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Human Bone Marrow Osteoprogenitors Express
Estrogen Receptor-Alpha and Bone Morphogenetic
Proteins 2 and 4 mRNA During Osteoblastic
Differentiation

Richard O.C. Oreffo, Vesna Kusec, Silke Romberg, and James T. Triffitt*

MRC Bone Research Laboratory, Nuffield Department of Orthopaedic Surgery, University of Oxford,
Oxford OX3 7LD, England

Abstract Understanding the mechanisms that control the proliferation and commitment of human stem cells into
cells of the osteogenic lineage for the preservation of skeletal structure is of basic importance in bone physiology. This
study examines some aspects of the differentiation in vitro of human bone marrow fibroblastic cells cultured in the
absence (basal media) or presence of 1nM dexamethasone and 50 pg/ml ascorbate for 6, 10, 14, and 21 days. Northern
blot analysis and in situ hybridisation with digoxygenin-labelled riboprobes for Type | collagen, osteocalcin, bone
morphogenetic proteins 2 (BMP-2), and 4 (BMP-4) and the estrogen receptor alpha (ERa), together with immunocyto-
chemical analysis of ERa expression and histochemical staining of alkaline phosphatase was performed. In basal media,
alkaline phosphatase activity and collagen expressions were detected at day 6, ERa from day 10 and osteocalcin from
day 10. In the presence of dexamethasone and ascorbate, cell proliferation and alkaline phosphatase were markedly
stimulated over 10 to 14 days with a dramatic increase in the temporal expression of Type | collagen, ER«, and
osteocalcin mRNAs in these cultures. Northern blot analysis showed cells cultured in basal media, expressed the highest
levels of the mRNA for each marker protein at day 14, whereas in the presence of ascorbate and dexamethasone, the
highest levels for alkaline phosphatase, ERa, osteocalcin, BMP-2, and BMP-4 were observed at day 21. ERa, BMP-2, and
BMP-4 expression were found to correlate temporally with induction of the osteoblast phenotype as determined by
alkaline phosphatase, collagen, and osteocalcin expression. These results give additional information on the develop-
ment of the osteoblast phenotype from early fibroblastic stem cells and on the biological factors involved in this process.
These studies suggest a role for estrogen and BMP-2 and -4 in the differentiation of osteoprogenitor cells. J. Cell.
Biochem. 75:382-392, 1999.  © 1999 Wiley-Liss, Inc.
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According to current hypothesis, osteoblasts,
the cells responsible for bone formation, arise
from stem cells of the mesenchymal lineage.
These cells are self-renewing and multipoten-
tial in nature and generate progenitors commit-
ted to fibroblastic, osteogenic, chondrogenic,
adipogenic, myogenic, and reticular cell
phenotypes [Friedenstein et al., 1987; Owen
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and Friedenstein, 1988; Beresford, 1989; Gimble
et al., 1996; Triffitt, 1996, Triffitt and Oreffo,
1998]. The classical experiments of Frieden-
stein showed that such cells and certain of their
progeny were capable of generating fibroblastic
colonies in vitro, with each colony proven to be
derived from a single cell, termed a colony form-
ing unit-fibroblastic (CFU-F) [Friedenstein,
1973; Friedenstein et al., 1987]. In vivo studies
in a number of animal systems indicate that a
proportion of these CFU-F have high prolifera-
tive and differentiation capacity, and can give
rise to osteogenic tissue within diffusion cham-
bers [Ashton et al., 1980; Bab et al., 1984,
Mardon et al., 1984; Friedenstein et al., 1987;
Benayahu et al., 1989; Kamalia et al., 1992;
Gundle et al., 1995; Bruder et al., 1997]. How-



Human Osteoprogenitor Cell Differentiation 383

ever, the identity and specific characteristics of
the stem cell, the cell stage-dependent changes
that occur during the generation of the progeny,
and the biological controls that result in linear
progression and human osteoblast differentia-
tion remain unclear.

