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Abstract Adult stem cells are essential for tissue renewal, regeneration and repair, and their expansion in defined
culture medium is on focus for regenerative medicine and genetic pathologies. The bone marrow has been shown to be
very rich is pluripotent mesenchymal stem cells (MSCs) capable of forming bone, cartilage and also may give rise, to
neurons and astrocytes in vivo and in vitro. MSCs can be isolated and expanded in culture, but human cells cannot be
verified for a cartilage or a bone fate by transfer experiments. Accordingly, here we used different approaches to
characterize hMSCs osteoblastic differentiation in vitro. hMSCs grown in culture in the presence of fetal bovine serum
(FBS) expressed the bone-specific transcription factor Runx2/AML3. When cells were incubated in osteoblastic
differentiation medium, cells expressed transcripts belonging to the signaling of Indian HH-PTHrP axis, GLI transcription
factors, and bone target genes including osteopontin. The HH pathway proved to be functional since it induced cells to
grow. Cells growing or differentiating to osteoblasts presented the Runx2/AML3 transcription factor, its partner CBFB, and
Smad2/3 at the nuclei associated with the nuclear matrix. Furthermore, Runx2/AML3 was observed to co-localize with
SC35 to the nuclear intermediary filaments. These data support the notion that hMSCs isolated from human bone are or
become bone progenitor cells upon culture. In the absence of FBS and in the presence of insulin or prolactin, cells show
cytoskeletal organization and an AP-1 transcription site activity resembling proliferative osteochondrocytes while cells in
the presence of dexamethasone and addedprolactin or TGF-b resembled differentiated osteoblasts. These specific cellular
conditions match those observed during endochondral bone formation. J. Cell. Biochem. 98: 1457–1470, 2006.
� 2006 Wiley-Liss, Inc.
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Mesenchymal stem cells (MSCs) are a subset
of bone marrow cells that are capable of self-
renewal and of forming chondrocytes, osteo-
cytes, and adipocytes (multipotential) [Caplan,
1987; Lennon et al., 1996; Pittenger et al., 1999;
Jiang et al., 2002]. The characterization of these

cells holds significant promise for basic science
in cell biology, for understanding developmen-
tal/regeneration processes, and also in clinical
medicine [Aggarwal and Pittenger, 2005;
Le Blanc et al., 2005]. However, the lack of
distinctive characteristics makes it very diffi-
cult to study stem cells in their natural context
in tissues. It has been shown that skin and hair
follicles depend on the self-renewal capacity of
long-lived stem cells. Regeneration is accom-
plished by a bi-potent cell that can be induced to
migrate downwards to the hair follicle aswell as
outwards to resurface at the epidermis in
response to wounding [Morris et al., 2004;
Tumbar et al., 2004]. These results were
obtained by different approaches to overcome
that epithelial stem cells cannot be tested
readily in vivo for functional competence. The
best characterized stem cells in themammalian
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blood-forming system are the clonogenic, multi-
potent hematopoietic stem cells (HSC) that
have been prospectively isolated from bone
marrow and demonstrated at the single-cell
level the capacity to regenerate the entire
hematopoietic system [Kondo et al., 2003].
However, human MSCs are less known and
given the serious implications of the possible
contribution to neuronal lineages and cancer
[Beachy et al., 2004; Massengale et al., 2005], a
rigorous functional characterization of hMSCs
is needed before recommending their use in
clinical medicine. What it is becoming clear is
that stem cells isolated from adults divide
infrequently and that their fate is influenced
by specialized microenvironments or ‘‘niches’’
that house and regulates the stem cell pool.
After an in vivo insult or a culture-expansion,
cells divide to give rise to more proliferative
daughter cells that eventually lose their pro-
liferative capacity and undergo terminal differ-
entiation.

According to Calvi et al. [2003] and Zhang
et al. [2003], in the bone marrow of adult
animals HSC are located in niches where osteo-
blasts synthesize many molecules of the extra-
cellular matrix together with regulatory
proteins. These two groups used different
genetic strategies to increase the size of the
osteoblast pool and this caused a parallel
increase in the HSC population. Recently, it
has been identified osteopontin as the compo-
nent synthesized by osteoblasts in the HSC
niche that negatively regulates the HSC pool
size [Stier et al., 2005]. Although the exact
localization ofMSCs in thebonemarrowof adult
humans is unknown it is well demonstrated
that MSCs are responsible for the development
of the axial and appendicular skeleton in
vertebrates. To this end, MSCs first condense
and form a cartilaginous template of the bones
that is surrounded by several layers of fibro-
blast-like cells conforming the perichondrium
[Long et al., 2004]. In most condensations, cells
become chondrocytes with proliferative capa-
city. Chondrocytes at the center of the cartila-
ginous template stop proliferating and become
hypertrophic chondrocytes, directing adjacent
perichondral cells to become osteoblasts form-
ing the bone collar, vascularization, and bone
mineralization. In long bones, the growth of
chondrocytes continues at the growth plate,
which in humans disappears at the time of
adolescencewhile in experimental animals, this

is not the case. This causes difficulties to extra-
polate skeletal development/repair data from
experimental animal to human, as well as the
fact that hMSCs, as occurs with epithelial stem
cells, cannot be verified for functional compe-
tence in vivo.

