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Expression of Bone Matrix Proteins 
During Dexamet hasone- I nd uced Mineral ization 
of Human Bone Marrow Stromal Cells 
Su-Li Cheng, Shu-Fang Zhang, and Louis V. Avioli 
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School of Medicine, St. Louis, Missouri 631 10 

Abstract Glucocorticoids have been shown to induce the differentiation of bone marrow stromal osteoprogeni- 
tor cells into osteoblasts and the mineralization of the matrix. Since the expression of bone matrix proteins is  closely 
related to the differentiation status of osteoblasts and because matrix proteins may play important roles in the 
mineralization process, we investigated the effects of dexamethasone (Dex) on the expression of bone matrix proteins in 
cultured normal human bone marrow stromal cells (HBMSC). Treatment of HBMSC with Dex for 23 days resulted in a 
significant increase in alkaline phosphatase activity with maximum values attained on day 20 at which time the cell 
matrix was mineralized. Northern blot analysis revealed an increase in the steady-state mRNA level of alkaline 
phosphatase over 4 weeks of Dex exposure period. The observed increase in the alkaline phosphatase mRNA was 
effective at a Dex concentration as low as 1 O-’O M with maximum values achieved at 1 0-8 M. In contrast, Dex decreased 
the steady-state mRNA levels of both bone sialoprotein (BSP) and osteopontin (OPN) over a 4 week observation period 
when compared to the corresponding control values. The relative BSP and OPN mRNA levels among the Dex treated 
cultures, however, showed a steady increase after more than 1 week exposure. The expression of osteocalcin mRNA 
which was decreased after 1 day Dex exposure was undetectable 4 days later. Neither control nor Dex-treated HBMSC 
secreted osteocalcin into the conditioned media in the absence of 1 ,25(OH)2D3 during a 25-day observation period. The 
accumulated data indicate that Dex has profound and varied effects on the expression of matrix proteins produced by 
human bone marrow stromal cells. With the induced increment in alkaline phosphatase correlating with the 
mineralization effects of Dex, the observed concomitant decrease in osteopontin and bone sialoprotein mRNA levels 
and the associated decline of osteocalcin are consistent with the hypothesis that the regulation of the expression of 
these highly negatively charged proteins is essential in order to maximize the Dex-induced mineralization process 
conditioned by normal human bone marrow stromal osteoprogenitor cells. 
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It has been well documented that bone mar- 
row stromal cells include actively proliferating 
osteoprogenitor cells [Beresford, 1989; Owen 
and Friedenstein, 1988; Howlett et al., 1986; 
Chenget al., 1994; Herbertson and Aubin, 19951. 
We and others have previously demonstrated 
that human bone marrow stromal cells can be 
induced to differentiate into cells exhibiting os- 
teoblast phenotype by dexamethasone (Dex) 
[Cheng et al., 1994; Vilamitjana-Amedee et al., 
1993; Haynesworth et al., 19921. The expression 
of bone matrix proteins is conditioned by the 

Received August 9, 1995; accepted October 13, 1995. 
Address reprints requests to Dr. Su-Li Cheng, Division of 
Bone and Mineral Diseases, The Jewish Hospital of St. 
Louis, Washington University School of Medicine, 216 S. 
Kingshighway, St. Louis, MO 63110. 

0 1996 Wiley-Liss, Inc. 

stages of osteoblastic differentiation and species 
[Stein et al., 1990a; Stein et al., 1990b; Owen et 
al., 1990; Ibaraki et al., 1992; Quarles et al., 
1992; Collin et al., 1992; Yao et al., 19941. Colla- 
gen appears earliest followed by alkaline phos- 
phatase during the proliferation stage. At the 
onset of matrix mineralization, osteocalcin, os- 
teopontin, and bone sialoprotein are expressed 
in large quantities and usually parallel onset of 
mineralization in fetal calvarial cell system. Glu- 
cocorticoids which can either stimulate, inhibit, 
or effect the expression of alkaline phosphatase 
and collagen in a biphasic fashion depending on 
the osteoblast systems and culture conditions 
[Cheng et al., 1994; Canalis, 1993; Kim and 
Chen, 1989; Hahn et al., 1984; Majeska et al., 
1985; Ng et al., 1989; Shalhoub et al., 1992; 
Green et al., 1990; Subramaaniam et al., 1992; 
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Kasugai et al., 1991; Leboy et al., 1991; Dietrich 
et al., 1979; Wong et al., 19901, can also either 
stimulate or inhibit the expression of osteopon- 
tin [Shalhoub et al., 1992; Yoon et al., 1987; 
Nagata et al., 19891. Osteocalcin expression can 
be stimulated, inhibited or not affected by gluco- 
corticoids [Shalhoub et al., 1992; Subramaan- 
iam et al., 1992; Kasugai et al., 1991; Leboy et 
al., 19911 in osteoblasts whereas the expression 
of bone sialoprotein is consistently increased by 
dexamethasone in rat cells [Kasugai et al., 1991; 
Leboy et al., 1991; Oldberg et al., 19891. Since 
Dex induced human bone marrow stromal cells 
to differentiate into a mineralizing osteoblast 
phenotype [Cheng et al., 1994; Vilamitjana- 
Amedee et al., 1993; Haynesworth et al., 19921, 
we analyzed the expression of bone matrix pro- 
teins during Dex-induced differentiation and 
mineralization of human bone marrow stromal 
cells. 