Over the last 10 years, knowledge on the
development, differentiation, and maturation
of the osteoblast phenotype has evolved from
the use of primary cultures of fetal rodent cal-
varial osteoblasts [Bellows et al., 1986, 1987,
Ecarot-Charier et al., 1988; Owen et al., 1990,
1991; Harris et al., 1994; Stein and Lian, 1996;
Boden et al., 1997, 1998]. These cells in pro-
longed culture undergo a defined series of events
from proliferation and the expression of early
marker genes (c-fos, histone H4, TGFB1) and
type | collagen to maturation, with the expres-
sion of osteopontin, alkaline phosphatase, bone
sialoprotein, and osteocalcin and, ultimately,
mineral formation [reviewed in Stein and Lian,
1996]. Induction of the osteoblast phenotype by
a variety of growth factors including glucocorti-
coids and ascorbate has been reported in mu-
rine and human bone cell cultures [Cheng, 1994;
Beresford et al., 1994; Grigoriadis et al., 1988;
Kasugai et al., 1991; Leboy et al., 1991; Owen et
al., 1990; Bellows et al., 1994; Jaiswal et al.,
1997; Oreffo et al., 1997].

As a major steroid hormone, it is well
recognised that estrogen plays a major role in
bone physiology. Estrogen deficiency observed
at the menopause is associated with an in-
creased rate of bone loss and greater risk of
skeletal fracture [reviewed in Prince, 1994].
Other significant regulators of osteogenic differ-
entiation include the bone morphogenetic pro-
teins (BMPs). The BMPs, members of the trans-
forming growth factor-beta superfamily, are key
factors in the process of bone formation and act
as morphogens during embryogenesis [reviewed
in Rosen et al., 1996]. BMPs have been shown
to induce differentiation of multipotential mes-
enchymal cells [Ahrens et al., 1993], enhance
rat osteoblast proliferation, differentiation, ma-
trix synthesis as well as the production of bone
nodules in fetal rat calvarial cell cultures [Rick-
ard et al., 1994; Hughes et al., 1995]. BMP-2
has been shown to induce osteoblast differentia-
tion from pluripotent murine stem cell cultures
and from rat bone marrow stromal cultures
[Katagiri et al., 1990; Yamaguchi et al., 1991;
Rickard et al., 1994; Wang et al., 1993], increas-
ing alkaline phosphatase, collagen, and osteo-

calcin expression. However, there are species
differences between rodent and human osteo-
blasts and, furthermore, many of the studies
detailing the induction of the osteoblast pheno-
type have been performed using passaged rather
than primary stromal cultures. Much is known
about the agents required for the induction of
the osteoblast phenotype and the factors control-
ling the differentiation between lineages, for
example between the adipocyte and osteoblast
phenotypes. However, the temporal expression
of estrogen receptor alpha (ERa) and the bone
morphogenetic proteins and their relationship
to osteoblast differentiation remains unclear.
The major aim of the present study was to
determine the expression of these moieties dur-
ing sequential differentiation of human bone
marrow osteoprogenitors with time in in vitro
culture using Northern blot analysis together
with in situ hybridisation techniques. The cur-
rent study details the development of the hu-
man osteoblast phenotype from early fibroblas-
tic stem cells, which can be accelerated by
treatment with dexamethasone and ascorbate.
Furthermore, the present results clearly show
the appearance of ERa, BMP-2, and BMP-4
mMRNA expressions during osteogenic cell devel-
opment and suggest a direct role for estrogen in
the subsequent differentiation of the commit-
ted osteoprogenitors.

MATERIALS AND METHODS
Materials

Tissue culture reagents were obtained from
Gibco/BRL (Paisley, Scotland). Dexametha-
sone, alkaline phosphatase kits, and other re-
agents were from Sigma Chemical Company
(Poole, Dorset). The cDNA plasmid used for
detection of estrogen receptor-alpha (ERa) was
a generous gift from P. Chambon (IGBMC-
LGME-U.184-ULP, Strasbourg, France). The
Type | collagen probe was provided by E. Vuorio
(University of Turku, Finland), the BMP probes
by Genetics Institute (Cambridge, MA), and
the osteocalcin probe was provided by M. Noda
(Merck, Sharp and Dohme, West Point, PA).
Reagents for RNA extraction and hybridisation
were of molecular biology grade from Sigma
Chemical Company. 1,25(0H),D; was a gener-
ous gift from Roche Products Ltd. (Welwyn Gar-
den City, Herts., England) and Leo Pharmaceu-
ticals (Dr. L. Binderup, Leo Pharmaceuticals
Ltd, Aarhuus, Denmark).
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Cell Culture