We approach the characterization of hMSCs
that maintain osteochondral fate by experi-
ments of osteoblastic differentiation in vitro.
We determined the expression of the regulatory
loop Hedgehog (Hh)-Paratohormone-related
peptide (PTHrP) and bone target genes. Cells
express Indian hedgehog (IHh), one of the three
mammalian homologs of theDrosophilaHedge-
hog (hh) protein, that is a key regulator of the
endochondral skeleton [Vortkamp et al., 1996;
St-Jacques et al., 1999]. IHh is expressed bypre-
and early hypertrophic chondrocytes, where it
is a potent positive regulator of chondrocyte
proliferation and controls chondrocyte hyper-
trophy via PTHrP [Karp et al., 2000; Long et al.,
2004]. IHh cellular signaling is mediated by the
Ptc and Smo proteins and the Gli zinc-finger
transcription factors [Mullor et al., 1997; Palma
and Ruiz i Altaba, 2004]. This work shows that
during hMSC osteoblastic differentiation the
cells express transcripts of the regulatory loop
IndianHH-PTHrP and bone transcripts such as
osteopontin and osteocalcin. Results show
that hMSCs express the bone- and cartilage-
specific transcription factor Runx2/AML3/Cbfa.
In addition, this work shows the organization of
the cytoskeleton, the presence of CBFB, Smad2/
3 at the nucleus and the how Runx2/AML3 co-
localized with the SC35 splicing factor at the
nuclear matrix. These probes characterize
human bone marrow-derived MSCs, verifying
that they are osteochondro progenitor cells after
in vitro expansion.

MATERIALS AND METHODS

Cell Culture

Two to four milliliters of human bonemarrow
samples from healthy donors were provided by
Dr. Rañada from the Hospital Universitario La
Princesa (Madrid, Spain). The isolation and
culture expansion of hMSCs from 36 healthy
donors were carried out, as previously described
[Lennon et al., 1996; Ogueta et al., 2002]. Cells
were collected by centrifugation on 70% Percoll
gradient and seeded at 200,000/cm2 in DMEM-
LG supplemented with 10% FBS. hMSCs osteo-
blastic differentiation was performed following
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the methodology used in previous work [Pitten-
ger et al., 1999]. Briefly, aliquots of 8� 105

hMSCswere plated and incubatedwithDMEM-
LGplus 10%FBSduring 14–16 h. Adhered cells
were then washed with PBS and incubated in
differentiation medium (C), DMEM-LG with
ITS (6.25 mg/ml insulin; 6.25 mg/ml transferrin;
6.25 mg/ml selenous acid) (Collaborative Re-
search), 1 mM pyruvate (Gibco); 37.5 mg/ml
ascorbate (WAKO), at 378C in 5% CO2. Cells
were treated with 0.1 mM dexamethasone (Dec-
adran,Merck), 0.06ng/mlTGF-b (R&DSystem),
40 ng/ml human recombinant PRL (hrPRL)
(generously provided by Dr. Martial, Belgium),
ora combination thereof for 1week.Themedium
was replaced twice per week.

Proliferation Assays

Proliferation was determined by measuring
the incorporation of (3H)-thymidine to hMSCs.
Cells (15� 103) were seeded in M24 culture
dishes and cultured in DMEM-LG supplemen-
ted with 10% FBS for 16 h. Then, cells were
starved for 48 h and pulsed with 1 mCi of (3H)-
thymidine for the last 8 h. The functionality of
the hh signaling pathway was assessed by the
addition ornot to cells of rmSonic hhat 0.3mg/ml
from Ontogeny or 10% FBS, or retinoic acid at
100 nM (Sigma-Aldrich) as positive controls.
Each treatment was assayed in triplicate. Cells
were harvested, after two of freeze-thaw cycles,
with an automatic collector and radioactivity
was measured in a beta scintillation counter.
The results are expressed in cpm. Values are
means of three separate experiments�SEM
(error bars).

