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Abstract In rat osteoblast-like cells, a time-dependent sequence of growth and differentiation-dependent genes
has been identified and a model of osteoblast differentiation in culture suggested. We investigated the expression of the
bone matrix-associated proteins osteonectin and procollagen I and of the bone cell phenotype-related proteins alkaline
phosphatase and osteocalcin during cell culture in primary human osteoblast like cells. Primary human explant cultures
from nine young healthy donors were established under highly standardized conditions. Cells in the second passage
were analyzed on different days from day 1 to 32, comparing cells growing under the influence of ascorbate with
controls. Gene expression was determined by Northern blot analysis or polymerase chain reaction. Osteocalcin
expression was also investigated after 1,25-(OH)2D3 stimulation. On the protein level, newly synthesized collagen I,
alkaline phosphatase activity, and secretion of osteocalcin were analyzed at all time points. On comparing our findings
to the pattern of gene expression suggested for the rat calvarial osteoblast system, we found a similar developmental
sequence for the so-called ‘‘proliferation’’ as well as a similar, but lengthened, sequence for the ‘‘matrix maturation
stage.’’ During ‘‘matrix maturation,’’ we found an ongoing proliferation despite increased alkaline phosphatase and
decreased procollagen I gene expression. Our study, therefore, shows that in pHOB the gene expression profile
proceeded to the ‘‘matrix maturation stage,’’ as defined by Owen and colleagues, independent of ongoing proliferation.
We were unable to observe the mineralization period as demonstrated by the missing increase of osteocalcin expression
and lack of nodule formation in our human osteoblast model. In contrast to the rat system, we found a proliferation
stimulating influence of ascorbate, suggesting species-specific differences in response to differentiation factors. From
these data, we conclude that general considerations on physiology and pathophysiology of bone cell differentiation
have to be confirmed in the human osteoblastic cell system. J. Cell Biochem. 75:22–35, 1999. r 1999 Wiley-Liss, Inc.
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During the last few years, increasing amounts
of information on characteristics of osteoblast
differentiation have been accumulated through
in vitro and in vivo systems [Gerstenfeld et al.,
1987; Nefussi et al., 1997; Owen et al., 1990;
Quarles et al., 1992; Siggelkow et al., 1998d,
Choi, 1996]. Osteoblast differentiation includes
a phase of cell proliferation, followed by coordi-
nated expression of bone-related proteins [Stein
and Lian, 1993]. Corresponding to the in vitro

results, this expression pattern for bone-re-
lated proteins has also been confirmed in in
vivo systems [de Pollak et al., 1997; Dodds et
al., 1994; Mundlos, 1994; Nefussi et al., 1997;
Nomura et al., 1988; Weinreb et al., 1990; Yoon
et al., 1987]. During proliferation, this se-
quence is characterized by the temporal ex-
pression of cell cycle or growth-related genes
(histone, c-myc, and c-fos) and by genes of extra-
cellular matrix proteins (procollagen I, trans-
forming growth factor-b [TGF-b], fibronectin).
This is followed by a phase of matrix matura-
tion characterized by maximal expression of
alkaline phosphatase (AP). At the beginning of
mineralization, genes for proteins such as osteo-
calcin, bone sialoprotein, and osteopontin are
expressed [Stein and Lian, 1993]. This so-called
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developmental sequence can be characterized
in three stages: (1) rapid proliferation, (2) ma-
trix maturation, and (3) mineralization.

This sequence was most extensively studied
in the rat calvarial cell system [Aronow et al.,
1990; Collin et al., 1992; Nefussi et al., 1997;
Owen, 1985; Owen et al., 1990, 1991; Pock-
winse et al., 1995], but it was also studied in
chicken calvarial osteoblasts [Gerstenfeld et
al., 1987] and MC3T3-E1 cells [Quarles et al.,
1992]. Although similarities in the expression
of several osteoblast-regulated genes have been
found, species differences have also become evi-
dent [Cheng et al., 1994; Choi et al., 1996].
Information on the differentiation of human
osteoblasts is sparse. Initial studies in develop-
ing human bone appear to indicate an analo-
gous process [Dodds et al., 1994; Mundlos, 1994].
The expression sequence was partly repro-
duced in human calvarial cells [de Pollak et al.,
1997], but differences in the rat cell system
were seen in immortalized human fetal osteo-
blasts overexpressing the estrogen receptor
[Robinson et al., 1997] and in human osteosar-
coma cells [Siggelkow et al., 1998d]. To date,
the expression pattern of bone-related proteins
observed in other species has not been investi-
gated in primary human osteoblast cells from
adult spongiosa and therefore remains to be
determined.

For the study of human primary osteoblasts,
several cell models are in use, including ‘‘pure’’
explant cultures [Beresford et al., 1984], cul-
tures from collagenase digested bone explants
[Gehron Robey and Termine, 1985], as well as
models originating from bone marrow represent-
ing human osteoblast precursor cells [Cheng et
al., 1994; Kassem et al., 1991]. The cells ob-
tained by these methods synthesized all the
major noncollagenous proteins and predomi-
nantly collagen I. However, mineralization oc-
curred only when cells were cultured with glu-
cocorticoids, b-glycerophosphate (bGP), and
ascorbate [Gundle and Beresford, 1995]. Nod-
ule formation, regularly observed in rat [Bel-
lows et al., 1986; Nefussi et al., 1985; Tenen-
baum and Heersche, 1982], chicken [Gerstenfeld
et al., 1988], and human calvarial cells isolated
from newborn human subjects [de Pollak et al.,
1997], could not be reproduced in primary hu-
man osteoblasts from adult spongiosa in vitro
[Ashton et al., 1985; Gundle and Beresford,
1995]. Nevertheless, the explant system is
thought to serve as an excellent culture model

to investigate human physiology and pathology
[Gundle and Beresford, 1995].