Bone marrow samples were obtained from
haematologically normal patients (19 patients,
29-81 years of age, 11 female and 8 male)
undergoing routine total hip replacement sur-
gery or corrective surgery. Only tissue which
would have been discarded was used with the
approval of the local hospital management com-
mittee. Primary cultures of bone marrow cells
were established as previously described [Oreffo
et al., 1997]. In brief, marrow cells were har-
vested using «MEM from trabecular bone mar-
row samples and pelleted by centrifugation at
500g for 5 min at 4°C. The cell pellet was
resuspended in 10 ml «MEM and passaged
through nylon mesh (90 micron pore size; Lock-
ertex, Warrington, England). Samples of cell
suspension were diluted with 0.5% (/) trypan
blue in 0.16M ammonium chloride and the num-
ber and viability of nucleated cells determined.
Cells were plated out on glass slides in square
petri dishes at 2 X 107 nucleated cells/dish or at
107 nucleated cells / T-175cm? flask for North-
ern analysis. Cells were cultured in «MEM
supplemented with 10%(¥/,) foetal calf serum
alone (basal medium) or 10%("/,) foetal calf
serum containing dexamethasone (10-8M) and
50ug/ml ascorbate-2-phosphate. Cultures were
fed after 6 days and thereafter every 3 days for
up to 21 days. Cultures maintained in basal
medium were analysed at day 6, 10, 14, and 21
and cultures maintained in dexamethasone and
ascorbate at days 6, 10, and 14. At these time
points cultures were analysed for mRNA expres-
sion of Type | collagen, estrogen receptor, and
osteocalcin by in situ hybridisation and stained
for alkaline phosphatase activity. Cultures were
maintained at 37°C in a gassed incubator, 5%
CO, in air. At the completion of cell culture, the
medium was removed, the cell layer washed in
phosphate-buffered saline (PBS), and cultures
fixed in 95% (¥/,) ethanol or 4% paraformalde-
hyde for 30 min prior to dehydration in graded
alcohols (50%, 70%, 100% ethanol) and in situ
hybridisation. For osteocalcin in situ hybridisa-
tion and Northern blot analysis, cells were cul-
tured in 10% foetal calf serum containing
1,25(0OH),D; (10® M) for the final 48 h of the
culture period. For Northern analysis, cells were
washed twice in PBS and stored at —135°C
until total RNA was isolated.

Histochemical Staining: Alkaline Phosphatase
Activity

Cultures were rinsed three times in PBS and
fixed in 95% (V/,) ethanol and stained using a
Sigma alkaline phosphatase kit (no0.85) accord-
ing to the manufacturer’s instructions. Histo-
logical examination of the human bone marrow
cultures was performed using a Zeiss Axiophot
photomicroscope (Carl Zeiss Ltd, Welwyn Gar-
den City, Herts, UK), and recorded on Kodak
tungsten film (Kodak, Hemel Hempstead, UK).

Alkaline Phosphatase Assay and DNA Content

Cell layers were washed with PBS and stored
at —70°C until assayed for alkaline phospha-
tase activity. For assay, the cell layer from each
well was scraped into 0.5 ml 0.1% (¥/,) triton-X-
100. Alkaline phosphatase activity was mea-
sured using p-nitrophenyl phosphate as sub-
strate in 2-amino-2-methyl-1-propanol alkaline
buffer solution (1.5 M, pH 10.3 at 25°C). DNA
content was measured according to the method
of West et al. [1985]. Alkaline phosphatase spe-
cific activity was expressed as nanomoles of
p-nitrophenol/h/ug DNA.