In Situ Immunofluorescence and Digital
Microscopy

hMSCs were plated on 0.5% gelatine-coated
coverslips (40� 103 cells/slip) (bovine skin,
Sigma), cultured in medium C and treated
or not with the above described factors over
1 week. Cells were processed as described
previously [Javed et al., 2000], with some modi-
fications. Briefly, for whole cell preparations
cells were rinsed twice with ice-cold PBS and
fixed in 3.7% formaldehyde in PBS during
15 min at RT. Then, cells were permeated in
0.1% Triton X-100 in PBS and blocked for
immune staining. For cytoskeleton (CSK) pre-
parations, cells were incubated with 0.5%
Triton in CSK buffer containing 10 mM pipes,
pH 6.8, 3 mM MgCl2, 100 mM NaCl, 1 mM

EGTA, 0.3 M sucrose, and 1 mM PMSF for
30 min on ice. Then, proteins were extracted by
washing with CSK buffer. For nuclear matrix
preparations, DNA was digested. To this end,
cell preparations were depleted of soluble pro-
teins as described above, and incubatedwith 1%
NP-40, 0.5% deoxycholate acid twice for 2 min.
They were then washed with 0.3 mM imidazole
in H2O, incubated at room temperature with
DNase I (50 IU/ml) in CSK buffer, twice for
30min, and cell preparations werewashedwith
CSK containing 0.25 M (NH4)2SO4. To detect
NM-IF, the procedure was as with the NM
preparations but protein washing was accom-
plished using 2 M NaCl in CSK buffer during
5 min. The preparations were then fixed with
3.7% formaldehyde. For cytoskeleton, nuclear
matrix and NM-IF, the preparations were
blocked with 1% BSA-0.1% Triton X-100 in
PBS (PBSA) for 2 h at RT and exposed toRunx2/
AML3 antibody (1/500, Oncogene), CBFB and
Smad2/3 antibodies (1/200, Santa Cruz), phal-
loidin (1/100, Molecular Probes), serum from
bGH-Tg mice (1/100) [Ogueta et al., 2000], and
anti-SC35 [Fu and Maniatis, 1990] (anti-speck-
lesmonoclonal antibody (1/50) providedbyDr. I.
Correas from the Severo Ochoa Molecular Bio-
logy Centre for 1 h. Cover slips were washed
four times with PBSA. Secondary antibodies
were either Alexa488 goat anti-rabbit or
Alexa594 goat anti-mouse (Molecular Probes,
Eugene, OR). These antibodies were used at 1/
500 dilution.When required, nucleiwere stained
withHoestch (1/5,000) for5minand thenwashed
three times with PBS 0.1% Triton X-100. Immu-
ne staining of cell preparations was detected
using a laser scanning confocal microscope
LSM510 META coupled to an inverted Axiovert
200 (Zeiss) microscope from the CBMSO Micro-
scopy Service.

Reverse Transcription (RT)-PCR

RNA from 1.5� 106 cells was extracted and
used for RT reactions as previously described
[Ogueta et al., 2002]. The conditions for each
PCR determination, gene, primer sequences
(GeneBank), temperature, number of cycles
and DNA-band sizes were as follows: Indian
HH, gaggagtccctgcattatga (111–130) and cag-
gaaaatgagcacatcgc (431–412) (XM_050846),
548C, 35, 321-bp. Sonic Hh, gaagatctccagaaac-
tcc (343–361), and tcgtagtgcagagactcc (576–
558) (NM_000193), 578C, 35, 234-bp. PTC,
tttggactgcttctgggaaggg (681–702) and tttttgt-
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tgggggctgtggc (923–904) (U43148), 578C, 35, 243-
bp. SMO, caggacatgcacagctacatcg (543–564) and
ccacaaagaagcacgcattgac (887–865) (AF114821),
538C, 35, 345-bp. GLI1, tgcagccaatacagacagtgg
(1449–1469) and cagtataggcagagctgatgc (1741–
1721) (NM-005269), 578C, 35, 293-bp. GLI2,
cacaagcgcagcaaggtcaag (701–722) and cagcctcct-
gcttacagtcat (827–807) (AB007296), 578C, 35,
127-bp. GLI3, cagctccacgaccactga (72–89) and
gtccatggcaaacaccgt (390–373) (M57609), 608C,
35, 319-bp.PTHrPcttggaagaggtacctgctttc (2193–
2215) and ggaaagttgattccacacaccc (4863–4842)
(M57293), 538C, 35, 507-bp. Sox9, cgatctgaagaag-
gagagcga (533–553) and cgttcttcaccgacttcctcc
(912–892) (Z46629) 548C, 35, 380-bp. Col1A1,
aatcacctgcgtacagaacgg (230–250) and cctccggttg-
atttctcatca (640–620) (NM_000088), 538C, 35,
411-bp. OP-1, ctaggcatcacctgtgccatacc (139–161)
and cttgtggctgtgggtttcagc (789–769) (J04765),
598C, 35, 651-bp. Runx2/AML3, cgtattcctgta-
gatccgagc (4–24) and ggggaggatttgtgaagacgg
(583–563) (NM_004348), 568C, 35, 582-bp. OC,
agcagggtgcagcctttgt (110–128) and acaggtagc-
gcctgggtct (178–160) (NM-000711), 548C,
35, 69-bp. b-Act, gcatggagtcctgtggcatccacg (844–
867) and gggtgtaacgcaactaagtcatag (1198–1175)
(X00351), 608C, 35, 357-bp.