MATERIALS AND METHODS 
Bone Marrow Stromal Cell Culture 

Human bone marrow stromal cells (hBMSC) 
were isolated from either male or female pa- 
tients as described [Cheng et al., 19941. Their 
ages ranged from 9 to 77 years old (mean ? SEM, 
48.2 2 6.1) for the male and from 32 to 68 years 
old (mean ? SEM, 54.3 2 4.5) for the female 
patients. No differences in results were detected 
based on age, sex, or menopausal status of the 
patients. The medications used by these pa- 
tients have no adverse effects on the function of 
osteoblastic cells. All assays were performed on 
first passaged cells. For short-term time course 
(1-7 days) and dose curve analyses, the cells 
were seeded and allowed to grow for 6-7 days 
before treatment. For long-term time course 
analyses (1-4 weeks), the cells were treated 3 
days after seeding. In cultures treated with dexa- 
methasone in the presence of P-glycerophos- 
phate and ascorbic acid, minceralization was 
observed after 2-3 weeks exposure [Cheng et al., 
19941 and was verified under phase contrast 
microscope. 

Analysis of Alkaline Phosphatase Activity 

Cells were seeded into 24-well plates at a 
density of 2 x 104/well and treated with dexa- 
methasone (10-7 M) or ethanol vehicle. The cells 
were fed twice per week with media containing 
Dex or ethanol and harvested at indicated time. 
At the end of treatment, the medium was re- 
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Fig. 1 .  Effect of dexamethasone on the alkaline phosphatase 
activity in human bone marrow stromal cell. HBMSC were 
seeded in 24 well plates. One day later (day 0) the cells were 
treated with either ethanol vehicle or Dex at lo-' M for the 
indicated period of time in a-MEM containing 50 &ml ascor- 
bic acid and 10 m M  P-glycerophosphate. The cells were fed 
twice weekly with medium containing fresh vehicle or Dex. 
Alkaline phosphatase activities in the cell layer were measured 
and normalized to the concentration of cellular protein as 
described in Materials and Methods. Each point (mean ? SEM) 
was derived from triplicate cultures. 0, control; 0 Dex. * P  < 
0.001 ; * * P  < 0.01 ; * * * P  < 0.05 (compared to the correspond- 
ing control value). 

moved and the cell layers were washed and 
assayed for alkaline phosphatase activity by mea- 
suring P-nitrophenyl phosphate (Sigma Chemi- 
cal Co., St. Louis, MO) hydrolysis as previously 
described [Cheng et al., 19941. Alkaline phospha- 
tase activities were normalized by the cellular 
protein concentration and expressed as nmolesl 
minlmg protein. 

Osteocalcin Radioimmunoassay 

Human bone marrow stromal cells in 24-well 
plates were treated with either vehicle or Dex 
(lop7 M) for indicated period of time. Three days 
before harvest, cells were washed with serum- 
free medium and incubated in oLMEM-0.05% 
BSA with or without Dex as indicated. The 
conditioned media were harvested after 72 h 
incubation and stored at -80" until assay for 
osteocalcin (BGP) content by RIA using the kit 
obtained from INCSTAR Co. (Stillwater, MN). 
The cell layers were washed three times with 
PBS, scraped into 0.5 ml PBS, and sonicated. 
The protein concentrations in the sonicates of 
cell layers were measured by the Coomassie blue 
reagent obtained from BioRad using bovine se- 
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Fig. 2. Effect of dexamethasone on the steady-state mRNA 
levels of alkaline phosphatase in human bone marrow stromal 
cells. HBMSC were treated with ethanol (C) or Dex at lo-' M 
for 1-7 days (left) or for 1-4 weeks (right). mRNA-enriched 
RNA preparations were isolated using Mini RiboSep kit and 
separated on formaldehyde agarose gel. The RNAs were trans- 
ferred to a nitrocellulose or nylon membrane and probed with 
32P-labeled cDNA for human alkaline phosphatase followed by 
32P-labeled cDNA for human p-actin. Each picture shown here 
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was representative of three experiments performed on bone 
marrow stromal cells derived from different patients. lop:  
Expression of these mRNAs as visualized by autoradiograms. 
Bottom: The relative alkaline phosphatase mRNA concentration 
on the autoradiograms as analyzed by densitometer and normal- 
ized with the p-actin mRNA level. The ratio of alkaline phospha- 
tase/p-actin for the control culture after 1-day (left) or l-week 
(right) treatment was defined as 100. Light bar, control cultures; 
dark bar, Dex-treated cultures. 

rum albumin as standard. Osteocalcin concentra- 
tion was expressed as ngl100 pg cellular protein. 