In Situ Hybridisation: Preparation of RNA Probes

Digoxigenin-labelled single-strand RNA
probes were prepared for hybridisation using a
DIG RNA labelling kit (Boehringer Mannheim
Biochemica, Lewes, Sussex) according to the
manufacturer’s instructions. Hybridisation was
performed at 60°C for ER«a, 55°C for Type |
collagen and 45°C for osteocalcin for 16 h and
the detection of the hybridised probe was per-
formed using an alkaline phosphatase-coupled
anti-digoxigenin antibody. Slides were assessed
by an independent observer using a Zeiss Ax-
iophot photomicroscope and a positive result
was recorded when most of the cells within
hybridised areas of the slide were found to
contain the colour reaction product (bromo-
chloro-indolyl phosphate/nitroblue tetrazolium).
Intensity of the colour reaction product was not
taken into account when evaluating results ob-
tained. Control hybridisations were performed
with sense probes.

Isolation of Total RNA and Northern Blot Analysis

Total RNA was isolated from T-175 cm? flasks
using acid guanidine thiocyanate-phenol-chlo-
roform as described by Chomczynski and Sac-
chi [1987]. Poly (A)™ RNA was purified from 22
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Hg of total RNA using oligo (dT) coated mag-
netic microspheres (Dynabeads; Dynal UK Ltd.,
Wirral, England) according to the manufactur-
er’s instructions and electrophoresced on 1%
(v/,) agarose gel before blotting on Biodyne ny-
lon membrane (Pall Biosupport, Portsmouth,
UK) under alkaline conditions. The membrane
was baked for 45 min at 80°C to immobilise the
transferred RNA. Three samples for each treat-
ment group were used.

The blot was hybridised with [32P]-labelled
riboprobes (Amersham International, England)
for BMP-2 and 4, ERq, B-actin, and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH)
transcribed from linearised plasmids and ran-
dom primed cDNA probes (Megaprime kit, Am-
ersham International, England) for osteocalcin
and alkaline phosphatase. Prehybridisation and
hybridisation solution consisted of 50% (V/,) for-
mamide, 1% (¥/,) SDS, 4 X SSPE (0.18 M NacCl,
0.01 M NaH,PO,4, 0.001 M Na,EDTA, pH 7.7),
0.05% (%/,) non-fat dried milk and 300 pg/ml
denatured salmon sperm DNA. Probes were
used at ~1 X 10% cpm/ml for hybridisation at
68°C for BMP-2 and BMP-4, 60°C for estrogen
receptor alpha, 42°C for alkaline phosphatase
and osteocalcin, and, 65°C for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). Post hy-
bridisation washes were in 2 X SSC with 0.1%
(¥/,) SDS followed by 0.1 X SSC with 0.1% (V/,)
SDS at the respective temperatures. Oli-
go(dT)15-18 were labelled using a 3'-end label-
ling kit (Promega Ltd., Southampton, England).
Prehybridisation (2 to 3 h) and hybridisation
(overnight) were carried out in a solution con-
sisting of SSC (5X), SDS (0.5% [/,]), Tris-HCL

(10mM, pH7), and Denhardt’s solution (1X; fi-
coll [0.02% (%/,)], polyvinylpyrrolidone (0.02%
[“/,]), BSA (0.02% [%/,]). Hybridisation was per-
formed at 37°C overnight after which the mem-
branes were washed three times in SSC (2X)
with SDS (0.1% [*/,]) at room temperature. The
signal was obtained on autoradiographs by ex-
posing the blot to pre-flashed Kodak X-OMAT
film (Kodak Ltd., Hemel Hempstead, England)
at —70°C. For quantitative measurement of the
relative levels of the mMRNAs, autoradiographs
were digitised with a video camera and ana-
lysed using OPTIMAS image analysis software
(DataCell Ltd, Maidenhead, Berks, England).
MRNA expression was normalised to Oligo
(dT)15-18 levels and the results expressed as
mMRNA levels relative to control/untreated
samples (mean = SD from triplicate samples).

Statistics

All experiments were performed at least three
times. Results of representative experiments
are presented except where otherwise indi-
cated. Values are expressed as mean = SEM.
Statistical analysis was performed by Kruskal-
Wallis (non-parametric) one-way analysis of
variance (ANOVA) with the Dunn multiple com-
parison test and by Student'’s t-test.

