week culture period

Fig. 3. Phase-contrast micro-
graphs of C-3. At 3–4 weeks
after confluency, the multilay-
ered areas of the culture began
to mineralize (A), and the min-
eralized area became larger
with time (B). These nodules, as
well as surrounding cells were
positively stained for AP (C) and
Alizarin Red S as a marker of
calcium accumulation (D).
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in all lines (Fig. 5), irrespective of the pheno-
typic expression pattern of each individual
clonal line (Fig. 2) and of the simultaneous
fluctuations in the levels of phenotype-
characteristic genes.

Osteogenesis by Murine Clonal Stromal Cell
Lines In Vivo

In vivo transplantation provides the oppor-
tunity to determine true osteogenic capacity as
identified by the formation of histologically
identifiable bone [Bianco and Robey, 1999;
Krebsbach et al., 1997, 1998]. The clonal lines
were transplanted into critical size calvarial
defects in combination with collagen sponges in
order to determine their actual osteogenic ca-
pacity. C-3, C-4, and C-8 formed bone with
clearly identifiable osteocytes and osteoblasts
within or in contact with the collagen sponge.
Fibroblastic cells were found to be scattered
within the remaining portion of the vehicle. By
contrast, no bone was observed in the trans-
plants of C-10 or C-11, and only fibroblastic
cells were noted within the vehicle (Fig. 6). No

Fig. 4. Phase-contrast micro-
graphs of C-8. C-8 formed nod-
ules at 4 weeks after confluency
(A), and the characteristics
were similar to those of nodules
formed in C-3 cultures. Interest-
ingly, this cell line also formed
Alcian blue-positive clusters in-
dicative of accumulation of a
cartilaginous matrix (B). Other
areas of the culture showed
cells with globular inclusions
(C), which were positively
stained with Oil Red O, indic-
ative of adipogenesis (D).

Fig. 5. Expression of cbfa1 by reverse transcription-
polymerase chain reaction (RT-PCR). After reaching conflu-
ency, mRNA extracted from the murine clonal BMSC lines at
1-week intervals (see Fig. 2) were used to examine the levels of
cbfa1. All the murine clonal lines expressed cbfa1 and main-
tained similar levels throughout the course of the experiment.
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bone formation was observed in the trans-
plants of mouse skin fibroblasts used as a neg-
ative control (data not shown).

To confirm the donor origin of newly formed
bone in the murine clonal cell line transplants,
PCR for mouse Y chromosome-specific repetitive
sequence was performed. A 617-bp PCR product
was identified in the reaction of newly formed
bone and fibroblastic cells in Gelfoam surround-
ing newly formed bone, while host bone from the

female recipient lacked amplified DNA of mouse
Y chromosome-specific repetitive sequence
(Fig. 7).

DISCUSSION

Multipotent Versus Restricted Progenitors in the
Stromal System

In this study, we isolated and characterized
five spontaneously immortalized murine clonal

Fig. 6. Photomicrographs of trans-
plants of five murine clonal stromal
cell lines. Cells were absorbed to Gel-
foam sponge and transplanted into
critical sized bone defects in the cal-
variae of immunocompromised mice.
The transplants were harvested at 4
weeks after transplantation (H&E stain-
ing). A,B: Bone formation by C-3. C,
D: Bone formation by C-4. E,F: Bone
formation by C-8. C-10 (G,H) and C-11
(I, J) failed to form bone. b, newly
formed bone; c, collagen sponge carrier.
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stromal cell lines. Characterization of the cell
lines using three different approaches (expres-
sion of phenotypically characteristic mRNAs,
in vitro differentiation, in vivo osteogenesis)
revealed marked differences in the growth
rate, and in differentiation potential both in
vitro and in vivo. Three clones were found to
proliferate rapidly and were osteogenic in vivo
(C-3, C-4, and C-8), while the remaining two
proliferated more slowly and were nonosteo-
genic (C-10, C-11), suggesting that capacity for
bone formation may be associated with high
rates of cell growth. One clone was found to be
multipotential (C-8), while the others exhibited
a more restricted pattern of phenotypic expres-
sion.