Northern Blot Analysis 

Human bone marrow stromal cells in P-150 
culture dishes were treated with ethanol (con- 
trol) or dexamethasone M) for the indi- 
cated period of time. Poly A+ mRNA enriched 
RNA preparation, which still contained a sub- 
stantial amount of rRNA, was isolated using 
Mini RiboSep mRNA isolation kit (Collabora- 
tive Biomedical Products, Bedford, MA) accord- 
ing to the instruction of the manufacturer. 
mRNAs were separated on formaldehyde-con- 
taining agarose gels, stained with ethidium bro- 
mide to obtain a picture of the 28 S and 18 S 
levels, and transferred to nitrocellulose or nylon 
membranes according to standard procedures 

[Ausubel et al., 19911. The membranes were 
prehybridized followed by hybridization with 
[32Pl-cDNA probe overnight at 42" as previously 
described [Cheng et al., 19941. [32Pl-cDNAs were 
prepared using the Megaprime Labeling kit ob- 
tained from Amersham (Arlington Heights, ILL) 
and ~ ' - [ C ~ ~ ~ P ] - ~ C T P  (3000 Ci/mmol, aqueous so- 
lution) according to the procedures provided by 
the manufacturer. Following two washes with 
2x  SSClO.l% SDS for 15 min each at room 
temperature and a single wash with 0 . 2 ~  SSCi 
0.1% SDS at 52", the membranes were exposed 
to Hyperfilms (Amersham Co.) at -70". To ana- 
lyze the intensity of each band on the autoradio- 
grams, the X-ray films were subjected to image 
analysis using ISS SepraScan 2001 (Integrated 
Separation Systems, Natick, MA). The relative 
matrix protein mRNA concentration was calcu- 
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lated after normalization with their respective 
p-actin mRNA level. Similar results were ob- 
tained when the data were normalized with ei- 
thdium bromide-stained 28 S or 18 S rRNA level 
or with GAPDH mRNA level. Therefore, only 
the data normalized with p-actin mRNA level 
were presented. We have not observed any 
changes in p-actin or GAPDH mRNA level as 
cultures prolonged under our experimental con- 
ditions. 

Statistics 

Statistical analyses were performed using Stu- 
dent's unpaired t-test. 

RESULTS 
Effect of Dexamethasone on Alkaline 
Phosphatase in Human Bone Marrow 

Stromal Cells 

We previously reported that Dex enhanced 
the alkaline phosphatase activity in human bone 
marrow stromal cells after 2-3 days treatment 
and reached maximum at 7-14 days [Cheng et 
al., 19941. We have since analyzed the alkaline 
phosphatase activities in cultures that had been 
exposed to Dex for over 3-4 week period. As 
reported earlier, alkaline phosphatase activity 
in HBMSC was increased by 2-3 fold after 1-2 
weeks treatment. This activity was further in- 
creased to 4-5 fold of the control values by 
M Dex between days 16 and 20 and maintained 
at this plateau level afterward (Fig. 1). As noted 
in Figure 1, alkaline phosphatase activity in the 
control cultures was increased when culture pe- 
riod was lengthened and by day 20-23, it was 
twice that of day 5 level. The alkaline phospha- 
tase activity in the control cultures, however, 
never reached those of Dex-treated cultures. 

Northern blot analysis indicated that the 
steady-state alkaline phosphatase mRNA levels 
in the control cultures progressively increased 
as the culture period lengthened (Fig. 2). Treat- 
ment with M Dex for 1 day resulted in a 
drastic decline in the steady-state alkaline phos- 
phatase mRNA level to 16-55% of the corre- 
sponding control level (Fig. 2). After 3 days 
treatment, however, alkaline phosphatase 
mRNA level rebounded to above the control 
value and by 7 days Dex exposure, it was 422.0 k 
135.3% (n = 10, P < 0.001) of the correspond- 
ing control cultures and this increase continued 
over 4 week period (Fig. 2). The increase in 
alkaline phosphatase mRNA level induced by 
Dex after 7 days was significant at 10-lo M and 

reached maximum value at 
tion (Fig. 3). 

M concentra- 

Effect of Dexamethasone on Osteocalcin 
in Human Bone Marrow Stromal Cells 

Although osteocalcin was not detected in the 
conditioned medium of either control or Dex- 
treated HBMSC over a 25-day period in the 
absence of 1,25(OH)2D3 (data not shown), North- 
ern blot analysis indicated that the osteocalcin 
mRNA level was decreased by Dex after 1 day 
exposure to 11-45% of the control value with a 
further decrease observed during the subse- 
quent days reaching undetectable levels after 4 
days of treatment (Fig. 4). This inhibition by 
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Fig. 3. Effect of dexamethasone on the steady-state mRNA 
levels of alkaline phosphatase in human bone marrow stromal 
cells as a function of dose. HBMSC were treated with ethanol 
(C) or Dex at indicated concentration for 7 days. Northern blot 
analysis was performed as described. The picture shown here 
was representative of three experiments performed on bone 
marrow stromal cells derived from different patients. Top: 
Expression of these mRNAs as visualized by autoradiograms. 
Bottom: The relative alkaline phosphatase mRNA concentration 
on the autoradiograms as analyzed by densitometer and normal- 
ized with the p-actin mRNA level. The ratio of alkaline phospha- 
taseip-actin for the control culture was defined as 100. 
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Fig. 4. Effect of dexamethasone on the steady-state mRNA 
levels of osteocalcin (BCP) in human bone marrow stromal 
cells. HBMSC were treated with ethanol (C) or Dex at lo-’ M 
for 1-4 days. mRNA-enriched RNA preparations were isolated 
and membrane was probed with 3ZP-labeled cDNA for human 
osteocalcin followed by 3zP-labeled cDNA for human p-actin. 
The picture shown here was representative of two experiments 
performed on bone marrow stromal cells derived from different 

Dex persisted over 4 weeks period and was effec- 
tive at 1 nM concentration (data not shown). 