The purpose of this study was to determine
the expression pattern of the bone-related pro-
teins during osteoblast differentiation in pri-
mary human osteoblasts from spongiosa of
healthy adults and to compare it with the known
data of the rat system [Owen et al., 1990]. We
studied the matrix-associated genes procolla-
gen I and osteonectin (ON), as well as gene
expression of the osteoblast-characteristic pro-
teins alkaline phosphatase (AP) and osteocal-
cin (OC) under baseline conditions and under
the influence of ascorbate. We also determined
the activity of the alkaline phosphatase enzyme
and the secretion of osteocalcin and collagen I
proteins.

MATERIALS AND METHODS
Reagents

All cell culture media and fetal calf serum
(FCS) were purchased from Biochrom (Berlin,
Germany). Cell culture disposables were pur-
chased from Nunc (Roskilde, Denmark) or
Greiner (Solingen, Germany) and medium
supplements (antibiotics, glutamine) from
GIBCO-BRL (Eggenstein, Germany). Standard
laboratory reagents were purchased from Sigma
Chemical Company (Munich, Germany), if not
noted otherwise.

Patients

Bone specimens were obtained from the iliac
crest of 9 men aged 19–54 years (median age 26
years, mean 30.2 6 3.4 years) undergoing cor-
rective surgery after fracture. None of the pa-
tients showed any signs of bone or joint disease
or autoimmune disorder. Informed consent was
obtained from all patients. The study was ap-
proved by the local ethical committee.

Bone Preparation and Cell Culture

Primary human bone cell cultures were pre-
pared from bone specimen as previously de-
scribed [Auf ’m Kolk et al., 1985; Beresford et
al., 1984; Siggelkow et al., 1998a]. Trabecular
bone fragments from the iliac crest were cut
into pieces, thoroughly rinsed in phosphate-
buffered saline (PBS), and kept in Dulbecco’s
modified Eagle’s medium (DMEM) with 10%
FCS, glutamine (58.5 µg/ml), penicillin (100
U/ml), and streptomycin (100 µg/ml). Cultures
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were initiated within 3 h and fed twice a week.
Cells from the explants grown on the culture
dish were released from the surface with 0.25%
trypsin after 14–21 days, divided into two 75-
cm2 culture flasks, maintained in medium at
37°C in a humidified 95% air/5% CO2 atmo-
sphere and defined as first passage cells. Trypan
blue was used to correct for dead cells. After
growth to 100% confluence, the cells were re-
leased from the culture dish as described above,
cell number was determined by hemocytometer
and cells were plated at a density of 3 3 105

cells/dish (4 3 103 cells/cm2). For analysis of
differentiation, ascorbate (50 µg/ml) was added
at time of confluence (day 10). Cells were ana-
lyzed in the second passage every 4 days at day
1 until day 32. Cells were always fed 24 h before
analysis. One charge of serum was used for all
experiments. All cells were regularly tested for
mycoplasma contamination by polymerase
chain reaction (PCR) (Mycoplasma PCR Primer
Set, Stratagene, Heidelberg, Germany).

Histochemical Analysis

Although the cells were cultured without the
addition of b-glycerophosphate (bGP) and nod-
ule formation was not expected, we monitored
for calcium phosphate salt formation using Von
Kossa staining of ethanol-fixed multilayers.
Ponceau acid fuchsin was used as a counter-
stain. Before light microscopy, cells were seri-
ally washed with 1% acetic acid and absolute
ethanol.

Analysis of Total Protein

For the determination of total protein and
alkaline phosphatase (AP), cells were lysed in
distilled water by repeated freeze-thawing and
sonication (Ultrasonics W 185F, 40–60 W, 3 3
30 s). The lysate was clarified by centrifugation
(10 min at 10,000g) and the soluble protein
fraction quantified using the BioRad protein
assay with an albumin standard (BioRad,
München, Germany).

DNA Assay

DNA was determined in the cell lysate by
using the Hoechst fluorescent dye (Hoechst
33258) [Rago et al., 1990]. Fluorescence was
quantified with a Cytofluor 2300 plate reader
(Millipore, Eschborn, Germany).

Analysis of Alkaline Phosphatase
and Procollagen I

AP activity was assayed in cell lysates by
determining the release of p-nitrophenol from
p-nitrophenyl phosphate at 37°C, pH 10.5. The
substrate solution contained 8 mM p-nitrophe-
nyl phosphate in 0.5 M AMP-buffer (2-amino-2-
methyl-1-propanol), pH 10.5, supplemented
with 0.2 mM MgCl2. After 10 min at 37°C, the
reaction (volume 110 µl) was stopped with 50 µl
1 N sodium hydroxide. AP activities were mea-
sured in duplicate and are reported as nmol/105

cells per minute incubation time (modified from
Boyan et al. [1989]). The secreted C-terminal
peptide of procollagen I (PICP) was measured
in culture supernatants harvested 24 h after
feeding. Collagen type I content was calculated
from the C-terminal propeptide concentration
[Jukkola et al., 1991; Melkko et al., 1990] mea-
sured in duplicate samples by enzyme-linked
immunosorbent assay (ELISA) (Metra Biosys-
tems Palo Alto, CA). Values were adjusted for
background levels of PICP in culture medium.

Determination of Osteocalcin Production

pHOB cells from eight donors were grown to
confluence (day 10) in culture medium and then
switched to incubation medium containing
DMEM with 1% bovine serum albumin (BSA)
with 5 3 1028 M 1,25-(OH)2-D3 or solvent (etha-
nol ,0.01%) for 48 h at 37°C. The medium was
then collected and stored at 270°C until assay
for osteocalcin. Cell numbers were determined
at each time point by hemocytometer counting.
Determination of osteocalcin was performed in
duplicate with an immunoradiometric assay
(Nichols, Bad Nauheim, Germany); the detec-
tion range of the kit was 0.9–267 ng/ml. Values
were corrected for interfering substances pre-
sent in the culture medium.

