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Abstract Bone marrow-derived mesenchymal stem cells (MSC) are able to differentiate into osteoblasts under
appropriate induction. Although MSC-derived osteoblasts are part of the hematopoietic niche, the nature of the stromal
component in fetal liver remains elusive. Here, we determined the in vitro osteoblastic differentiation potential of murine
clonal fetal liver-derived cells (AFT024, BFC012, 2012) in comparison with bone marrow-derived cell lines (BMC9,
BMC10). Bone morphogenetic protein-2 (BMP2) increased alkaline phosphatase (ALP) activity, an early osteoblastic
marker, in AFT024 and 2012 cells, whereas dexamethasone had little or no effect. BMP2, but not dexamethasone,
increased ALP activity in BMC9 cells, and both inducers increased ALP activity in BMC10 cells. BMP2 increased ALP
mRNA in AFT024, 2012 and BMC9 cells. By contrast, ALP was not detected in BMC10 and BFC012 cells. BMP2 and
dexamethasone increased osteopontin and osteocalcin mRNA expression in 2012 cells. Furthermore, bone marrow-
derived cells showed extensive matrix mineralization, whereas fetal liver-derived cell lines showed no or very limited
matrix mineralization capacity. These results indicate that the osteoblast differentiation potential differs in bone marrow
and fetal liver-derived cell lines, which may be due to a distinct developmental program or different microenvironment in
the two hematopoietic sites. J. Cell. Biochem. 104: 620–628, 2008. � 2007 Wiley-Liss, Inc.
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The bone marrow cavity localized within
bone trabeculae contains hematopoietic and
non-hematopoietic microenvironmental cells.
Microenvironmental cells include mature cells
(vascular cells and adipocytes) and immature
mesenchymal stem cells (MSC) [Owen, 1988;
Caplan, 1991; Prockop, 1997; Bianco and Geh-
ron Robey, 2000; Marie and Fromigue, 2006].
Bone marrow MSC are multipotential cells that
can differentiate into several connective tissue
cell lineages in vitro, each differentiation being
dependent on local or hormonal factors [Ashton

et al., 1985; Beresford et al., 1994; Fromigue
et al., 1997]. MSC also provide the stromal
component of the hematopoietic stem cell (HSC)
niche [Muguruma et al., 2006], that is, the
specific cellular and molecular microenviron-
ment that allows HSCs to survive and to
maintain the adequate balance between dif-
ferentiation and self-renewal [Moore and
Lemischka, 2006; Yin and Li, 2006]. Studies of
clonal bone marrow MSC have indicated that a
single MSC may have multipotential compe-
tence in vitro, including the potential to dif-
ferentiate into osteoblasts [Dennis et al., 1999;
Oyajobi et al., 1999; Pittenger et al., 1999;
Muraglia et al., 2000]. Under appropriate
culture conditions, clonal bone marrow stromal
MSC reiterate the phenotypic sequence of
events that characterize the differentiation
and maturation of osteoblasts found in vivo
[Bianco et al., 2001; Kassem, 2004; Oreffo et al.,
2005; Marie and Fromigue, 2006]. The osteo-
genic differentiation of MSC is characterized
by a stepwise sequence of phenotypic changes
associated with cell proliferation and differ-
entiation, and culminating in the production of
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çais du Sang (EFS) #2004-08 and EFS #2005-11; Grant
sponsor: Inserm PNR (Pro-A); Grant sponsor: Fondation de
l’Avenir.

*Correspondence to: Olivia Fromigué, INSERM U606;
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an extracellular matrix (ECM), which progres-
sively mineralizes in vitro. Phenotypic marker
genes that are timely expressed during osteo-
genic differentiation of MSC in vitro include
alkaline phosphatase (ALP), type I collagen,
osteopontin, bone sialoprotein, and osteocalcin
[Malaval et al., 1994; Fromigue et al., 1997; Shui
et al., 2003; Marom et al., 2005].