RESULTS

Alkaline Phosphatase Expression and Cell
Proliferation

Alkaline phosphatase expression was de-
tected at the earliest time point examined, day
6, in cultures grown on in «MEM alone (Table

TABLE I. Time Course of Alkaline Phosphatase Expression and DNA Content in Human Bone
Marrow Cells Grown in the Presence and Absence of Ascorbate-2-Phosphate and Dexamethasone?

Alkaline phosphatase specific

Time activity (nM p-nitrophenol/ h/ug DNA Total DNA content (g)
point Basal Osteogenic Basal Osteogenic
(days) media media media media

6 11.45 + 1.87 23.05 * 5.59** 27.65 £ 2.91 42.35 *+ 9.38*
10 13.35 = 3.08 26.25 + 10.06* 41.30 = 12.77 46.46 = 9.20
14 30.48 = 2.64 38.92 = 6.67* 52.41 = 1.88 66.59 = 10.47*
21 56.81 + 2.74 91.14 + 19.73** 50.41 + 3.4 65.54 + 7.77

aBasal media (¢!MEM + 10% FCS); Osteogenic media (aMEM + 10% FCS + ascorbate-2-phosphate + Dex). Cells plated at
2 x 1069 cells/well in basal media or osteogenic media and harvested at the indicated time points. Data presented as mean =

SD,n = 4.
*P = 0.05.
**P < 0.01 vs. respective basal control.
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). At this early time point, small fibroblast
colonies, of varying size, morphology, and num-
ber could be observed (not shown). Cell prolifera-
tion, as assessed by DNA content, and alkaline
phosphatase expression were observed to in-
crease to day 21 (Table I).

Culture of human bone marrow cells in dexa-
methasone and ascorbate resulted in acceler-
ated cell proliferation and differentiation as
assessed by DNA content and alkaline phospha-
tase expression (Table I). At day 6, numerous
colonies, predominantly alkaline phosphatase
positive, could be observed by microscopy (not
shown). In all patients examined, irrespective
of age or gender, significant induction of alka-
line phosphatase activity compared to parallel
cultures (in basal media) was observed (Table
1). Extensive matrix deposition was observed in
cultures maintained in dexamethasone and
ascorbate but no von Kossa staining was ob-
served. No mineralised areas or nodule forma-
tion was detected at day 14 in dexamethasone
and ascorbate cultures, or in cultures grown for
21 days in «MEM alone, in any of the marrow
samples cultured under these conditions (data
not shown).

In Situ Hybridisation Studies: Profile of Type |
Collagen, ERe, and Osteocalcin mRNA
Expression

Type | collagen expression was detectable in
only one of four marrow patient marrow cul-
tures examined at the earliest time point (day
6) following culture in basal medium. The fre-
quency of expression of type | collagen in-
creased to 73% of samples at day 10 and peaked
to approximately 90% of samples at day 21
(Figs. 1a, 2). In contrast, following culture in
dexamethasone and ascorbate, expression of
type | collagen increased to 62% of marrow
samples examined at day 6 and peaked to 72%
over 10 to 14 days (Figs. 1b, 2).

ERa expression was not detected in day 6
cultures grown in basal media, however by day
10, high levels of estrogen receptor expression
could be detected and was maintained through-
out the culture period with all samples at the
21-day time point showing strong expression
(Fig. 1a). The increase in cell proliferation, as
assessed by DNA content (Table I), and acceler-
ated expression of collagen mRNA was paral-
lelled by an increase in ERa mMRNA expression
(Figs.1a,b, 2). Expression of 1,25(0OH),D5-stimu-
lated osteocalcin was only detected in four out
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Fig. 1. Temporal expression of mMRNA for Type | collagen (<),
ERa (O), and osteocalcin () in primary cultures of human
osteoprogenitors. Cells were cultured in (a) basal medium («MEM
supplemented with 10% FCS) for 6, 10 14 and 21 days or (b)
oMEM supplemented with 10% FCS, ascorbate-2-phosphate
and dexamethasone for 6, 10, and 14 days prior to mRNA
expression analysis. Number of patient samples assessed for
each probe and at each time point is indicated.