RNA Isolation and Northern Blot Analysis

Total RNAwas isolated from cells by a phenol/
chloroform-extraction method [Chomczynski
and Sacchi, 1987]. For Northern blot analysis,
10 µg per lane of total cellular RNA was sepa-
rated electrophoretically in a 1% agarose gel
(2% formaldehyde, 0.3 µg/ml ethidium bro-
mide), blotted to nylon membranes (Zeta Probe,
BioRad, München, Germany) by capillary diffu-
sion, and immobilized by ultraviolet (UV) cross-
linking (Stratalinker, Stratagene, Heidelberg).
32P-labeled cDNA probes were synthesized by
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random priming (Stratagene, Heidelberg) [Fein-
berg and Vogelstein, 1983]. Prehybridization
and hybridization were performed in 50% for-
mamide, 4 3 SSPE, 5 3 Denhardt’s solution,
1% sodium dodecyl sulfate (SDS), and 500 µg/ml
salmon sperm DNA at 42°C for 24 h. For hybrid-
ization approximately 106 cpm/ml of 32P-labeled
probe was added. For labeling of ribosomal
RNA, the 58-end-labeling kit (Boehringer Mann-
heim, Germany) was used; during hybridiza-
tion, 20 µg of nonradioactive oligonucleotides
was added. After hybridization, blots were
washed for 23 30 min at room temperature in
23 SSC/0.1% SDS and 5–30 min at 55°C (rat
cDNA probes) or 63°C (human cDNA probes) in
0.13 SSC/0.1% SDS. Autoradiographs were
quantified by laser densitometry (Biometra,
Göttingen, Germany). End-labeling of 18S and
28S ribosomal RNA was used to ensure equal
loading of RNA in all samples [Barbu and Dau-
try, 1989]. Gene expression was standardized to
ribosomal RNA and calculated in arbitrary OD
units with the maximum absorbance on each
blot set at 100 U. Values are therefore ex-
pressed in relation to the maximal absorbance
of each transcript. Values represent the mean
of nine different cultures, if not stated other-
wise. Two sets of Northern blots were rehybrid-
ized without stripping for each experiment.

cDNA Probes

Procollagen type I expression was measured
using the rat proa(I) collagen cDNA clone
pHCAL1U [Vuorio et al., 1987] detecting the
5.9 and 7.2 transcripts. The alkaline phospha-
tase human cDNA probe was a 2.5-kb insert of
pAT153 [Weiss et al., 1986] with the transcript
size of 2.6 kb. Osteocalcin expression was ana-
lyzed using the human 1.2-kb SacI fragment of
SP 65 [Celeste et al., 1986] with a transcript
size of 0.6 kb. The human osteonectin gene
expression was measured with the 1.2-kb cDNA
insert of clone HHCH67 [Adams et al., 1991]
detecting the 2.2 transcript. A 26-bp 28S-
oligonucleotide probe (Pharmacia, Germany)
was used to detect the 4.7 transcript of ribo-
somal RNA [Barbu and Dautry, 1989].

RT-PCR

cDNA was synthesized from 1 µg of total RNA
in a 40-µl reaction mixture containing 13 re-
verse transcriptase buffer, consisting of 53 5
15 mM MgCl2, 375 mM KCl, 250 mM Tris-HCl
(pH 8.3), 50 mM DTT), dCTP, dGTP, dATP, and

dTTP each at 2 mM (Boehringer Mannheim),
40 U of RNAse inhibitor (Boehringer Mann-
heim), 400 U of M-MLV reverse transcriptase
(Gibco, Germany), and 80 pmol of poly-dT15
primer (Boehringer Mannheim). Reaction times
were at least 1 h at 38°C and 10 min at 72°C.
Aliquots (2.5%) of the total cDNA were ampli-
fied in each PCR in a 15-µl reaction mixture
that contained 10 pmol of 58 and 38 primer, 13 5
PCR buffer, consisting of 10 3 5 500 mM KCl
(pH 8.3), 100 mM Tris-HCl (pH 9.0), 15 mM
MgCl2, and dCTP, dGTP, dATP, and dTTP each
at 0.2 mM and 0.5 U of Taq polymerase (Boeh-
ringer Mannheim). Each cDNA sample was run
in duplicate for every PCR. Amplifications were
performed in a Primus PCR-Thermo-Cycler
(MWG-Biotech, Germany) for 30 cycles after an
initial denaturation at 94°C for 2 min. The after
reaction profile was used: 94°C for 30 s, 55°C for
2 min, and 72°C for 2 min. For the amplification
reaction of mRNA of osteocalcin and lipoprotein
lipase (LPL), the PCR primer sequences were
used as described [Rickard et al., 1996]. Reac-
tion products were analyzed by electrophoresis
of 15-µl samples in 1.5% agarose gels. The
amplified DNA fragments were visualized by
ethidium bromide staining.