Several studies have shown that the osteo-
genic differentiation of bone marrow MSC
requires induction by bone morphogenetic pro-
teins (BMP) or dexamethasone [Ashton et al.,
1985; Kamalia et al., 1992; Beresford et al.,
1994; Cheng et al., 1994; Malaval et al., 1994;
Rickard et al., 1996; Fromigue et al., 1997;
Hanada et al., 1997; Jaiswal et al., 1997]. BMP2
acts by promoting the expression of osteoblastic
markers and osteogenic differentiation [Rick-
ard et al., 1994; Fromigue et al., 1998; Shui
et al., 2003]. Multiple signaling pathways have
been involved in BMP2-induced osteoblastic
differentiation of MSC [Lee et al., 2000; Celil
and Campbell, 2005]. Dexamethasone also
induces osteoblastic differentiation by induc-
ing multiple pathways in bone marrow MSC
[Hanada et al., 1997; Qi et al., 2003; Osyczka
and Leboy, 2005; Phillips et al., 2006; Ito et al.,
2007]. Notably, a short and transient induction
with dexamethasone is sufficient to induce
osteoblastic lineage development in bone mar-
row-derived MSC [Fromigue et al., 1998].

Whereas bone marrow is the site of hema-
topoiesis after birth, liver is the other major
hematopoietic site effective during fetal life
[Dzierzak, 2001]. Fetal liver organization is
strickingly different from that of bone marrow.
Hematopoietic cells that consist mainly in ery-
throblasts are scattered among hepatoblasts.
Although MSC have been detected [Campagnoli
et al., 2001], whether they provide the stromal
component of the HSC niche is still a matter
of debate [Chagraoui et al., 2003]. Some fetal
liver mesenchymal lines, whose differentiation
potential and stromal capacity are similar to
those of bone marrow MSC, may serve as model
of fetal hematopoietic niche [Hackney et al.,
2002; Chagraoui et al., 2003; Chateauvieux
et al., 2007]. Such lines are rare, reflecting the
clonal heterogeneity characteristic of mesen-
chymal lines whatever their origin [Zipori,
1989; Deryugina and Muller-Sieburg, 1993;
Charbord et al., 2002].

In this study, we have investigated the
potential to differentiate into osteoblasts of

murine clonal mesenchymal lines derived from
fetal liver [Hackney et al., 2002] versus bone
marrow [Dennis et al., 1999]. We show here that
the capacity to mineralize of bone marrow-
derived lines is superior to that of fetal liver-
derived lines, which is in agreement with the
microenvironmental differences between the
two sites of hematopoiesis. However, independ-
ent of their site of origin, mesenchymal lines
show marked heterogeneity in their osteoblastic
differentiation potential, which further empha-
sizes the heterogeneity of mesenchymal cell
lines.

MATERIALS AND METHODS

Cell Lines

Liver-derived stromal cell lines were isolated
from 14.5 dpc fetal liver lines (Lines AFT024,
2012 and BFC012 kindly provided by Dr. K.
Moore (Department of Molecular Biology,
Princeton University, NJ) [Thiemann et al.,
1998]. Bone marrow-derived lines (BMC9,
BMC10) were kindly provided by Dr. J.E.
Dennis (Case Western Reserve University,
Cleveland, OH) [Dennis et al., 1999]. The cell
lines were immortalized using SV-40 large T
antigen and their phenotype does not differ
from primary cells [Charbord et al., 2002]. Cells
were cultured in DMEM supplemented with
L-Glutamin (292 mg/L), 10% heat-inactivated
fetal calf serum (FCS), and antibiotics (100 IU/
ml penicillin and 100 mg/ml streptomycin). For
the different experiments, cells were seeded at
1.25 105 cells/cm2 and treated with the indicated
compound the next day.

Induction of Osteoblast Differentiation

To induce osteogenic differentiation, the
medium was supplemented with ascorbic acid
(50 mg/ml) and inorganic phosphate (NaH2PO4;
3 mM) to induce collagenous matrix synthe-
sis and mineralization [Quarles et al., 1992].
Dexamethasone (10�7M; Sigma) or rhBMP2
(200 ng/ml; Genetics Institute, Cambridge, MA)
were used as inducers of osteoblast differentia-
tion [Fromigue et al., 1998].