Electrophoretic Mobility Shift Assays (EMSA)

Nuclear extracts were prepared as described
previously [Olazabal et al., 2000]. TGF-b-
responsive element, TbRE, [Zaidi et al., 2002]
50-caccacagccagaccacaggcagaca-30 (sense) 50-tg-
tctgcctgtggtctggctgtggtg-30 (antisense), or the
mutants M1, 50-caggacagccagaccacaggcagaca-
30 (sense), 50-tgtctgcctgtggtctggctgtcctg-30 and
M2, 50-caccacagccagaccacaggcatcca-30 (sense) and
50-tggatgcctgtggtctggctgtggtg-30 (antisense). AP-
1 binding site activity was determined as des-
cribed earlier [Olazabal et al., 2000]. Twenty
nanograms of ssDNA probe was labeled using
T4-PNK enzyme (New England Biolab) follow-
ing the manufacturer’s indications. After label-
ing, 32P-ssDNAprobeswereannealedwith their
respective complementary antisense DNA, and
filtered in a sephadex-G-50 column equilibrated
with 10 mM Tris-HCl, pH 7.4. DNA-protein-
binding reactions were conducted in a 20 ml
volume. Reaction mixtures were composed of
0.25 mg poly (dI-dC) (Sigma, St. Louis, MO),
2.5 mg nuclear protein extracts, 0.25 mg dena-
tured salmon sperm DNA, 4 mg BSA, 0.15 ng
32P-probe (100–150� 103 cpm), and 4 ml (5�)
binding reaction buffer. The binding buffer was

composed of 20mMHEPES,pH7.9, 60mMKCl,
5 mM MgCl2, 0.2 mM EDTA, 8% glycerol,
0.1 mM PMSF, 1% NP-40, 1 mM DTT, and a
mixture of protease inhibitor from Roche. Bind-
ing reactions were carried out at 48C during
30 min. For supershift analysis, 1 mg of the
following antibodies was used: Runx2/AML3
(FL-182), Smad2/3 (N-19), c-Jun (H-79), and c-
Fos (K-25) from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Antibodies were added after
the first 15 min of incubation after which
samples were left at room temperature for
30 min. Reactions were resolved on 4% non-
denaturing polyacrylamide gel and Tris-glycine
buffer (prerun at 30V for 20min) using aPower-
Pac300 (BioRad). The loaded gelswere run at 60
V during 60 min, dried, and exposed on X Omat
films (Eastman Kodak, Rochester, NY).

RESULTS

Transcripts of the Indian Hh-PTHrP Regulatory
Loop Are Expressed During Osteoblastic

Differentiation of hMSCs

Eight different batches hMSCs maintained
in culture were assayed for the expression of
Sonic HH (SHH) and IHH by RT-PCR and the
results were negative. We then assessed whe-
ther hMSC osteoblastic differentiation bears
any relationship with the endogenous expres-
sion of genes involved in endochondral bone
formation. Thus, we determined the transcripts
of the HH-PTHrP signaling pathway and bone
target genesby comparativeRT-PCR.The effect
of PRL, Dex, or a mixture thereof was also
assessed and compared with the effect of TGF-b
plusDex.To this end, 1–1.5� 106hMSCsgrown
to 70%–80% confluence were deprived of FBS
and incubated in DMEM-low glucose medium,
ITS (insulin, transferrin, selenium) and ascor-
bic acid over 1 week (control medium, C).
Aliquots of these cells were treated with TGF-
b plus Dex (TþD) [Pittenger et al., 1999], Dex
(D), prolactin (P), or prolactin plus Dex (PþD)
[Ogueta et al., 2002]. We determined the
transcripts of: (i) members of the HH family
(Indian and Sonic), Paratohormone-related
peptide (PTHrP); PTC receptor, SMO and
GLI1, GLI2 and GLI3 (Fig. 1A); and (ii) bone
target genes such as collagen Col1A1, osteopon-
tin (OPN), and osteocalcin (OC), and bone
transcription factors such as Runx2/AML3
and Sox 9 (Fig. 1B). Determinations of the
transcripts of b-actin were carried out in all
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samples and experiments for normalization
as well as RT negative control (lane neg). It
was observed that either the composition of C
medium or the endogenous ligands produced by
the cellswere sufficient to induce the expression
of the transcripts of the IHH (Sonic was not
found)-PTHrP regulatory loop, PTC, SMO,
GLIs, and bone target genes. Interestingly, only
small, non-significant differenceswere detected
by cell treatment with P, PD, D, or TD. The
results were in agreement with our previous
data on chondrogenesis [Ogueta et al., 2002]
and suggest that bone marrow-derived hMSCs
would osteochondroprogenitor cells. In addi-

tion, our present data indicate that PRL, Dex,
TGF-b, or mixtures thereof do not alter cell
specification.