Fluorescence Activated Cell Scanning

Fluorescence activated cell scanning (FACS)
analysis was conducted as described [Siggelkow
et al., 1998b]. In short, after trypsinization
100,000 cells per sample were pipetted into a
well of a 96-well microplate (V-shaped bottom).
Addition of the protein-specific primary anti-
body (1:50) was followed by incubation for 20
min at room temperature. After two repeated
washings with PBS washing buffer, the cells
were incubated with the preabsorbed second-
ary FITC-conjugated antibody for 60 min at
room temperature and after repeated washings
resuspended in 400 µl PBS with 1% formalde-
hyde. To detect any changes in cell size (for-
ward cell scatter, FSC) or cell granularity
(sideward cell scatter, SSC) caused by antibod-
ies or chemicals, one control was always incu-
bated with PBS washing buffer only. To test for
nonspecific binding of the two different FITC-
labeled secondary antibodies (goat anti-rabbit
and goat anti-mouse; Sigma), cells were preab-
sorbed with human sera and then incubated
with secondary antibodies only. Any staining in
these samples was defined as nonspecific bind-
ing. Each analysis was done in triplicate and
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results are mean values 6 standard error of the
mean (6SEM) A FACS 81553 (Becton-Dickin-
son Immunocytochemistry Systems, Mountain
View, CA) was used for analysis of fluorescent
cells based on the reading of 5,000 events (any
particle detectable by FACS) per sample. In all
experiments, the FACS 81553 (gain, amplifier,
and photo multiplier voltage) was kept at a
constant setting. Analysis was done with FACS
Research Software Version 2.1 3/89.

Permeabilization of pHOB for FACS

Permeabilization with saponin permits detec-
tion of intracellular proteins with FACS [Jung
et al., 1993]. Freshly trypsinized pHOB were
incubated in an ice-cold PBS buffer with 4%
formaldehyde for 10 min at 4°C. After centrifu-
gation for 6 min at 300g, the pellet was resus-
pended in 0.1% saponin (Sigma), which was
added to all the different preparation steps for
FACS thereafter. Incubation with the antibod-
ies was conducted as described above. Before
analysis in FACS, cells were resuspended in
400 µl PBS with 1% formaldehyde.

Antibodies

To detect the intracellular protein osteocal-
cin, the polyclonal anti-human osteocalcin anti-
body (Biogenesis, Poole, England) was used.
Mouse anti-human thyroglobulin [Schulz et al.,
1989] served as the negative control. The FITC-
conjugated secondary antibodies used were goat
anti-rabbit IgG and goat anti-mouse IgG (both
Sigma).

Statistical Analysis

All values are expressed as mean 6SEM.
Statistical testing was carried out using Win-
Stat-Statistics or Statistica 6.0 for Windows,
the Wilcoxon nonparametric test was used if
not noted otherwise. Significant differences (P ,
0.05, P , 0.01, P , 0.001) are marked with *,
**, and ***, respectively.

RESULTS
Morphological Appearance

We chose the method of Beresford et al. [1984]
for isolating the primary human osteoblast-like
cells. This method of isolation was shown to
produce cells able to mineralize only when cul-
tured with ascorbate, bGP, and glucocorticoids,
whereas nodule formation was only seen in
diffusion chambers implanted into athymic mice

[Gotoh et al., 1995]. We decided to investigate
the cells under baseline conditions and under
the influence of ascorbate, which is known to be
a prerequisite for matrix synthesis [Aronow et
al., 1990; Franceschi et al., 1994; Gerstenfeld et
al., 1988; Owen et al., 1990]. Figure 1 demon-
strates the morphological appearance of pHOB
during culture. The cells showed the typical
fibroblast-like appearance during early prolif-
eration (Fig. 1A) and became polygonal with
multiple extrusions later in culture (Fig. 1B).
Approaching confluence the shape took on an
elongated and thickened appearance (Fig. 1C).
After confluence, the cells became more elon-
gated, closely packed and began to multilayer
(Fig. 1D). With van Kossa staining, no nodule
formation was seen (data not shown). Only
when using dexamethasone, daily addition of
ascorbate and bGP, the cells showed calcium
phosphate deposition demonstrable with en-
ergy-disperse x-ray microanalysis (data not
shown). Therefore, the development of the hu-
man primary culture seems to be different from
rat calvarial cells showing mineralization of
primary cultures from day 19 when cultured
with ascorbate and bGP added at confluence. In
rat calvarial cells, nodule formation correlated
with plating density [Aronow et al., 1990; Bel-
lows et al., 1986; Tenenbaum and Heersche,
1982] and decreased when cells were subculti-
vated [Aronow et al., 1990]. We had to use
second-passage cells with one-fifth lower seed-
ing density, owing to the limited availability of
cells from disease-free human bone explants.
To overcome another limitation, the difficulty in
obtaining reproducible cultures due to high in-
terpatient variations, we used only material
from young (median age 26 years, mean 30.2 6
3.4 years), otherwise healthy men operated on
for fracture repair. Hence, the differences de-
scribed for cell cultures obtained from patients
of different age groups [Battmann et al., 1997;
Evans et al., 1990] could be avoided. Primary
cultures were established only from material
originating from the iliac crest because differ-
ences in cells from different harvest sites have
been described [Kasperk et al., 1995]. With
these highly standardized culture conditions
and the use of 5–10 cultures, depending on the
individual experiment, we were able to reduce
the variation in results to a level until now
obtained only for human osteosarcoma cells
[Siggelkow et al., 1995].
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Growth Characteristics of pHOB

We plated our cells in the second passage at
4,000 cells/cm2 to reach confluence at around
day 10. In first passage rat calvarial cells conflu-
ence was reached on day 7 with a plating den-
sity of 5,000 cells/cm2 [Owen et al., 1990].
Chicken embryo calvarial cells, plated with
20,000 cells/cm2 in the first passage, were con-
fluent between day 6 and 8 [Gerstenfeld et al.,
1987] and MC3T3-E1- cells showed confluence
before day 5 (20,000 cells/cm2) [Choi et al.,
1996]. Regarding the human cell system, conflu-
ence was reached at day 6 when plated with
10,000 cells/cm2 in immortalized fetal osteo-
blasts [Robinson et al., 1997], but in human
calvarial cells the plating density was much
higher (#1,000,000 cells/cm2), so that conflu-
ence must have been reached much earlier [de
Pollak et al., 1997]. A survey of plating densi-
ties in the different culture systems investi-
gated suggests that a comparison between dif-
ferent species might be difficult, mainly due to

the variation of experimental conditions. The
plating density used in our experiments was
relatively close to the cell number used in rat
calvarial cells.