Alkaline Phosphatase Activity

ALP activity was determined by a colorimet-
ric assay for up to 14 days of the osteogenic
differentiation process. Cells were lyzed and
sonicated in ice cold H2O. Lysates were centri-
fuged at 3,500 rpm for 15 min at 48C and ALP
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activity was evaluated using Sigma fast kit
according to the manufacturer’s recommenda-
tions (Sigma).

In vitro ECM Mineralization

After 7 or 14 days of culture, cells were fixed in
4% paraformaldehyde in PBS. Matrix mineral-
ization was detected by alizarin red staining
[Luppen et al., 2003] and microphotographed
using an Olympus microsocope (Japan).

Semi-Quantitative RT-PCR Analysis

The expression of the early (ALP), intermedi-
ate (osteopontin; OP), and late (osteocalcin; OC)
osteoblast markers were analyzed by semi-
quantitative reverse transcription-polymerase
chain reaction (RT-PCR). After treatment with
BMP2, dexamethasone or the solvent, the cells
were washed with PBS and lysed with Trizol
reagent (Eurobio, France) reagent according
to the manufacturer’s instructions. Three mg
total RNA from each samples were reverse
transcribed using MMLV reverse transcriptase
and oligo-dT primers. Aliquots of cDNA samples
were amplified using Taq polymerase (Eurobio)
and specific primers as follows: sense 50-AG-
GCAGGATTGACCACGG-30 and antisense 50-
TGTAGTTCTGCTCATGGA-30 for ALP; sense
50-GAGCGGTGAGTCTAAGGAGT-30 and anti-
sense 50-CTAAATGCAAAGTAAGGAAC-30 for
OP; sense 50-AAGCAGGAGGGCAATAAGGT-
30 and antisense 50-AGCTGCTGTGACATCCA-
TAC-30 for OC; sense 50-AGCGATGATGAAC-
CAGGTTA-30 and antisense 50-GTTGAGAG-
ATCATCTCCACC-30 for HPRT. Optimization
of RT-PCR results was carried out by generat-
ing saturations curves of RT-PCR products of
each gene against cycle number (0–35 cycles).
We choose the same cycle number (30 cycles) for
all genes, in which amplification was linear. The
amplification products were then analyzed on
1.2% agarose gels. The signal for each gene was
corrected for HPRT.

Statistical Analysis

The data were analyzed by two-factor analy-
sis of variance (ANOVA) using the statistical
package super-ANOVA (Macintosh, Abacus
concepts, Inc., Berkeley, CA). A minimal level
of P< 0.05 was considered significant.

RESULTS

Because ALP is an early osteoblastic marker
which is upregulated during osteoblastic differ-

entiation in MSC [Malaval et al., 1994], we first
analyzed the changes in ALP activity in fetal
liver-derived mesenchymal cells compared to
the bone marrow-derived mesenchymal cells.
As shown in Figure 1A, BMP2 rapidly (2 days)
and markedly (up to 14-fold) increased ALP
activity in BMC9 bone marrow-derived stromal
cells, whereas dexamethasone had no effect.
In contrast, both BMP2 and dexamethasone
increased ALP activity by only from twofold to
fourfold in BMC10 cells at late stage of cultures
(Fig. 1A). These results indicate that ALP
activity can be promoted by BMP2 or dexame-
thasone in murine clonal bone marrow-derived
mesenchymal cells. We then investigated mur-
ine clonal fetal liver-derived mesenchymal cells.
As shown in Figure 1B, BMP2 progressively and
markedly (up to 10-fold) increased ALP activity
in AFT024 cells. BMP2 slightly increased ALP
activity in BFC012 and 2012 cells (Fig. 1B).
Dexamethasone slightly increased (by twofold)
ALP activity in ATF024, but not in BFC012 or
2012 cells (Fig. 1B). These results indicate that
ALP activity is increased by BMP2 in the three
murine fetal liver-derived stromal cells, albeit
to highly variable degrees, the largest induction
being observed in ATF024 cells, whereas dexa-
methasone had minor effect.