of 10 marrow samples cultured in basal me-
dium at day 10. However, by day 21 expression
of osteocalcin was detected in 66% marrow
samples examined. Culture in dexamethasone
and ascorbate resulted in earlier expression of
osteocalcin mRNA although even under these
osteogenic conditions, expression was still only
observed in 50% of samples at day 14 (Figs.
1a,b, 2). No differences in the patterns of expres-
sion for alkaline phosphatase, ER«, and osteo-
calcin mRNA were observed between female
(n = 11) and male (n = 8) patients, or, patients
over 55 (n = 44) or under 55 (n = 5; data not
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Fig. 2. Photomicrographs of human osteoprogenitors hybridised to the Type | collagen antisense probe (a,b), ERa
antisense probe (c,d), osteocalcin antisense probe (e,f). Cells were cultured in basal media (a,c,e) or ascorbate-2-
phosphate/dexamethasone (b,d,f) for 14 days. Original magnification X40.

shown). All sense probes showed no specific
staining in all samples (not shown).

Northern Blot Analysis

The changes observed in gene expression by
in situ hybridisation were quantitated by north-
ern blot analysis. mMRNA expressions of alka-
line phosphatase (2.5 kb), ERa (6.6 kb), osteocal-
cin (0.6 kb), BMP-2 (5.0 kb), and BMP-4 (2.3 kb)
relative to total mMRNA were examined in cul-
tures maintained in basal media alone or in the

presence of dexamethasone and ascorbate for
up to 3 weeks. In cultures maintained in basal
media alone, maximum levels of alkaline phos-
phatase, ERq, osteocalcin, BMP-2, and BMP-4
mMRNA expressions were observed at day 14
(Figs. 3, 4). Under these conditions the expres-
sion of mMRNAs for alkaline phosphatase, ER«,
and BMP-2 were observed to increase signifi-
cantly from day 10 and to fall from day 14 to
day 21 as the cells reached confluency. Osteocal-
cin mMRNA tended to follow this pattern but the
changes were not statistically significant and
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Fig. 3. Modulation of alkaline phosphatase (a), ERa (b), and
osteocalcin (c) mMRNA expression as assessed by Northern blot
analysis in primary human bone marrow fibroblastic cells cul-
tured in basal media () or ascorbate-2-phosphate and dexa-
methasone (M) for 10 to 21 days. Each point represents the
mean * SEM from triplicate samples. *P < 0.05, **P = 0.01,
***p < (0.001 vs. respective control (CJ) «MEM/FCS day 10
group; (M) ascorbate-2-phosphate/dexamethasone day 10 group.
Line indicates significant difference between groups (**P =
0.01, ***P < 0.001).

BMP-4 showed no change with time in basal
medium (Figs. 3, 4).

In the presence of dexamethasone and ascor-
bate, mMRNA expression of alkaline phospha-
tase, osteocalcin, ERa, BMP-2 and BMP-4 in-
creased dramatically and significantly from day
10 to day 21 (Figs. 3 and 4). Expression of
alkaline phosphatase, ER«, and BMP-2 was
most marked between day 10 and day 14, indi-
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Fig. 4. Modulation of BMP-2 (a), and BMP-4 (b) mRNA expres-
sion as assessed by Northern blot analysis in primary human
bone marrow fibroblastic cells cultured in basal media (CJ) or
ascorbate-2-phosphate and dexamethasone (M) for 10 to 21
days. Each point represents the mean = SEM from triplicate
samples. *P = 0.05 vs. ascorbate-2-phosphate/dexamethasone
day 10 group. Line indicates significant difference between
groups (*P = 0.05, **P < 0.01).

cating increased expression of each of the se-
lected markers with osteoblast differentiation.
All of the examined markers showed elevated
expression from day 14 through to day 21 with
osteocalcin showing the greatest increase, pro-
viding further evidence of the expression of
these markers with osteoblast differentiation.
Comparison of mMRNA expression under both
culture conditions employed, showed the high-
est levels of relative expression of the mRNAs
for alkaline phosphatase and osteocalcin in
dexamethasone and ascorbate-treated cultures
(Fig. 3). Osteocalcin expression was not ob-
served in the absence of 1,25(0OH),D; (data not
shown). However, treatment of the human bone
marrow cells with dexamethasone and ascor-
bate did not induce maximum expression of all
examined mRNAs. The highest relative levels
of ERa, BMP-2, and BMP-4 were seen in cul-
tures maintained in basal media (Fig. 3, 4).
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DISCUSSION