In our system, cell numbers increased 4-fold
from day 1 to confluence (day 10) but thereafter
only doubled until day 32 (Fig. 2A). The use of
ascorbate increased cell proliferation to a 2.8-
fold higher cell number at day 32 (P , 0.01, Fig.
2A). The values for total protein and DNA corre-
lated directly with cell number, and the latter
was later used to standardise the characteristic
proteins (Spearman rank-order correlation: r 5
0.96, P , 0.001 and r 5 0.99, P , 0.001, respec-
tively). Proliferation of control cells decreased
during time in culture, whereas, under the in-
fluence of ascorbate, proliferation was initially
accelerated, slowing down at the beginning of
day 25, compared with the preconfluent stage.
Surprisingly, there was a further significant
increase of cell numbers and DNA content from
day 28 to 32, suggesting ongoing proliferation

Fig. 1. Representative light-field microscopy of primary human osteoblasts cultured in the presence of 50 µg/ml
ascorbate added after day 10, at different times in culture. Photomicrographs from day 3 (A: 200-fold, Scale bar 5 40 µm), 5
(B: 200-fold, Scale bar 5 40 µm), day 10 (C: 200-fold, Scale bar 5 40 µm), and day 32 (D: 200-fold, Scale bar 5 40 µm).
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at this time point (Fig. 2A). By contrast, in rat
calvarial cells, ascorbate inhibited cell prolifera-
tion (as shown by an accentuated plateauing at
day 14 in culture), whereas without ascorbate
cells exhibited continuous growth [Owen et al.,
1990]. The proliferation stimulating effect of
ascorbate demonstrated in our system was also
seen in MC3T3-E1 [Dean et al., 1994; Harada
et al., 1991], and in rat calvarial cells after
confluence [Spindler et al., 1989]. However, an
inhibiting influence [Owen et al., 1990; Sugi-
moto et al., 1986], or no effect has also been
described in other cell systems [Choong et al.,
1993; Quarles et al., 1992] and was attributed
to species differences. To date, we have no expla-
nation for the differing effects of ascorbate on
rat and human cells.

Day 1 in culture

Although we demonstrate the results of pro-
tein synthesis and gene expression on day 1, we
are convinced that the cells were not yet equili-
brated and that they still exhibited some traits
characteristic of the end of the first passage.
This was also seen in other systems [Sautier et
al., 1993] and interpreted as transient dediffer-
entiation of cells in an active proliferating stage
[Nefussi et al., 1997]. Therefore, we are hesi-
tant to speculate on the results of this time
point.

Expression of Bone-Related Proteins Procollagen
I and AP During Cell Differentiation

During the preconfluent growth phase we
saw a significant 1.5-fold increase in procolla-

Fig. 2. Proliferation, protein secretion, and gene expression
during in vitro maturation of human primary osteoblasts (pHOB)
in culture. Cellular RNA from nine independent experiments
was isolated at the days indicated and assayed by Northern blot
analysis. Left, proliferation (A), procollagen I (PICP) secretion
(B), and AP activity (C) under the influence of 50 µg/ml ascor-
bate added at confluence compared with control during 32 days
in culture (mean values 6SEM. for nine cultures). The signifi-

cant differences between ascorbate and control cultures are
marked with *(P , 0.05) or **(P , 0.01), (Wilcoxon signed rank
test). Right, the relative gene expression in percentage of maxi-
mum expression (mean values 6SEM). Expression was quanti-
fied by laser densitometry. Results were plotted against the
maximum expression of each transcript and standardized to
18/28S RNA for nine (D, osteonectin; E, procollagen, Col I) or
five (F, alkaline phosphatase, AP) cultures.
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gen synthesis as measured by PICP secretion in
the supernatant (P , 0.05, Figs. 2B, 3C). After
confluence, PICP secretion decreased from day
10 to 12 (P , 0.05) and, after day 16 was
significantly lower compared with day 1 (P ,
0.05). Secretion was 43% of maximum levels at
day 32 in culture. Ascorbate stimulated the
PICP secretion 5.8-fold at day 12 when added at
confluence. This stimulating effect decreased
with further culture time down to 3.2-fold at
day 32 compared with control cultures (P ,
0.05, Fig. 2B). We assume that the pronounced
effect at confluence is due to stimulated hydrox-
ylation, secretion, and processing of preformed
type I procollagen components. Franceschi et
al. [1994], who studied collagen metabolism
intensively in chicken osteoblasts, saw only mi-
nor changes in procollagen synthesis and gene
expression but a sharp increase in hydrox-
ylation after the addition of ascorbate. In our
ascorbate stimulated cultures, the PICP secre-
tion decreased during time in culture to 36% of
maximum from day 12 to 32 (P , 0.01, Fig. 3D).
Therefore, the sequence of expression of base-

line and stimulated PICP level differed only in
absolute values, showing both a maximum ex-
pression at confluence and a decrease thereaf-
ter (Fig. 2B). It has been shown that synthesis
of new collagen protein increased during prolif-
eration in chicken osteoblasts but decreased
thereafter, whereas collagen in the matrix in-
creased further [Gerstenfeld et al., 1988]. In
our experiments procollagen secretion was mea-
sured with a PICP-specific antibody, which binds
to the intact procollagen I molecule, as well as
to the free C-terminal propeptide, which is split
off during collagen I formation [Jukkola et al.,
1991; Melkko et al., 1990]. We were able to
show that the PICP secretion correlates well
with an increase in collagen accumulation in
primary human bone cells [Siggelkow et al.,
1998c]. These results are in accordance with
the rat cell system, where a decrease in colla-
gen accumulation relative to time in culture
was seen. Comparable data were reported in
the chicken osteoblast model. In their extensive
investigation of the kinetics of collagen metabo-
lism, Gerstenfeld et al. [1988] analyzed the