Induction of Osteoblastic Gene Expression

We then performed a semi-quantitative anal-
ysis of the expression of osteoblastic marker
genes. According to the sequential expression
during the osteogenic process, we analyzed
changes in ALP, osteopontin, and osteocalcin,
which are early, intermediate, and late osteo-
blastic markers, respectively. In BMC9 cells,
ALP mRNA levels increased progressively
with time in culture to reach a steady state
by day 10 (Fig. 2A). Both BMP2 and dexame-
thasone increased by twofold to threefold ALP
mRNA levels (Fig. 2A), which is consistent with
the observed increase in ALP activity (Fig. 1A).
By contrast, in BMC10 cells no detectable
change in ALP mRNA level was found under
BMP2 or dexamethasone stimulation (Fig. 2A),
which is consistent with the small and late
increase in ALP activity (Fig. 1A). Osteopontin
mRNA levels remained unchanged under
BMP2 or dexamethasone stimulation in both
BMC9 and BMC10 cell lines (Fig. 2B). In BMC9
cells, osteocalcin mRNA levels were undetect-
able, even under stimulation with BMP2
or dexamethasone (Fig. 2C). By contrast, in
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BMC10 cells OC mRNA levels were expressed
and increased with time in culture; however,
levels remained unchanged under BMP2 or
dexamethasone stimulation (Fig. 2C). These
results show that clonal bone marrow-derived
BMC9 and BMC10 cells exhibit a different basal
phenotypic pattern and a distinct pattern of
osteoblastic marker gene expression in response
to osteogenic stimuli.

We then investigated the pattern of osteo-
blastic marker gene expression in fetal liver-
derived cells. In AFT024 cells, BMP2 increased
ALP mRNA levels by twofold (Fig. 3A), which is
consistent with the induction of ALP activity
(Fig. 1B). In BFC012 cells, ALP mRNA was not
expressed (Fig. 3A). In 2012 cells, BMP2 greatly
increased ALP mRNA levels (Fig. 3A), confirm-
ing the increased ALP activity found in this cell
line (Fig. 1B). We found OP gene was not
expressed in AFT024 and BFC012 lines, even
after BMP2 or dexamethasone stimulation. By
contrast, in 2012 cells, both inducers increased
OP mRNA levels, although with a variable time-
course (Fig. 3B). In AFT024 cells, OC mRNA
levels increased with time in culture regard-
less of BMP2 or dexamethasone stimulation
(Fig. 3C). In BFC012 cells, OC mRNA was not
expressed, even by day 14 (Fig. 3C). In contrast,

both inducers increased OC mRNA levels by day
10 in 2012 cells (Fig. 3C). These results indicate
that osteoblastic markers were not expressed
in BFC012, in contrast to AFT024 or 2012 cells
where a moderate or large increase was
observed after BMP2 or dexamethasone stim-
ulation, revealing different phenotypic charac-
teristics in the three cell lines.

ECM Mineralization In Vitro

The differentiation of mesenchymal stromal
cells into fully mature functional osteoblasts is
characterized by the deposition and mineraliza-
tion of an ECM. As shown in Figure 4, BMC9
and BMC10 bone marrow-derived mesenchy-
mal cells cultured in basal conditions without
inducers showed a remarkable capacity to
synthesize and mineralize an ECM, as revealed
by alizarin red staining at 7 or 14 days of
culture. In contrast, none of the fetal liver-
derived stromal cells were found to have the
capacity of synthesizing and mineralizing an
ECM in basal culture conditions (Fig. 4).