In order to determine whether the IHH
signaling pathwaywas active cells were treated
with rmShh. As shown in Figure 2, SHh addi-
tion to cells opened the HH signaling pathway
and duplicated the proliferation rate of hMSCs.
This result is consistent with the functionality
of the IHHpathway for triggering the activation
of the GLI transcription factors.

Electrophoretic Mobility Shift Analysis of
Active TbRE and AP-1 Sites

It has been established that Runx2/CBFA1/
AML3 transcription factor is required for bone
development and osteoblast differentiation
[Ducy et al., 1997; Komori et al., 1997; Mundlos
et al., 1997; Otto et al., 1997; Nakashima et al.,
2002; Stein et al., 2004]. Runx proteins interact
through their C-terminal end with Smads and
recruit these transcription factors to the active
transcription sites [Zaidi et al., 2002]. Runx2/
AML3-Smad complexes interact with the TGF-
b-responsive element (TbRE), which comprises
two Runx2/AML3 and two Smad consensus
sequences. Accordingly, we next tested the bin-
ding activity of these transcription factors to

Fig. 1. Expression of IHH and bone genes in hMSCs differ-
entiating to bone by RT-PCR. Total RNAs were isolated from
1� 106 cells incubated for 1week in chemicallydefinedmedium
in the absence (C) or in the presence of the indicated regulatory
factors: 50 ng/ml prolactin (P); 100 nM dexamethasone (D); and
0.06 ng/ml TGF-b (T). Negative image of ethidium bromide-
stained agarose gels showing the expected PCR products. A:HH
genes and (B) bone target genes. Lane neg shows a control of RT
reactions. The specific primers used are described in Methods
section.

Fig. 2. Activation of Hedgehog signaling pathway induces
proliferation of hMSCs. Cells (1.5�104) were seeded, cultured
for 16 h, starved over the following 48 h and treated or not with
10% FBS, recombinant mSonic (0.3 ng/ml) or Retinoic acid (100
nM). Cells were pulsed for the last 16 h of incubation time with
3(H) thymidine mCi/ml), harvested, and quantified in a liquid
scintillation counter. Results are expressed as rates of cell
proliferation with respect to controls. Values are means of three
separate experiments� SEM (error bars).
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TbRE site in nuclear extracts from hMSCs-
differentiating osteoblasts by EMSA. As can be
observed in Figure 3A (lane 1), a single complex
was retarded from control nuclear extracts
incubated with the TbRE probe while incuba-
tion with the M1 (Fig. 3A, lane 2, and the M2
(Fig. 3A, lane 3) probes partially blocked their
respective complex-binding activity. We obser-
ved that the binding activity in nuclear extracts
from C- and P-treated cells was higher than in
those from PD, D, or TD treated cells (Fig. 3C).
The participation of both Runx2/AML3 and
Smad2/3 in the retarded complexes was deter-
mined by supershift analysis using antibodies
directed against Runx2/AML3 or Smad2/3. As
shown in Figure 3D, the addition of Runx2/
AML3 antibody to the binding reaction mixture
containing TbREprobe did not produce a super-
retarded band while the presence of nuclear
extracts from osteoblastic differentiating cells

caused a supershifted band of decreased mobi-
lity. The activity of super-retarded bands was
higher in lanes PD, D, and TD than in C and P.
These results suggest that glucocorticoids affect
either the composition of the TbRE retarded
complex, or alter antigenic domains exposed in
the complex, or both. Interestingly, Smad2/3
supershift analysis revealed a reduction of
TbRE retarded band and a major super-retar-
ded complex in nuclear extracts from C and P,
Figure 3B. These results suggest that in the
presence of glucocorticoids other proteins must
participate in the complex. Since many pro-
teins, such as the transcription co-activator,
p300 or NCo-140, associate with this transcrip-
tion factor [Stein et al., 2004] further work is
needed.

Several lines of evidence have shown that in
addition of Runx2 other transcription factors
from theAP-1 family [Kenner et al., 2004] [Eferl

Fig. 3. Transcriptional activity of TbRE sites in osteoblastic
differentiating cells. Nuclear extracts were prepared from cells
incubated for 1 week under conditions C, P, PD, D, and TD as
in Figure 1. A, C: Each nuclear extract (2 mg) was analyzed by
EMSA using a 32P TbRE probe (C) or M1 and M2 mutated probes
(A). B, D: nuclear extracts were analyzed by supershift assays