Fig. 3. Mean values, plotted relative to the maximal expression of each investigated parameter for control (left, A,C)
or ascorbate-treated cultures (B,D). In contrast with Figure 2, the mean value is now set relative to 100% instead of
showing the mean 6SEM of all evaluated values. Depicted are gene expression (upper part) of procollagen I (Col I),
alkaline phosphatase (AP), and osteonectin (A,B). C,D: Values for cell number, for alkaline phosphatase activity (AP),
and for procollagen I-peptide secretion (PICP).
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synthesis of newly formed collagen and found a
rapid decrease after confluence. In human cal-
varial cells, quantitative measurements of pro-
tein or mRNA-level of the characteristic osteo-
blastic proteins relative to time in culture were
not taken [de Pollak et al., 1997].

The activity ofAP decreased significantly from
day 1 to 4 (P , 0.05) and increased to 1.5-fold by
day 32 in culture, but due to high variation this
change to baseline activity did not reach signifi-
cance (Figs. 2C, 3C). Ascorbate stimulated AP
activity after 4 days beginning at day 16 (P ,
0.05) with no further change until day 32 (Fig.
3C). Therefore, under basal conditions, the hu-
man osteoblasts in our culture show no capabil-
ity to differentiate further in culture, while
ascorbate induced AP activity in these cells.

In the rat system, the maximum increase in
accumulated collagen was followed by a 4-fold
increase in AP activity [Owen et al., 1990]. The
AP activity, which closely followed theAP mRNA
expression was maximal in rat osteoblasts
[Owen et al., 1990] before the onset of any
mineralization. AP activity in our cell system
was maximal at day 28 in culture. This is clearly
in contrast to all other systems investigated so
far, which show a much earlier maximal activ-
ity. The decrease in AP activity seemed to be
related to proliferation in rat calvarial osteo-
blasts [Owen et al., 1990], cessation of prolifera-
tion even appeared to be required for the de-
crease in AP and the initiation of tissue-specific
gene expression. In our system, no decrease
and, probably because of the use of ascorbate,
not even a plateauing of proliferation, was ob-
served, possibly preventing the decrease of AP
expression.

Expression of mRNA for Bone-Related Proteins
AP and Procollagen I During Cell Differentiation

According to the developmental sequence sug-
gested by Owen, the expression pattern of
mRNA for osteoblast-related genes is character-
istic in the various stages of differentiation
[Owen et al., 1990; Stein and Lian, 1993; Stein
et al., 1990]. Therefore, we investigated the
gene expression for the matrix proteins procol-
lagen I and osteonectin, which are maximally
expressed during proliferation. As an indicator
for matrix maturation, we used alkaline phos-
phatase and, for mineralization, osteocalcin
gene expression. Under basal conditions, the
procollagen I mRNA expression in the human
primary osteoblasts started at 50% of maxi-

mum levels at day 4 to maximal levels at day 10
(Figs. 2E, 3A; P , 0.05). This was followed by a
progressive decrease to 36% of maximum at
day 32 (Figs. 2E, 3A). Ascorbate inhibited pro-
collagen I mRNA expression with a maximum
effect at days 20 and 24 (day 24, P , 0.05)
diminishing thereafter with no effect at day 32.
Under the influence of ascorbate, procollagen I
mRNA decreased over 6 days to 44% at day 16,
and further to the minimal value of 36% of
maximum expression (day 10) at day 32 (Fig.
3B). The maximum expression of procollagen
mRNA at confluence and the decrease thereaf-
ter is in accordance with results in the rat
system [Owen et al., 1990]. Interestingly, in
MC3T3-E1 cells maximal levels of expression of
mRNA for bone matrix proteins also decreased
after confluence [Choi et al., 1996].

The effect of ascorbate inducement in pHOB
in both the proliferation and downregulation of
procollagen mRNA is surprising. This finding
supports the interpretation that the PICP peak
resulted from processed preformed procollagen
molecules released under the influence of ascor-
bate. In rat osteoblasts, the downregulation of
procollagen mRNA parallels the proliferation
rate [Owen et al., 1990]. The inhibiting effect of
ascorbate on procollagen I mRNA beginning at
day 12 in culture has not been shown up to now.
To our knowledge, there are no other studies on
gene expression in a human osteoblast cell sys-
tem.

The mRNA levels of osteonectin decreased
from early proliferation (day 1) to day 16 and
remained constant thereafter until late differen-
tiation (Figs. 2D, 3A). Under the influence of
ascorbate, inhibition of osteonectin mRNA ex-
pression was significant from day 20 until day
32 (P , 0.01 and P , 0.05, Fig. 2D). Osteonectin
mRNA expression decreased to 29% of maximal
(day 1) levels at day 20 and remained constant
thereafter (Fig. 3B). Therefore, under these con-
ditions, the osteonectin expression parallels ex-
actly the procollagen I expression. In rat osteo-
blasts and in MC3T3-E1 cells, a parallel
expression sequence for collagen I, fibronectin
and TGF-b was demonstrated [Choi et al., 1996;
Owen et al., 1990]. We are not aware of the
sequence of osteonectin expression in rat cal-
varial cells during in vitro differentiation, but
in MC3T3-E1 cells, osteonectin mRNA expres-
sion paralleled procollagen, although both
showed a different pattern of maximal expres-
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sion compared with the rat or human system
[Choi et al., 1996].