The present study details the development
and expression of osteoblast gene products in
primary cultures of human bone marrow. In
accordance with observations in rodent models,
in situ hybridisation studies in combination
with histochemical studies showed a temporal
sequence of events with alkaline phosphatase
and collagen expression preceding osteocalcin
expression. The expression of type | collagen,
was found to peak over 10 to 14 days. Osteocal-
cin, was undetectable until day 10 with only
four of 10 marrow samples expressing osteocal-
cin mRNA at this time in cultures maintained
in basal medium. Expression was increased
upon cessation of cell growth and matrix produc-
tion, as evidenced by light microscopy and DNA
analysis. Parallel cultures in the presence of
dexamethasone and ascorbate exhibited an ac-
celerated pattern of proliferation, differentia-
tion and expression of osteoblast genes. In con-
trast to marrow samples grown in basal
conditions, in situ hybridisation showed colla-
gen expression and, in three from nine patient
samples, osteocalcin expression at the earliest
time point examined day 6. ERa expression
was found to correlate with the induction of the
osteoblast phenotype, in particular, expression
of Type I collagen. However, no correlation was
observed in the expression of ERa mRNA, or
any of the analysed parameters, as a function of
age, or, with respect to sex. Northern analysis
confirmed the temporal expression of mMRNA for
alkaline phosphatase, ER«, and osteocalcin as
well as BMP-2 and BMP-4, with maximal ex-
pression of ERa, osteocalcin, and BMP-2 and
BMP-4 observed at 14 days in cells cultured in
basal media and 21 days in cells cultured in
ascorbate and dexamethasone. The results pre-
sented reflect the proportions of MRNA relative
to total MRNA and indicate the presence of the
selected markers with osteoblast differentia-
tion, although the relative levels of each of the
selected mMRNA may not be directly propor-
tional to secreted protein.

The temporal expression of osteoblast gene
products as a function of osteoblast differentia-
tion has been described in a number of studies
using primary cultures of rodent calvaria [Bel-
lows et al., 1987; Owen et al., 1990; 1991; Har-
ris et al., 1994; reviewed in Stein and Lian,
1996; Bodine et al., 1998]. In the rodent cal-
varial culture system a number of stages have
been identified in the differentiation of the osteo-

blast, namely, proliferation of undifferentiated
osteogenic precursors, maturation and matrix
synthesis, and mineralisation. Accompanying
these different stages are the expressions of
collagen and alkaline phosphatase, which fall
before mineralisation, and the late expression
of osteocalcin and other matrix proteins with
mineralisation. Recently, Bodine and cowork-
ers [1998] have shown that ERa expression is
developmentally regulated during osteoblast
differentiation in cultures of rat calvarial-
derived osteoblasts, with a biphasic increase in
ERa expression that peaks in mature fetal rat
calvarial-derived osteoblasts. In addition, ex-
amination of estradiol effects on mineralisation
in these cultures, showed selective differences
in regulation of type | procollagen, TGFB1, os-
teocalcin, alkaline phosphatase, and ER«a ex-
pression suggestive of a functional relationship
between ERa expression and osteoblast differ-
entiation. In the present study, using human
bone marrow stromal fibroblasts, ERa, BMP-2,
and BMP-4 were found to correlate with induc-
tion of the osteoblast phenotype. The presence
of receptors in osteoblasts and in preosteoclasts
and the observation that functional disruption
of the estrogen receptor in a young adult male
resulted in unfused epiphyses and reduced bone
density suggests a direct role of estrogen on
bone tissue [Eriksen et al., 1988; Komm et al.,
1988; Korach, 1994; Smith et al., 1994; Hoyland
et al., 1997; Kusec et al., 1998; Oreffo et al.,
1999]. Migliaccio and coworkers [1995] have
shown that injection of diethylstilbestrol to preg-
nant female mice can modulate the early phases
of bone tissue development with permanent
changes in skeletal mass in the offspring, fur-
ther indicating estrogen may play a key role in
osteoprogenitor differentiation.