Since the protein concentration of osteocalcin 
and enzyme activity of alkaline phosphatase in 
general paralleled their respective mRNA level, 
we employed only Northern blot analysis to 
analyze the regulation of osteopontin and bone 
sialoprotein in HBMSC. 

Effect of Dexamethasone on the Expression 
of Osteopontin in Human Bone Marrow 

Stromal Cells 

Osteopontin mRNA level in the control cul- 
ture was increased more than two fold after 7 

patients. Top: Expression of these mRNAs as visualized by 
autoradiograms. Bottom: The relative osteocalcin mRNA con- 
centration on the autoradiograms as analyzed by densitometer 
and normalized with the p-actin mRNA level. The ratio of 
osteocalcinip-actin for the control culture after 1 -day treatment 
was defined as 100. Light bar, control cultures; dark bar, Dex- 
treated cultures. 

days and continued to increase to almost five 
fold of the l-week level after 4 weeks (Fig. 5). 
Dex decreased the steady-state osteopontin 
mRNAlevel to 49.6 ? 16.6% (n = 5, P < 0.01) 1 
day after exposure and to 11.2 & 6.3% (n = 5, 
P < 0.001) of the control level by 7 days (Fig. 5). 
The reduction of osteopontin mRNA level by 
Dex persisted over four weeks observation pe- 
riod (Fig. 5). Although Dex-treated cultures ex- 
pressed considerably lower osteopontin mRNA 
concentration than the control cultures, the rela- 
tive osteopontin mRNA levels among the Dex- 
treated group revealed an increase of 17 fold 
from week 1 to week 4 (Fig. 5). Dose response 
analyses indicated that the inhibition of osteo- 
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Fig. 5. Effect of dexamethasone on the steady-state mRNA 
levels of osteopontin in human bone marrow stromal cells. 
HBMSC were treated with ethanol (C) or Dex at 1 0-7 M for 1-7 
days (left) or 1-4 weeks (right). Northern blot analysis was 
performed and membranes were probed with 32P-labeled cDNA 
for human osteopontin followed by 32P-labeled cDNA for hu- 
man p-actin. The pictures shown here were representative of 
three (left) and two (right) experiments performed on bone 

pontin mRNA level by Dex was effective at 10-lo 
M and reached maximum at M (Fig. 6). 

Effect of Dexamethasone on the Expression 
of Bone Sialoprotein in Human 

Bone Marrow Stromal Cells 

Similar to osteopontin, bone sialoprotein 
mRNA level in the control culture was increased 
steadily over 3 weeks period (Fig. 7). Dex treat- 
ment resulted in a decreased expression of bone 
sialoprotein mRNA to 20.5 k 6.3% (n = 8, 
P < 0.001) of the corresponding control value 
by 7 days and persisted over a 3 week period 
(Fig. 7). Although Dex-treated cultures ex- 
pressed lower bone sialoprotein mRNA than the 
control cultures, the relative bone sialoprotein 
mRNA levels among the Dex cultures showed an 
increase of 10-fold over a 3 week period (Fig. 71, 
a phenomenon also observed for osteopontin 
(Fig. 5). In another experiment, the level of BSP 
mRNA was found to continue to increase 4 

marrow stromal cells derived from different patients. Top: 
Expression of these mRNAs as visualized by autoradiograrns. 
Bottom: The relative osteopontin rnRNA concentration on the 
autoradiograms as analyzed by densitometer and normalized 
with the p-actin mRNA level. The ratio of osteopontin/p-actin 
for the control culture after 1-day (left) or l-week (right) treat- 
ment was defined as 100. Light bar, control cultures; dark bar, 
Dex-treated cultures. 

weeks after Dex treatment although it was still 
substantially lower than the control value (data 
not shown). Dose response analysis indicated 
that the inhibition of bone sialoprotein mRNA 
level by Dex was effective at M and reached 
maximum at M (Fig. 8). 