Under basal control conditions, theAP mRNA
expression increased from day 4 to 28 1.5-fold
(P , 0.05), demonstrating further differentia-
tion with culture time, although at a low level
(Fig. 2F). Ascorbate had a stimulating influence
on AP mRNA expression, although this effect
did not reach significant levels (P 5 0.074, Fig.
2F). AP gene expression started at 53% (day 4)
of maximum, while reaching the 100% expres-
sion at day 24 in culture with a decrease to 87%
thereafter (Fig. 3B). The time point of maximal
expression at day 24 in culture clearly occurred
later than in other systems investigated. In rat
calvarial cells, AP mRNA was maximally in-
duced after the plateauing of proliferation at
day 16 [Owen et al., 1990]. In our system, the
proliferative period was effectively prolonged
by ascorbate (Fig. 2A). If the correlation be-
tween proliferation andAP expression was valid
in the human system, we should have seen a
prolongation of the AP expression pattern. In
fact, we can confirm the proposed correlation
between AP expression and proliferation by
showing an increasing AP expression after
ascorbate stimulation (Fig. 3F). However, the
absolute changes of AP expression are lower
than described for the rat system. In the
MC3T3-E1 cells, AP mRNA expression has not
yet been investigated [Choi et al., 1996].

Expression of Osteocalcin in pHOB

Osteocalcin protein could not be detected
above background levels in FCS treated cul-
tures, nor could we detect osteocalcin mRNA
expression by Northern blot using rehybridized
Northern filter. However, low levels were detect-
able by PCR, indicating a low basal expression
during the whole period of observation.

To investigate whether osteocalcin is ex-
pressed at all, we measured osteocalcin protein
secretion and mRNA expression in pHOB cul-
tures treated at confluence (day 10) with 1,25-
dihydroxyvitamin-D3 for 48 h (Fig. 4). In this
experiment, the incubation medium did not con-
tain any FCS, and osteocalcin protein was al-
ready detectable under control conditions with
low basal levels. 1,25-dihydroxyvitamin-D3

stimulated Oc to 13-fold levels (P , 0.001)
above control. mRNA expression for osteocalcin
was only faintly detectable in Northern blots of
control cultures, but could be induced to 50-fold
levels (P , 0.001) by 1,25-dihydroxyvitamin-D3

at day 10 in culture demonstrating the osteo-
blastic nature of the cells.

To investigate whether this low level of ex-
pression of osteocalcin was attributable to the
low production of few differentiated cells or a
low production of all cells we determined the
number of Oc-positive cells by FACS in three
other primary osteoblast cell cultures grown
under identical conditions. Osteocalcin is an
intracellular antigen; therefore, cells had to be
permeabilized before analysis. After permeabi-
lization, we were able to demonstrate an in-
crease in Oc-positive cells from 5.5% to 61.4%
at day 6 in culture. A further increase to 96%
Oc-positive cells from day 6 to 10 (confluence)
suggested that the culture consisted mainly of
osteoblasts producing only small amounts of
osteocalcin.

In rat primary cells, osteocalcin was not de-
tectable before induction of mineralization, and
its expression depended on mineral accumula-
tion which seems to be essential to induce the
mineralization phase. When mineral accumula-
tion was retarded because of the lack of bGP, an
increase in Oc was not detectable before day 25
in rat osteoblasts. We did not find a significant
increase in Oc expression or protein secretion
in pHOB cells cultured without bGP even after
day 25.

Expression of Lipoprotein Lipase

Over the last few years, increasing informa-
tion has been made available concerning the
differentiation potential of osteoblast progeni-
tors [Cheng et al., 1994; Kassem et al., 1994;
Oreffo et al., 1997; Rickard et al., 1996]. Multi-

Fig. 4. Osteocalcin secretion and mRNA expression stimu-
lated by 1028 M 1,25-(OH)2-D3 for 48 h, added at confluence
(day 10) compared with control. Values are mean and SEM for
eight cultures. Note that, in control cultures, a basal osteocalcin
secretion was measurable, whereas only faint mRNA expression
could be detected. Oc protein and gene expression were highly
stimulated by 1,25-(OH)2-D3 (P , 0.001, Wilcoxon).
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potent stromal fibroblastic stem cells in the
bone marrow can differentiate into fibroblastic,
osteogenic, adipogenic, and reticular cells. Re-
cently, Nutall et al. [1998] succeeded in show-
ing that cells cultured from human trabecular
bone are not only osteogenic but are also able to
undergo adipocyte differentiation under de-
fined culture conditions. We tested our osteo-
blast-like cells for the expression of lipoprotein
lipase, a marker of the adipocytic phenotype.
There was no significant expression of lipopro-
tein lipase at day 10 and 32 in cultures of the
nine patients as measured by RT-PCR. There-
fore, the low osteocalcin expression at day 32 in
culture is not caused by a dedifferentiation of
osteoblasts to preadipocytes.

DISCUSSION

Primary human osteoblast cultures from
healthy young male donors, established with a
highly standardized explant technique, show
an expression pattern of bone-related proteins
during proliferation and matrix formation some-
what similar to the developmental sequence in
rat osteoblasts proposed by Stein and Lian’s
group [Owen et al., 1990; Stein and Lian, 1993;
Stein et al., 1990]. Because of the missing min-
eralization and nodule formation in our system,
the last stage of the sequence was not ex-
pressed. In contrast to the similarities in expres-
sion pattern for bone-related proteins in the rat
and human system, the regulation of prolifera-
tion seems to be different in both systems. In
the following discussion, we first try to assign
the developmental stages defined by Owen and
colleagues to our data by using the gene expres-
sion profile only. In the second part, we discuss
the contrasting proliferation data and the con-
sequences for the definition of a developmental
sequence.