using anti-Smad2/3 (B) and anti-Runx2/AML3 (D) antibodies
respectively. An equal amount of a non-specific antibody
(0.2 mg) was used and analyzed in the first lane of B and D.
Arrows indicate retarded complexes. The figure shows a
representative experiment out of a total of three performed.
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et al., 2004] play an important role in bone
development. Additionally, it is also known that
PRL,TGF-bandDex regulate the activity ofAP-
1 transcription sites [Olazabal et al., 2000; Palcy
et al., 2000]. Thus,we considered it of interest to
explore the activity of AP-1 sites in nuclear
extracts of osteoblastic differentiating hMSCs
by EMSA and supershift assays. A specific band
was retarded, corresponding to the AP-1 com-
plex in nuclear extracts of C cells (Fig. 4A),
which disappeared upon incubation with a 50-
fold molar excess of unlabeled probe. It was
observed that AP-1 activity was higher in
nuclear extracts of cells maintained in basal
differentiation medium C or in cells treated
with prolactin P (Fig. 4A, lanes C and P) while
decreased activity was detected when Dex was
present in the incubation medium (Fig. 4A
lanes, PD, D, and TD). We also observed that
c-fos was the major component of the AP-1
retarded complex (Fig. 4B), while c-Jun was
only detected in nuclear extracts from C and P
(Fig. 4C). These results addnewevidence for the
osteoblastic cell lineage of bonemarrow-derived
hMSCs.

Cytoskeletal Organization

The ability of TGF-b to modulate cell mor-
phology and the actin cytoskeleton has been
reported previously for a variety of cell types
[Moustakas and Stournaras, 1999]. It is also
known that dexamethasone causes the reorga-
nization of the cell tight junctions, preventing
the formation of F-actin [Guan et al., 2004].
Thus, we decided to study the organization of
the cytoskeleton during hMSCs osteochondral
differentiation, as well as the effect of PRL. To
accomplish this, we determined actin cytoske-
leton rhodamine–phalloidin staining by direct
fluorescence. We also determined the organiza-
tion of microtubules/microtubule-associated
proteins by indirect fluorescence using the
serum from bGH-transgenic mice [Ogueta
et al., 2000]. To this end, hMSCs were seeded
on gelatin and aliquots were differentiated
using the experimental conditions shown in
Figure 1 or were maintained with FBS (F) for
1week (Fig. 5). Itwas observed that cells treated
with PRL (P) showed a fibroblastic morphology,
with abundant actin stress fibers as in C- and F-
treated cells. Treatment of hMSCs with dex-
amethasone (D) resulted in an alteration of the
overall cell shape, which became rounded,
spindle-shaped and flat cells. D-treated cells

show actin stress fibers emanating from abun-
dant focal adhesions, which were supported by
concomitant changes in the organization of the
actin cytoskeleton. TheseD-induced alterations

Fig. 4. Transcription activity of AP-1 sites in osteoblastic
differentiating cells. Nuclear extracts (2 mg) were also analyzed
by EMSA using 32(P)-AP-1 probe. A 50-fold excess of unlabeled
AP-1 consensus probe was used as specific competitor. A: The
retarded complex of a representative experiment is shown in
lanes C, P, PD, D, TD, Fp (free probe), and 50� (specific
competitor). B: nuclear extracts were analyzed by supershift
assays using anti-c-Fos and anti-c-Jun C. Arrows indicate the
retarded AP-1 complex and the supershifted complexes. Three
independent experiments were performed.
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Fig. 5. Cytoskeletal reorganization induced by osteoblastic
differentiating hMSCs. Cells (40� 103) were seeded on 0.5%
gelatin-coated coverslips and cultured for 24 h in the presence of
FBS. Cells were incubated in triplicate in medium C, P, PD, D,
TD, and F (FBS) for 1 week as described in Materials and

Methods. Theywere thenfixed in 3.7%paraformaldehyde in PBS
and permeabilized with 0.5% Triton. Actin was detected by
direct fluorescence using rhodamine–phalloidin and tubulin-
associatedorganizationby indirect fluorescence, using serum for
bGH-Tgmice and a secondary antibody labeledwith Alexa-488.
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persisted in cells treated with PD and TD. The
results also showed that in the presence of D,
microtubules/microtubule-associated proteins
undergo changes to be adapted to an increase
in cell volume. These changes in the cytoskele-
ton were consistent with those caused by TGF-b
and Dex described in previous works [Mousta-
kas and Stournaras, 1999; Rodriguez et al.,
2004]. Up to this point, the results suggest that
under C and P osteoblastic differentiation
conditions hMSCs have the characteristic cel-
lular cytoskeleton of proliferating and non-
terminal differentiated cells. However, in the
presence of D, the reorganization of the cytos-
keleton resembles a cellular stage of terminal
differentiation.