These data demonstrate that although the
entire (nonclonal) population of marrow stro-
mal cells behaves as a source of progenitors for
multiple skeletal connective tissues (bone, car-
tilage, hematopoiesis-supporting stroma, adi-
pocytes, fibroblasts), as first demonstrated by
Friedenstein and Owen and coworkers
[Friedenstein et al., 1970; Owen and Frieden-
stein, 1988], only a subset of stromal cells (re-
flected in at least one of our clonal lines) is
indeed endowed with multiple differentiation
potential. Because the murine clonal lines that
were isolated in this study have been passaged
more than 30 times, the propensity for sponta-
neous immortalization of murine cells pre-
cludes assessment of their ability to continu-
ously self-replicate. Therefore, we regard our
data as only providing evidence for multipoten-
tial progenitors within the marrow stromal cell
population, with no inference on their identity

as true “stem” cells, for which ability to contin-
uously self-renew, independent of immortaliza-
tion, must be demonstrated [Morrison et al.,
1997].

Stromal Cell Differentiation

Analysis of the differentiation potential of
stromal cell lines can rely on different ap-
proaches, including assessment of gene ex-
pression profiles characteristic of a particu-
lar phenotype, morphological/biochemical
characterization of the cultured cells in vitro,
and histology of tissue formed upon in vivo
transplantation of ex vivo expanded cells. It
is important to note that the three methods
may yield significantly divergent information
(Table II). Interestingly, all the clones ex-
pressed many of the markers characteristic
of osteoblastic, chondrogenic and adipocytic
phenotypes at some point during the ex-
tended culture period, albeit with varying
levels. These data suggest that individual
members of the stromal cell system are in-
herently flexible with respect to phenotype
and well demonstrate the potential for plas-
ticity in the stromal cell system. However,
clearly some of clonal lines had lost some of
their flexibility and exhibited a limited pro-
file of phenotypic markers, which may also
relate to the decrease in growth rate exhib-
ited by these particular lines.

In our study, expression of osteoblastic,
chondrocytic, and adipocytic marker genes did
not predict in all cases actual generation of
differentiated osteoblasts, chondrocytes and/or
adipocytes in culture, or in vivo. For the full
development of a phenotype beyond the expres-
sion of particular markers, additional environ-
mental cues provided by paracrine and endo-
crine factors, as well as by three-dimensional
structure, may be required. For example, low
oxygen tensions conducive for chondrogenesis,
are mimicked in “mass” cultures, but not nec-
essarily in cultures of adherent monolayers
[Johnstone et al., 1998]. In addition, the in vivo
transplantation model system used in this
study is clearly not conducive for cartilage for-
mation. Furthermore, in our study, the forma-
tion of so-called “bone nodules” in vitro did not
predict actual osteogenic capacity in vivo. The
clonal line C-4 did not form bone nodules in
culture but was able to form bone in vivo. Pre-
vious reports have suggested that “bone nod-
ule” formation in vitro is a good marker of
osteoblastic cells [Bellows et al., 1986; Nefussi

Fig. 7. Polymerase chain reaction (PCR) analysis for a murine
Y chromosome-specific repetitive sequence. Newly formed
bone in the transplant (B), fibrous tissue (FT) around new bone
and recipient female bone (R) were retrieved from eosin-stained
sections by microexcision under the microscope. DNA was
extracted with 50 mM NaOH treatment, followed by neutral-
ization with 1 M Tris-HCl (pH 7.5). PCR were performed using
specific primers for a murine Y chromosome-specific repetitive
sequence. The amplified DNA fragment was visualized by
ethidium bromide staining. MM, molecular-weight markers.
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et al., 1985]. However, mineral deposited in
many cell culture model systems is often spu-
rious, and not characteristic of mineral formed
in vivo (E.D. Eanes, NIDCR, personal commu-
nication). In this study, the most consistent
predictor of osteogenic capacity was production
of BSP, whose expression is highly restricted to
osteoblasts in vivo.

cbfa1 Expression and Its Significance During
Development and Postnatal Bone Formation