In rat calvarial cells, the ‘‘proliferation stage’’
is characterized by active proliferation and the
maximal expression of genes associated with
the formation of the extracellular matrix, such
as collagen I. This period was related up to day
12 in culture [Owen et al., 1990]. At this day,
procollagen I is 80% and AP expression 50% of
maximum and proliferation 2 days before pla-
teauing. In the pHOB system, we found a simi-
lar procollagen I/AP constellation around day
12; however, there was no plateauing of prolif-
eration throughout the experiment (Fig. 5A). In
pHOB, procollagen I and osteonectin mRNA
correlated closely with the rat system, ex-

pressed to a similar level at day 12 in culture,
when AP was 50% of maximum. Using only the
given expression of collagen I and AP for the
definition of the ‘‘proliferation’’ and ‘‘maturation
stage’’ proposed by Owen and colleagues, the end
of the ‘‘proliferation stage’’ in the human system
could possibly be designated at day 12 (Fig. 5A).

The first part of the next phase was associ-
ated with the formation of extracellular matrix
in rat calvarial cells and was characterized by
an increase in the expression of alkaline phos-
phatase paralleled by its enzyme activity. Dur-
ing that phase AP expression became maximal,
whereas osteocalcin was not expressed signifi-
cantly. This phase was limited from day 12 to16
in culture (Fig. 5B). In pHOB AP expression
and activity was maximal at day 24 while, in
accordance with the prerequisite of this phase,
the osteocalcin expression was low. Therefore,
the first part of the ‘‘matrix formation phase’’ in
pHOB, as defined by the gene expression pro-
file, would be assigned to the phase between
days 12 and 24 (Fig. 5A). The end of the ‘‘matrix

Fig. 5. Comparison of the developmental sequence defined by
the expression of alkaline phosphatase (AP), procollagen I (Col
I), and osteocalcin gene expression in ascorbate-treated cultures
in relation to proliferation. The stages in the primary human
osteoblast (A: human OB) were defined by the model proposed
by Owen for rat primary osteoblasts (B: rat OB). The human
culture only reaches the middle of the ‘‘matrix maturation
phase,’’ compared with the rat system.
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maturation stage’’ in rat osteoblasts is charac-
terized by a maximal increase in osteocalcin
expression which indicates the beginning of the
‘‘mineralization stage’’ at day 22. Without the
addition of bGP, the increase in OC expression
is prolonged to day 25 [Owen et al., 1990].
Although we investigated our cells until day 32
in culture no change in Oc expression was de-
tectable. Therefore, up to day 32, we did not
find an index for the transition into the mineral-
ization phase in our culture. If only the se-
quence of mRNA expression of AP, procollagen
I, osteonectin, and osteocalcin is used to define
the different phases, we would assume that, in
the pHOB system, only the ‘‘proliferation’’ and
the first part of the ‘‘matrix maturation phase’’
are definable, because no increase in osteocal-
cin expression was detectable (Fig. 5).

In addition to the species differences, some
methodological variations must be discussed in
further detail. In rat calvarial cells, the lack of
bGP caused a 10-day elongated expression se-
quence, whereas no influence on proliferation
and AP gene expression was detected [Owen et
al., 1990]. In addition to a deficiency of bGP in
our cultures as compared with the rat calvarial
cell system, we used cells in the second passage
and plated them at 20% lower density. This
difference in experimental conditions was nec-
essary because of the low cell yield of primary
human osteoblasts. As shown by Owen et al.
[1990], subcultivated cells remain competent to
express the developmental sequence, but a
lengthening of the time course was observed.
Furthermore, with the lower plating density,
our cells reached confluence at day 10 com-
pared with day 7 in the rat system. The neces-
sary changes in our experimental setup most
probably explain the demonstrated shift in ma-
trix maturation in pHOB. The attenuated abso-
lute increase in AP expression might be due to
the use of second-passage cells. In addition to
these variables, the different localization of the
bone specimens could in itself cause differences
in the expresssion sequence. Our bone explants
were taken from the iliac crest, while the rat
osteoblasts were established from calvaria.
Therefore, our results might be specific for osteo-
blasts derived from the iliac crest. Differences
in the composition and behavior of osteoblasts
from different sources were shown before
[Kasperk et al., 1995].

In contrast to the corresponding expression
of bone-related proteins in rat calvarial cells

and primary human osteoblasts, the kinetic of
proliferation is different in each system. In the
rat system, the maximum expression of prolif-
eration-related genes preceded the plateauing
of cell proliferation by 4 days. Ascorbate inhib-
ited cell proliferation in rat calvarial cells, as
shown by accentuated plateauing with a lower
cell number [Owen et al., 1990]. By contrast,
ascorbate stimulated cell proliferation in pHOB
cells up to 4-fold, as demonstrated by cell num-
ber and total DNA measurements. There was
no final plateauing during the investigated cul-
ture time in ascorbate-treated human bone cell
cultures. In the rat system, the decrease in
proliferation was a prerequisite for the progress
to the after developmental stage. In pHOB the
expression profile proceeded to the matrix matu-
ration stage independently from this prolonged
proliferation. This points to a regulatory differ-
ence between rat and human osteoblasts con-
cerning the progress from the proliferative to
the matrix maturation phase and questions the
use of this developmental sequence in the hu-
man system. Therefore, the corresponding
stages might be termed differently for the hu-
man system, e.g., ‘‘early and late proliferation
phase.’’

In conclusion, our results showed a time-
dependent expression of AP and procollagen I
mRNA similar to the rat system, although the
quantitative changes of expression were attenu-
ated. The assignment of the transition from
‘‘proliferation’’ to ‘‘matrix maturation stage’’ as
defined for the rat system was only possible if
based on gene expression, because proliferation
was not plateauing during the investigated cul-
ture time. Mineralization was not observed, as
shown by the missing increase in Oc expres-
sion.
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Schulz R, Bethäuser H, Stempka L, Heilig b, Moll A, Hüfner
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