Runx2/AML3, CBFB, and Smad2/3 Are
Associated With the Nuclear Matrix of hMSCs

The Runx2/AML3 transcription factor is
essential for MSC differentiation into chondro-
cytes, and chondrocyte proliferation and matu-
ration during skeletal development [Yoshida
et al., 2004]. It has been shown that Runx
factors are transcriptional effectors of Smad
signaling by targeting Smads to specific active
foci within the nucleus [Viereck et al., 2002;
Zaidi et al., 2002; Maeda et al., 2004]. We
wondered whether the three well characterized
transcription factors of bone cells-Runx2/AML-
3, Cbfb, and Smad2/3- might be associated with
the nuclear matrix of hMSCs incubated in
growth or osteoblastic differentiation condi-
tions. To this end, hMSCs were incubated in
growth medium or in osteoblastic differentia-
tion conditions during a week and fixed. Tran-
scription factors were detected by indirect
immunofluorescence using anti-Runx2, anti-
Cbfb and anti-Smad2/3 antibodies in cell pre-
parations in which cytosolic soluble proteins,
the cytoskeleton, DNA and most nuclear pro-
teins had been extracted. Figure 6 shows that
the threenuclear factorswere present in the cell
nuclei, associated with the nuclear matrix, both
during hMSC growth and under osteoblastic
differentiating conditions. These results agree
with those obtained in cells with osteoblastic
lineage where it has been demonstrated that
Runx2/AML3 targets Smad proteins to the
nucleus. Therefore, our results confirm that
hMSCs isolated from adult bone marrow are
bone progenitors cells. This commitment is
preserved both in growth condition and under

cell treatments with PRL, TGF-b, Dex, or
mixtures thereof.

Runx2/AML3 Co-Localizes With the SR
Splicing Factor Family

There is increasing evidence supporting
the notion that gene transcription should not
be viewed simply as a process that turns on a
gene, but as a process of enormous complexity
within a specific sub-nuclear organization
[Kosak and Groudine, 2004]. We were thus
prompted to study whether Runx2/AML3 could
co-localize with the splicing factor SC35 as a
probe for the active transcriptional function of
Runx2 in hMSCs during osteoblastic differen-
tiation. With this in mind, hMSCs were seeded
on gelatine, treated and processed as above, but
more exhaustive cell extractions were per-
formed to retain nuclear matrix intermediate
filaments and associated proteins. Then, cells
were incubated with anti-Runx2/AML3 and
anti-SC35 and secondary antibodies. Figure 7
shows an example of the results obtained from
two separate experiments. The results show
that Runx2/AML3 and the splicing factor SC35
co-localize at activenuclear foci, (yellowdots), in
both growing hMSCs and osteoblastic differen-
tiating cells. The number of yellowdots detected
was similar in cells from different treatments
and were few in comparison with numerous
orange or red dots. Cells have bone active
transcription foci with Runx2/AML3 transcrip-
tion factors and this is not altered by insulin,
ascorbic acid of C medium, and nor by the
addition of PRL, Dex TGF-b nor mixtures
thereof. These results strongly support the
notion that human MSCs are osteochondro
progenitor cells.

DISCUSSION

With increases in life expectancy, the need for
a better understanding of skeletal biology and
associated pathologies such as osteoporosis and
arthritis is crucial. The hope for tissue repair
and regeneration in patients suffering from a
broad spectrum of degenerative and genetic
diseases has led to the study of the cellular and
molecular bases of endochondral bone forma-
tion processes using hMSCs as target cells. This
work reports different approach used to char-
acterize adult human bone marrow-derived
MSCs under growth and differentiation condi-
tions to overcome that they cannot be tested
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Fig. 6. Nuclearmatrix targeting of bone specific transcriptional
factors in osteoblastic differentiating hMSCs. Cells were induced
to differentiate as indicated on gelatin-coated coverslips for
1 week as in Figure 5. Then, cell preparations were treated with
DNAase as indicated inMaterials andMethods.We analyzed the

presence of Runx2/AML3, CBFB and Smad2/3 using specific
antibodies and fluorescent secondary antibodies. Cells did not
show background fluorescence when no primary antibody was
added (results not shown).



Fig. 7. hMSCs and osteoblastic differentiating cells present
Runx2/AML3 co-localized with SC35 at nuclear foci. Examples
of nuclear confocal images from osteoblastic differentiating cells
in the conditions: C, P, PD, D, TD, and F. Images are 100�.

Preparations of nuclear matrix intermediate filaments were
obtained after an imidazole and 2 M NaCl wash. Runx2/AML3
is shown in green fluorescence, SC35 in red, and the completed
overlap between both proteins in yellow.



in vivo for functional competence. The work
strongly supports the notion that hMSC
expanded in vitro are committed to becoming
osteochondro progenitor cells.

During development, cells respond to micro-
enviromental factors through specific phenotypic
alterations thatunderlie epithelialmesenchymal
transition or mesenchymal epithelial transition.
These changes are the ultimate steps in cell
plasticity.However, in adult organismsplasticity
may be less frequent and subject to tighter
restrictions. It has been suggested that the
phenotypic plasticity responsible for all types of
regenerative process is never completely lost
from cells from the adult organism [Prindull
and Zipori, 2004]. The gradual reduction in
plasticity observed after the completion of devel-
opment insures the stability of previously formed
tissues and organs. This restrictive model of cell
organization has been proposed to account for
events within the hematopoietic microenviron-
ment or HSC niche [Zipori and Barda-Saad,
2001].Theresultsof thepresentworksupport the
notion that this restrictive model should be
extended to bone regeneration process from
MSCs. Interestingly, osteoblasts are a major
constituent of HSC niche and the osteopontin
produced by these cells is a negative regulatory
element of the HSC pool size [Calvi et al., 2003;
Zhang et al., 2003; Stier et al., 2005].