Summary of the Effect of Dex on the Matrix 
Protein mRNA Expression During 

the Differentiation of Human 
Bone Marrow Stromal Cells 

Figure 9 summarized the effect of Dex on the 
expression of alkaline phosphatase, osteopontin, 
bone sialoprotein, and osteocalcin over the time 
course of differentiation and mineralization of 
human bone marrow stromal cells and their 
comparison with that of control cultures. As 
shown in the figure, maximum expression of 
alkaline phosphatase, osteopontin, and bone sia- 
loprotein in either control or Dex-treated group 
was observed after 3 or 4 weeks. Exposure to 
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DISCUSSION 

We and others have previously demonstrated 
that dexamethasone stimulates the differentia- 
tion of human bone marrow stromal cells into 
osteoblast-like cells with mineralization of the 
matrix [Cheng et al., 1994; Gronthos et al.., 
19941. Since bone matrix proteins play pivotal 
roles in the differentiation and mineralization 
processes [Boskey, 1992; Gorski, 19921, we con- 
sidered an analysis of the expression of the bone 
matrix proteins during the Dex-induced differen- 
tiation process in human bone marrow stromal 
cells an essential undertaking. Our results indi- 
cated that whereas dexamethasone increased 
alkaline phosphatase, the steady-state mRNA 
levels of osteopontin and bone sialoprotein were 
decreased and osteocalcin expression suppressed 
to undetectable level over a 4 week treatment 
period. 

The enzyme activity and the steady-state 
mRNA level of alkaline phosphatase in Dex- 
treated HBMSC displayed a gradual and moder- 
ate increase in the first 2 weeks of exposure 
followed by a drastic increase in the third week 
with maximal values attained in the 4th week. It 
has been demonstrated that the increase in alka- 
line phosphatase mRNA by Dex can be attrib- 
uted entirely to an increase in the transcrip- 
tional process [Green et al., 19901. Interestingly, 
the control cultures of HBMSC also showed a 
time-dependent increase in alkaline phospha- 
tase activity and mRNA level although neither 
value reached the levels attained by Dex after 1 
week treatment (Figs. 1 and 2). Since only the 
Dex-treated cultures mineralized the matrix 
[Cheng et al., 19941, these observations imply 
that a threshold of alkaline phosphatase activity 
must be exceeded before mineralization can oc- 
cur. 

The pattern of the increase in alkaline phos- 
phatase by Dex in HBMSC was similar to that 
found by others in the differentiation of 
MC3T3-El cells [Quarles et al., 19921 where the 
alkaline phosphatase mRNA increased continu- 
ously during the length of culture period. Our 
results, however, are in contrast to those found 
in osteoblasts derived from fetal rat calvaria and 
fetal bovine long bones which exhibit maximal 
alkaline phosphatase expression during prolifera- 
tion and the matrix maturation periods with 
subsequent decrease during the mineralization 
process [Stein et al., 1990b; Owen et al., 1990; 
Ibaraki et al., 19921. Unlike HBMSC, the maxi- 
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Fig. 6. Effect of dexamethasone on the steady-state mRNA 
levels of osteopontin in human bone marrow stromal cells as a 
function of dose. HBMSC were treated with ethanol ( C )  or Dex 
at indicated concentration for 7 days. Cells were harvested and 
Northern blot analysis performed. Membrane was probed with 
3ZP-labeled cDNA for human osteopontin (OPN) followed by 
3ZP-labeled cDNA for human p-actin. The result shown here 
was representative of two experiments performed on bone 
marrow stromal cells derived from different patients. Top: 
Expression of these mRNAs as visualized by autoradiograms. 
Bottom: The relative osteopontin mRNA concentration on the 
autoradiograms as analyzed by densitometer and normalized 
with the p-actin mRNA level. The ratio of osteopontin/p-actin 
for the control culture was defined as 100. 

Dex, however, resulted in a substantially higher 
expression of alkaline phosphatase but a drasti- 
cally suppressed levels of osteopontin and bone 
sialoprotein in conjunction with heavy mineral- 
ization of the matrix. The expression of osteocal- 
cin mRNA was maximum at the beginning of 
Dex treatment and declined to almost undetect- 
able level after 4 days. 
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Fig. 7. Effect of dexamethasone on the steady-state mRNA 
levels of hone sialoprotein in human bone marrow stromal 
cells. HBMSC were treated with ethanol (C) or Dex at lo-’ M 
for 1-7 days (left) or 1-3 weeks (right). mRNA-enriched RNA 
preparations were isolated and Northern blot analysis per- 
formed. Membranes were probed with 32P-labeled cDNA for 
human bone sialoprotein (BSP) followed by 32P-laheled cDNA 
for human p-actin. Each picture shown here was representative 
of three experiments performed on hone marrow stromal cells 

mum expression of alkaline phosphatase in both 
control and Dex-treated rat bone marrow stro- 
mal cells also occurred after 2 weeks and de- 
clined thereafter E a o  et al., 1994; Malaval et al., 
19941. Thus, the behavior of human bone mar- 
row stromal cells differ from that of rat bone 
marrow stromal cells in this regard. 

The suppression of osteopontin, bone sialopro- 
tein, and osteocalcin by Dex in HBMSC is incon- 
sistent with the generally held view in that 
maximum expression of these three proteins is 
essential for mineralization to occur. Abundant 
evidence has accumulated indicating that osteo- 
pontin, bone sialoprotein, and osteocalcin ex- 
press highly during the mineralization phase of 
fetal and neonatal osteoblasts and mineralized 
bone tissues [Stein et al., 1990b; Owen et al., 
1990; Ibaraki et al., 1992; Yoon et al., 1987; 

derived from different patients. Top: Expression of these mRNAs 
as visualized by autoradiograms. Bottom: The relative hone 
sialoprotein mRNA concentration on the autoradiograms as 
analyzed by densitometer and normalized with the p-actin 
mRNA level. The ratio of bone sialoprotein/p-actin for the 
control culture after 1 -day (left) or 1 -week (right) treatment was 
defined as 100. Light bar, control cultures; dark bar, Dex-treated 
cultures. 