A rational layout of the hierarchy of the stro-
mal progenitor cells with different differentia-
tion potential has long been missing, and the
need for appropriate markers suited to address
the issue repeatedly emphasized. The identifi-
cation of cbfa1 as a pivotal transcription factor
regulating osteogenic differentiation during
embryonic development [Ducy et al., 1997] has
provided a new paradigm for investigating the
lineage hierarchy within the stromal cell sys-
tem. Inactivation of the cbfa1 gene in mice
prevents the development of a marrow cavity
and therefore the appearance of the myelosup-
portive and adipocytic stromal cells that are
found in the intact marrow [Komori et al.,
1997]. Developmentally, cbfa1 expression (and
its histological correlate, osteogenic cells) lies
upstream of lineage divergence and restriction
in the stromal system. Likewise, when clonal
stromal cells are transplanted in vivo in immu-
nocompromised mice, osteogenesis precedes
the development of a complete hematopoietic
marrow within the ectopic ossicle [Kuznetsov
et al., 1997]. Hematopoiesis (and the cognate
supporting stromal cells) and marrow adipo-
cytes develop in such systems in temporal suc-
cession with, and in tight dependence on, the
formation of bone by competent osteoblasts.
Both natural developmental patterns and ex-

perimental models of bone and marrow ontog-
eny thus indicate a temporal and possibly
mechanistic priority of bone formation over the
formation of a marrow stromal tissue.

Thus, cbfa1 drives the osteogenic differenti-
ation of embryonic mesenchymal cells by regu-
lating the expression of a set of tissue-specific
genes, and is indispensable for generation of
competent osteoblasts in vivo. Function and
tissue specificity of cbfa1 make it match, in the
context of osteogenic commitment, the generic
sketch profile of an “ideal” marker which would
be (1) tissue specific, (2) of known molecular
identity, and (3) relevant to the desired tissue
specific functions/differentiation pathway. Sur-
prisingly, the significance of cbfa1 within this
context has been somewhat overlooked.

We have shown in this report that cbfa1 ex-
pression is a common denominator of different
murine stromal cell lines characterized by het-
erogeneous differentiation potential. Interest-
ingly, collagen type I and AP were also commonly
expressed in our cell lines. Consequently, it can
be surmised that expression of cbfa1 and of other
less stringent markers of the osteogenic pheno-
type, are early events during stromal cell dif-
ferentiation, which would explain their recur-
rence across the clonal cell lines with broad or
restricted differentiation potential and diver-
gent growth capacity. However, unlike the
other early markers (collagen type I, AP) and
late markers of phenotypic differentiation
(BSP, collagen type II, LPL), cbfa1 transcripts
remained stable over time in culture, even in
the face of shifting profiles of gene expression
within an individual clonal strain. Expression
of what can be regarded as the most stringent
marker of osteogenic commitment available to
date thus appears to be a very basic property of
functionally different marrow stromal cells.

TABLE II. Phenotypic Characterization of Murine Bone Marrow Stromal Cell Lines

Cell line Markers (RT-PCR) In vitro differentiation
In vivo

differentiation

C-3 Tri-potential (OB, C, A) OB Bone
C-4 Uni-potential (OB) — Bone
C-8 Tri-potential (OB, C, A) Tripotential (OB, C, A) Bone
C-10 Bi-potential (?) (OB, A) — —
C-11 Bi-potential (?) (OB, A) — —

OB, Osteoblastic.
C, Chondrogenic.
A, Adipogenic.
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Furthermore, expression of cbfa1 transcripts
does not prevent the ability of stromal cells to
differentiate toward chondrogenic or adipocytic
phenotypes, nor does it predict an osteogenic
behavior of stromal cells either in vitro, or
more significantly, upon in vivo transplanta-
tion. These observations suggest that while
cbfa1 is absolutely required for osteogenic dif-
ferentiation, the initial cbfa1-driven osteogenic
commitment may in fact be reversible and non-
obligatory, and that additional differentiation
pathways normally entered by stromal cells
(chondrogenesis, adipogenesis) emanate from a
common precursor provided by osteogenically
competent cells.

In conclusion, five clonal, spontaneously im-
mortalized murine bone marrow stromal cell
lines were isolated and characterized. All the
lines expressed cbfa1 irrespective of their abil-
ity to differentiate into nonosteoblastic pheno-
types. In addition, one line maintained the
ability to form a chondrogenic nodule and adi-
pocytes. These results support further the os-
teoblastic origin of bone marrow stromal cells
and confirm the existence of a multipotential
progenitor in the post-natal bone marrow. Con-
sequently, bone marrow stromal cells that are
committed to osteogenesis (expressing cbfa1)
are also pluripotent. Further studies are re-
quired to determine the factors that are re-
quired to induce a particular phenotype, and to
maintain it in the bone marrow microenviron-
ment.
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