Results indicate that bone marrow-derived
hMSCs isolated from adults are osteochondro
progenitor cells that are induced to grow in the
presence of serum or by regulatory factors
present in the microenvironment [Lemischka
and Moore, 2003]. This explains why hMSCs
express the Runx2/AML3 transcription factor,
as occurs in the primitive bone template during
development. In fact, Runx2/AML3 is expressed
in mesenchymal condensations of develop-
ing bones and the mRNA has been shown to
increase in osteochondro tissues during embry-
ogenesis. Interestingly, it hasbeen reported that
Runx2/AML3�/� mice die shortly after birth as
the result of a failure to undergo osteogenesis,
although they do form a cartilaginous precursor
skeleton [Komori et al., 1997; Otto et al., 1997].
Furthermore, it has been demonstrated that
Runx2/AML3 is able to become equally distrib-
uted in parallel with the chromosomal partition-
ing by which cells sustain a balanced expression
of phenotypic genes post-mitosis [Zaidi et al.,
2003]. Significantly, themyogenic contributions
from marrow stromal cells observed [Dezawa

et al., 2005] required in vitro induction, first by
culturing the cells with certain growth factors
and then by ectopic expression of constitutively
active Notch-1.

Our results are consistent with the notion
that hMSCs deprived of serum or treated with
prolactin resemble cells at the stage of prolif-
erative chondrocytes in the endochondral bone
formation program. There are many reasons
to support this hypothesis: (i) cells started to
express IHH,whichwas not detected in hMSCs;
(ii) cells expressed the IHH-PTHhP regulatory
loop, the IHH cellular signaling components,
and bone target genes; (iii) the activation of HH
cellular signaling caused an increase in cell
proliferation. These results are in agreement
with those obtained for vertebrate skeletal
development [Vortkamp et al., 1996; St-Jacques
et al., 1999; Long et al., 2004]. Furthermore, the
cells showed a cytoskeleton organization with
abundant actin stress fibers, suggesting an
active state of cell growth. Interestingly, as
seen to occur in hMSCs the transcription factors
Runx2/AML3, CBFB, and Smad2/3 were
detected in the nuclei. Furthermore the pre-
sence of PRL, which opens the JAK-STAT
signaling pathway, may help to preserve cell
commitment as shown for LIF [Clevenger et al.,
2003]. This action might be redundant with
other members of the hematopoietic family of
cytokines but could accelerate the bone regen-
eration detected after transplanting hMSC and
platelet-rich plasma during distraction osteo-
genesis [Kitoh et al., 2004].

The results obtained on incubating cells in the
presence of glucocorticoids can be interpreted as
the cellular situation of an osteoblast differen-
tiated cell due to the endochondral bone forma-
tion process. Major changes were detected in
cytoskeletal organization, which afforded the
overall cell shape of being rounded, spindle-
shaped, and with a flat morphology as a conse-
quence of actin stress fibers emanating from
abundant focal adhesions. Itwould be interesting
to explore whether the cellular changes are
reversible and also why in the presence of
dexamethasone the TbRE-retarded complex is
eitherRunx2/AML3-enriched or free for antibody
access. Regardless of the interest of the above
issues, themost interesting result is the constant
presenceofRunx2/AML3 inhMSCs,proliferating
cells, or osteoblastic differentiating cells, which
agrees with earlier results obtained in bone-
derived cell lineages. The Runx2/AML3 tran-
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scription factor plays a unique role in skeletal
development [Komori et al., 1997;Mundlos et al.,
1997; Otto et al., 1997; Yoshida et al., 2004]. In
addition to its natural partner CBFB, Runx2/
AML3 interacts with TLE proteins, the nuclear
matrix, andmany transcription factors activated
by different ligands such as TGF-b. Conse-
quently, active foci are detected under all cellular
conditions analyzed in hMSCs. It appears
that active transcription centers represent a
nuclear compartmentwhere the transcripts from
groupsof genesareprocessedandare foundat the
periphery of nuclear speckles/interchromatin.
The results strongly support the notion

that human bone marrow-derived stem cells
become bone progenitor cells upon culture. The
results can be considered promising in terms
of cell therapy for a large number of genetic
and degenerative diseases affecting the human
skeleton. However, before recommending clin-
ical application, we strongly advise that studies
should be carried out to elucidate whether
hMSCs are able to go through epithelial transi-
tions, andwhether a single cancer cell is present
in the pool of progenitor cells.
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