Nagata et al., 1989; Bianco et al., 1993; McKee 
et al., 1990; Chen et al., 1991; Chen et al., 1992; 
Chen et al., 1993; Chen et al., 1994; Kasugai et 
al., 1992; Nomura et al., 1988; Nagata et al., 
1991; Hultenby et al., 1991; Weinreb et al., 
19901. Bone sialoprotein is also able to induce 
the nucleation of hydroxyapatite in vitro [Hunter 
and Goldberg, 19931. Our accumulated data, 
however, demonstrate that osteopontin and bone 
sialoprotein expression in the control cultures of 
HBMSC far surpasses that found in Dex-treated 
cultures despite the absence of mineralization 
[Cheng et al., 1994; Gronthos et al., 19941. Al- 
though we have not yet fully analyzed the pro- 
tein concentrations of osteopontin and bone sia- 
loprotein in our culture systems, preliminary 
results suggest that the mRNA level of osteopon- 
tin correlates with its protein concentration (data 



190 Cheng et al. 

Dex (M) 

c 10-10 10-9 10-8 10-7 

- 28s 

BSP 
- 18s 

p-actin 

C 1 0 9 8 7  
-Log[Dex] 

Fig. 8. Effect of dexamethasone on the steady-state mRNA 
levels of bone sialoprotein in human bone marrow stromal cells 
as a function of dose. HBMSC were treated with ethanol (C) or 
Dex at indicated concentration for 7 days. Northern blot analy- 
sis was performed and membrane was probed with 32P-labeled 
cDNA for human bone sialoprotein followed by 32P-labeled 
cDNA for human p-actin. The result shown here was represen- 
tative of two experiments performed on bone marrow stromal 
cells derived from different patients. Top: Expression of these 
mRNAs as visualized by autoradiograms. Bottom: The relative 
bone sialoprotein mRNA concentration on the autoradiograms 
as analyzed by densitometer and normalized with the p-actin 
mRNA level. The ratio of bone sialoprotein/p-actin for the 
control culture was defined as 100. 

not shown). Thus, in human bone marrow stro- 
ma1 cells subjected to dexamethasone, osteopon- 
tin, bone sialoprotein, and osteocalcin do not 
appear to assume the determining pivotal roles 
for the mineralization process. This observation 
is also consistent with the finding that high 
concentrations of osteopontin and bone sialopro- 
tein prevent hydroxyapatite formation in in vitro 

assays [Boskey, 1992; Gorski, 19921. Since Dex 
induces the mineralization of the matrix of hu- 
man bone marrow stromal cells, the expression 
of appropriate levels of all the bone matrix pro- 
teins is pivotal. Our results are also consistent 
with the observation that the concentration of 
osteopontin and bone sialoprotein is relatively 
low in the bone formation areas in the human 
bone tissues [Ingram et al., 19931. A moderate 
and sufficient quantity of osteopontin and bone 
sialoprotein is probably important in initiating 
and maximizing the matrix mineralization pro- 
cess. In addition, the degree of phosphorylation, 
sulfation and sialization of osteopontin, and bone 
sialoprotein may also affect the mineralization 
process [Boskey, 1992; Gorski, 1992; Nagata et 
al., 19911. The possibility that Dex affects the 
post-translational modification of osteopontin 
and bone sialoprotein still remains to be explored. 

Dexamethasone induced bone sialoprotein 
mRNA expression in fetal and neonatal rat cal- 
varial cells, ROS 1 7 / 2 3  cells and rat bone mar- 
row stromal cells [Kasugai et al., 1991; Leboy et 
al., 1991; Oldberg et al., 1989; Malaval et al., 
19941. Our accumulated data indicated that Dex 
decreased the steady-state mRNA levels of bone 
sialoprotein in human bone marrow stromal 
cells despite the fact that these Dex-treated cells 
were able to mineralize their matrix [Cheng et 
al., 1994; Vilamitjana-Amedee et al., 1993; Gron- 
thos et al., 19941. Thus, species difference or 
culture conditions may dictate the outcome in 
the expression of bone sialoprotein. A putative 
glucocorticoid response unit is present at  - 1038 
to -1022 in the human BSP promoter [Kim et 
al., 19941. Since this region is not conserved 
between human and rat, the opposite effect of 
Dex on the expression of BSP between human 
and rat BMSC indicates that different nuclear 
factor (or factors) may condition the Dex-medi- 
ated regulation of the transcription of BSP. Ad- 
ditional studies designed to analyze the identifi- 
cation and function of nuclear factor(s1 on the 
promoter activities should shed some new light 
on the discrepant effect of Dex on human and 
rodent bone cells. 