In the present study, using cultures of human
bone marrow fibroblasts, alkaline phosphatase,
collagen, and estrogen receptor mRNA expres-
sions were all observed to peak at day 14 in
cultures maintained in basal media alone. This
corresponded with confluency of the cell cul-
tures. From day 14 to day 21, increased matrix
synthesis and, in some cultures, multilayering
of the cells was observed. In situ hybridisation
showed a similar dramatic increase in each of
these proteins to day 14 and both estrogen
receptor alpha and osteocalcin mMRNA were in-
creased between days 14 and 21. In cultures
grown in the presence of dexamethasone and
ascorbate-2-phosphate, collagen and estrogen
receptor alpha expression were detectable as
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early as day 6 and by in situ hybridisation. It
has been shown that dexamethasone, 1,25 dihy-
droxyvitamin D3 (1,25[0OH],D3) and ascorbate
induce alkaline phosphatase expression and in-
crease colony number [Bellows et al., 1987;
Ecarot-Charier 1988; Cheng et al., 1994; Beres-
ford et al., 1994; Oreffo et al., 1997] and the
addition of 1,25(0OH),D; to dexamethasone-
treated cultures increases expression of alka-
line phosphatase, bone sialoprotein and osteo-
calcin, recognised markers of the osteoblast
phenotype [Triffitt., 1996]. Furthermore, in con-
trast to the rodent systems, 1,25(0OH),D; is
required to observe osteocalcin production in
the human osteoblast culture system, as previ-
ously reported [Beresford et al., 1994].

Northern blot analysis confirmed the high
levels of expression of these marker proteins by
day 14 and their continued expression to day
21. The differences in the expression of colla-
gen, alkaline phosphatase and osteocalcin ob-
served in this culture system compared to the
fetal rat calvariae model are probably due to i)
species differences between rat and human os-
teoblasts, ii) variations in phenotypic proper-
ties between calvarial derived and marrow de-
rived osteoblast populations, and iii) the
experimental conditions employed. In the hu-
man cell culture model detailed here, minerali-
sation is not observed at day 21 in the absence
of exogenous phosphate whether the cells are
cultured in the presence or in the absence of
ascorbate and dexamethasone.

It has long been suspected that the primary
target cell for BMP action is an early osteoblast
progenitor or mesenchymal stem cell. BMPs
have been shown to induce differentiation of
multipotential mesenchymal cells [Ahrens et
al., 1993; Wang et al., 1993] and to induce
osteoblast differentiation in rat marrow stro-
mal cell cultures and W-20-17 bone marrow
stromal cells [Rickard et al., 1994; Thies et al.,
1991]. In particular, expression of BMP-2 and
BMP-4 in the murine mesenchymal C3H10T1/2
cell line induces differentiation into distinct
mesenchymal cell lineages [Ahrens et al., 1993].
Furthermore, culture of fetal rat calvarial cells
results in differentiation into both osteoblasts
and chondroblasts. More recently, Rickard and
coworkers have shown that estrogen selectively
increases BMP-6 production in an estrogen re-
sponsive human immortalised osteoblast cell
line indicating some of the effects of estrogen on

bone and cartilage turnover may be mediated
by BMP-6. In the present study, BMP-2 and
BMP-4 expression was found to correlate with
expression of the osteoblast phenotype in basal
and osteogenic culture. Whether the expression
of BMP-2 and BMP-4 modulates osteoblast dif-
ferentiation (via autocrine mechanisms) from
stem cells or the progenitor pool remains to be
demonstrated, however, data from C3H10T1/2
does not preclude such a mechanism [Ahrens et
al., 1993].

In summary, these results demonstrate the
detailed development of the osteoblast pheno-
type from early human osteoprogenitors in pri-
mary culture, which can be accelerated by treat-
ment with dexamethasone and ascorbate.
Furthermore, these results suggest a role for
estrogen and bone morphogenetic proteins in
the subsequent differentiation of the commit-
ted osteoprogenitors.
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