We also investigated the mineralization in
response to BMP2 and dexamethasone. Even
after 14 days of induction with BMP2 or
dexamethasone, No (AFT024) or a very slight
(BFC012 and 2012) matrix mineralization was

Fig. 1. Distinct induction of ALP activity in murine clonal fetal liver and bone marrow mesenchymal cells.
Bone marrow-derived clonal (BMC9, BMC10) (A) and fetal liver cells (AFT024, BFC012, 2012) (B) were
cultured for up to 14 days in the presence or absence of BMP2 (200 ng/ml) or dexamethasone (10�7M), and
alkaline phosphatase activity (ALP) was determined. *indicates a significant difference with untreated cells
(Control). Note that ALP activity can be promoted by BMP2 or dexamethasone in murine clonal bone marrow
and fetal liver stromal cells.
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observed by day 14 after BMP2 or dexametha-
sone stimulation (Fig. 4). These results indicate
that, under these in vitro conditions, some of
fetal liver-derived mesenchymal cells can be
induced to express osteoblastic markers under
stimulation with osteoblastic differentiation
inducers; however, these cells are unable to
fully differentiate into mature mineralizing
cells.

DISCUSSION

Information on the osteogenic capacity of
clonal stromal MSC comes primarily from ana-
lysis of murine or human bone marrow stromal
MSC [Dennis et al., 1999; Oyajobi et al., 1999;

Pittenger et al., 1999]. In contrast, our knowl-
edge is limited on the differentiation capacity of
clonal MSC present in non-skeletal hemato-
poietic compartments. The results of this study
indicate that the capacity to mineralize bone
marrow-derived lines is superior to that of fetal
liver-derived lines, which is in agreement with
the microenvironmental difference between the
two hematopoiesis sites. However, independent
of their site of origin, mesenchymal lines show
a marked heterogeneity in their osteoblastic
differentiation potential, which further empha-
sizes the heterogeneity of mesenchymal cells.

One important finding is that some murine
clonal fetal liver-derived mesenchymal lines

Fig. 2. Expression of osteoblastic markers in bone marrow-derived clonal mesenchymal cells. Bone
marrow-derived clonal (BMC9, BMC10) cells were cultured for up to 14 days in the presence or absence of
BMP2 (200 ng/ml) or dexamethasone (10�7M), and mRNA levels for early (alkaline phosphatase activity;
ALP) (A), intermediate (osteopontin; OP) (B), and late (osteocalcin; OC) (C) osteoblast markers were
determined by semi-quantitative RT-PCR. Note that BMC9 and BMC10 cells exhibit a distinct pattern of
osteoblast marker gene expression in response to inducers.
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can be induced to express osteoblastic markers
such as ALP or osteocalcin under induction by
BMP2 or dexamethasone. This indicates that
these cells have some ability to differentiate into
cells expressing markers of the osteoblastic
lineage. ATF024 cells that possess this ability
are also able to differentiate into chondrocytes,
adipocytes, and vascular smooth muscle cells,
contrarily to 2012 or BFC012 which have
limited or no differentiation potential [Cha-
teauvieux et al., 2007]. AFT024 cells that are
also able to support hematopoiesis [Hackney
et al., 2002; Chateauvieux et al., 2007] may
derive from a bona fide fetal liver stromal MSC,
in contrast to the other lines deriving from
mesenchymal precursors with restricted prop-
erties. The heterogeneity of the fetal liver-
derived lines was also demonstrated by our
finding that BMP2 and dexamethasone differ-
ently increased the expression of osteoblastic
markers such as ALP, OP, and OC in these lines.
The different response of clonal lines to these
inducers is not specific to MSC from non-
skeletal site since bone marrow-derived BMC9
and BMC10 cells also differed in their response

to osteogenic stimuli. The different response to
the differentiating inducers may result from a
distinct basal phenotype such as expression of
BMP or glucocorticoid receptors resulting in a
variable induction of signaling molecules and
transcription factors that are known to mediate
the effects of BMP2 and dexamethasone in
osteoblast precursor cells [Celil and Campbell,
2005; Osyczka and Leboy, 2005; Phillips et al.,
2006; Ito et al., 2007]. Taken together, our re-
sults indicate major heterogeneity in the prop-
erties of the studied clonal cell lines, which is
fitting with the known heterogeneity of MSC
according to their proliferation and differentia-
tion potential [Dennis et al., 1999; Oyajobi et al.,
1999; Pittenger et al., 1999; Muraglia et al.,
2000].