Osteocalcin has been shown to correlate very 
well with the mineralization of fetal rat calvarial 
cells [Stein et al., 1990b; Pockwinse et al., 19921 
and Dex increases osteocalcin expression in sev- 
eral osteoblast systems and rat bone marrow 
stromal cells [Shalhoub et al., 1992; Kasugai et 
al., 1991; Leboy et al., 1991; Yao et al., 1994; 
Malaval et al., 19941. In many other osteoblast 
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Fig. 9. Summary of the expression of alkaline phosphatase, 
osteopontin, bone sialoprotein, and osteocalcin mRNA levels as 
a function of time. The p-actin normalized mRNA level of each 
matrix protein was plotted as a function of treatment length. 

systems, however, Dex has been shown to in- 
hibit or has no effect on the expression of osteo- 
calcin and prevents the induction of osteocalcin 
by vitamin D [Kim and Chen, 1989; Subramaan- 
iam et al., 1992; Stromstedt et al., 19911. Using 
human bone marrow stromal cells, we were 
unable to detect osteocalcin in the conditioned 
medium in the absence of 1,25(OH)2D3 and Dex 
decreased the osteocalcin mRNA level to  almost 
undetectable levels. Since Dex induces the min- 
eralization of the matrix of human bone marrow 
stromal cells, our results argue against the role 
of osteocalcin in the initiation of mineralization. 
Furthermore, inhibition of y-carboxylation of 
osteocalcin has been shown to result in excessive 
mineralization [Price et al., 19821 and osteocal- 
cin inhibits the growth of hydroxyapatite crys- 
tals [Romberg et al., 19861. Therefore, osteocal- 
cin may function as a regulator rather then a 
promoter for mineralization. In fact, it has been 
suggested that osteocalcin may play an impor- 
tant role in bone resorption [Glowacki et al., 
1989; Glowacki and Lian, 19871. Although we 
could not detect osteocalcin in the conditioned 
medium, it is possible that our techniques were 
not sensitive enough to detect levels which al- 
beit very low, are essential for the propagation 
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The highest value of each matrix protein for both control (Con) 
and Dex combined was defined as 100 and the rest of the 
number adjusted accordingly. 

of mineralization. Further studies using more 
sensitive immunohistochemical staining will 
clarify this aspect. 

It has been reported that Dex induces differen- 
tiation of bone marrow stromal cells to adipo- 
cytes in the presence of methyisobutylxanthine 
and indomethacin [Gimble, 19901. These cells 
also express alkaline phosphatase, osteopontin, 
bone sialoprotein, and osteocalcin [Dorheim et 
al., 19931. In contrast to our findings, however, 
the Dex-induced adipocytes exhibit lower alka- 
line phosphatase with no alteration in osteopon- 
tin mRNA levels. Therefore, Dex per se appears 
unable to direct the differentiation of human 
bone marrow stromal cells toward adipocytes in 
our culture conditions, confirming our earlier 
observation that Dex-treated human bone mar- 
row stromal cells contain no adipocytes [Cheng 
et al., 19941. 

In conclusion, although individuals subjected 
to prolonged high-dose glucocorticoid therapy 
can lose bone mass [Lukert and Raisz, 19901, 
our in vitro data together with observations of 
others made in human osteoblasts [Subramaan- 
iam et al., 1992; Wong et al., 19901 strongly 
suggest that glucocorticoids at physiological con- 
centration play an essential role in enhancing 
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the differentiation and mineralization of both 
human bone marrow stromal osteoprogenitor 
cells and human osteoblasts by maintaining the 
expression of specific matrix protein compo- 
nents at appropriate levels. 

ACKNOWLEDGMENTS 

We thank Dr. Paula Henthorn (University of 
Pennsylvania, Philadelphia, Pennsylvania) for 
alkaline phosphatase cDNA, Dr. Marian Young 
(National Institute of Health, Bethesda, Mary- 
land) for the cDNAs for osteopontin and bone 
sialoprotein, Dr. John Wozney (Genetic Insti- 
tute, Massachusetts) for human osteocalcin 
cDNA, and Dr. Bratin Saha (Emory University, 
Atlanta, Georgia) for human p-actin cDNA. We 
also thank Aurora Fausto for isolating the hu- 
man bone marrow stromal cells. This research 
was funded by NIH 5P01 AFt32087-12. 

REFERENCES 

Ausubel FM, Brent R, Kingston RE, Moore DD, Seidman 
JG, Smith JA, Struhl K (1991): Analysis of RNA by 
Northern hybridization. Current Protocols in Molecular 
Biology Unit 4.9, pp. 4.9.1-4.9.8. 

Beresford JN (1989): Osteogenic stem cells and the stromal 
system of bone and marrow. Clinical Orthopaedics & 
Related Research 240:270-280. 

Bianco P, Riminucci M, Silvestrini G, Bonucci E, Termine 
JD, Fisher LW, Gheron Robey P (1993): Localization of 
bone sialoprotein (BSP) to Golgi and post-Golgi secretory 
structures in osteoblasts and to discrete sites in early bone 
matrix. J Histochem Cytochem 41:193-203. 