The other major finding reported here is the
distinct phenotypic feature that distinguishes
fetal liver and bone marrow cells. The complete
osteoblast differentiation program is character-
ized by the production and mineralization of
a mineralized ECM [Karsenty and Wagner,
2002]. Bone marrow-derived clonal BMC9
and BMC10 cells were found to produce an

Fig. 3. Effect of osteoblastic differentiation inducers on osteoblastic markers in clonal fetal liver-derived
cells. Fetal liver cells (AFT024, BFC012, 2012) were cultured for up to 14 days in the presence or absence of
BMP2 (200 ng/ml) or dexamethasone (10�7M), and mRNA levels for the osteoblast markers ALP (A), OP (B),
and OC (C) were determined by semi-quantitative RT-PCR. Note that BMP2 or dexamethasone moderately or
greatly increased early or late osteoblast markers in AFT024 or 2012 cell lines.
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extensive mineralized matrix, which indicates
that the cells are able to behave as functional
mature osteoblasts in vitro. In marked contrast,
in our conditions, none of the fetal liver-derived
stromal cell lines showed significant minerali-
zation in vitro, despite long-term culture in a
microenvironment favoring osteogenesis. Early
in vivo observations [Marie et al., 1981, 1982] as
well as more recent findings [Murshed et al.,
2005] indicate that type I collagen, calcium,
phosphorus, and ALP activity are required and
sufficient to induce bone matrix mineralization
in vivo. We found that although ALP activity
was induced by BMP2 or dexamethasone in two
of the three studied fetal liver-derived cells, the
capacity of these cells to produce a mineralized
matrix was very limited compared to bone
marrow-derived stromal cells, despite the pres-
ence of calcium, phosphorus, and ECM forma-
tion. This restricted phenotype was not related
to the lack of expression of non-collagenous
proteins such as osteopontin or osteocalcin,
since osteopontin does not contribute but rather

inhibits matrix mineralization by osteoblasts
[Addison et al., 2007], and osteocalcin is not
predictive of the osteogenic potential in vivo
[Yamamoto et al., 1991; Ducy et al., 1996].
Overall, these results suggest that intrinsic
properties distinguish bone marrow-derived
and fetal liver-derived stromal cells in their
ability to differentiate into functional mineral-
izing osteoblasts.

Several hypotheses may be proposed to ex-
plain the phenotypic feature that distinguishes
MSC from liver and bone marrow stroma. One
hypothesis is that the distinct osteogenic
capacity of MSC is dependent on the hemato-
poietic site. In this case, the complete osteogenic
differentiation of fetal liver stromal cells may
require the action of local factors which are
expressed in the bone microenvironment, but
not in the fetal liver stroma. This hypothesis is
supported by the recent concept that the
production of functional mature cells from stem
cells is largely dependent on elements of their
microenvironment [Moore and Lemischka,

Fig. 4. Distinct mineralization capacity of murine clonal fetal liver and bone marrow mesenchymal cells.
Bone marrow-derived clonal (BMC9, BMC10) and fetal liver cells (AFT024, BFC012, 2012) were cultured for
up to 14 days in the presence or absenceof BMP2 (200ng/ml) or dexamethasone (10�7M), and the osteogenic
capacity was determined by alizarin red staining. Note that, in contrast to bone marrow-derived stromal
cells, fetal liver stromal cells show undetectable or little ECM mineralization capacity in vitro.
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2006]. Additionally, fetal liver cells, which are
normally present in a non-skeletal hemato-
poietic site, may be less sensitive to local
osteogenic inducers present in the skeletal
environment. Finally, the distinct phenotype
observed in fetal liver and bone marrow stromal
cells may be due to a distinct developmental
program as well as different microenvironment.
Recent analysis using cDNA array indicates
that gene networks may be operative in MSC
independently of the hematopoietic site [Cha-
teauvieux et al., 2007]. The differences in gene
expression program in bone marrow and fetal
liver cells may explain the preferential differ-
entiation pathway followed by MSC from either
site.
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