Boskey AL (1992): Mineral-matrix interactions in bone and 
cartilage. Clinical Orthopaedics & Related Research 281: 

Canalis E (1983): Effect of glucocorticoids on type I collagen 
synthesis, alkaline phosphatase activity, and deoxyribo- 
nucleic acid content in cultured rat calvariae. Endocrinol- 

Chen J, Shapiro HS, Wrana JL, Reimers S ,  Heersche JNM, 
Sodek J (1991): Localization of bone sialoprotein (BSP) 
expression to sites of mineralized tissue formation in fetal 
rat tissues by in situ hybridization. Matrix 11:133-143. 

Chen J ,  Shapiro HS, Sodek J (1992): Developmental expres- 
sion of bone sialoprotein mRNA in rat mineralized connec- 
tive tissues. J Bone Miner Res 7:987-997. 

Chen J ,  Singh K, Mukherjee BB, Sodek J (1993): Develop- 
mental expression of osteopontin (OPN) mRNA in rat 
tissues: Evidence for a role of OPN in bone formation and 
resorption. Matrix 13:113-123. 

Chen J, McKee MD, Nanci A, Sodek J (1994): Bone sialopro- 
tein mRNA expression and ultrastructural localization in 
fetal porcine calvarial bone: comparisons with osteopon- 
tin. Histochem J 26:67-78. 

Cheng SL, Yang JW, Rifas L, Zhang SF, and Avioli LV 
(1994): Differentiation of Human Bone Marrow Osteo- 
genic Stromal Cells In Vitro: Induction of the Osteoblast 
Phenotype by Dexamethasone. Endocrinology 134:277- 
286. 

244-274. 

ogy 112:931-939. 

Collin P, Nefussi JR, Wetterwald A, Nicolas V, Boy-Lefevre 
M-L, Fleisch H, Forest N (1992): Expression of collagen, 
osteocalcin, and bone alkaline phosphatase in a mineraliz- 
ing rat osteoblastic cell culture. Calcif Tissue Int 50:175- 
183. 

Dietrich JW, Canalis EM, Maina DM, and Raisz LG (1979): 
Effect of glucocorticoids on fetal rat bone collagen synthe- 
sis in vitro. Endocrinology 104:715-721. 

Dorheim M-A, Sullivan M, Dandapani V, Wu X, Hudson J, 
Segarini PR, Rosen DM, Aulthouse AL, Gimble JM (1993): 
Osteoblastic gene expression during adipogenesis in hema- 
topoietic supporting murine bone marrow stromal cells. J 
Cell Physiol 154:317-328. 

Gimble JM (1990): The function of adipocytes in the bone 
marrow stroma. New Biologist 2:304-312. 

Glowacki J, Lian JB (1987): Impaired recruitment and differ- 
entiation of osteoclast progenitors by osteocalcin-deplete 
bone implants. Cell Differentiation 21:247-254. 

Glowacki J, Rey C, Cox K, Lian J (1989): Effects of bone 
matrix components on osteoclast differentiation. Connect 
Tissue Res 20:121-129. 

Gorsh J P  (1992): Acidic phosphoproteins from bone matrix: 
a structural rationalization of their role in biomineraliza- 
tion. Calcif Tissue Int 50:391-396. 

Green E, Todd B, Heath D (1990): Mechanism of glucocorti- 
coid regulation of alkaline phosphatase gene expression in 
osteoblast-like cells. Eur J Biochem 188:147-153. 

Gronthos S, Graves SE, Ohta S, Simmons PJ (1994): The 
STRO-1+ fraction of adult human bone marrow contains 
the osteogenic precursors. Blood 84:4164-4173. 

Hahn TJ, Westbrook SL, Halstead LR (1984): Cortisol modu- 
lation of osteoblast metabolic activity in cultured neonatal 
rat bone. Endocrinology 114:1864-1870. 

Haynesworth SE, Goshima J ,  Goldberg VM, Caplan A1 
(1992): Characterization of cells with osteogenic potential 
from human marrow. Bone 13:81-88. 

Herbertson A, Aubin JE (1995): Dexamethasone alters the 
subpopulation make-up of rat bone marrow stromal cell 
cultures. J Bone Miner Res 10:285-294. 

Howlett CR, Cave J ,  Williamson M, Farmer J, Ali SY, Bab I, 
Owen ME (1986): Mineralization in in vitro cultures of 
rabbit marrow stromal cells. Clinical Orthopaedics & Re- 
lated Research 213:251-263. 

Hultenby K, Reinholt FP, Oldberg A, Heinegard D (1991): 
Ultrastructural immunolocalization of osteopontin in me- 
taphyseal and cortical bone. Matrix 11:206-213. 

Hunter GK, Glodberg HA (1993): Nucleation of hydroxyapa- 
tite by bone sialoprotein. Proc Natl Acad Sci USA 90:8562- 
8565. 

Ibaraki K, Termine JD, Whitson SW, Young MF (1992): 
Bone matrix mRNA expression in differentiating fetal 
bovine osteoblasts. J Bone Miner Res 7:743-754. 

Ingram RT, Clarke BL, Fisher LW, Fitzpatrick LA (1993): 
Distribution of noncollagenous proteins in the matrix of 
adult human bone: Evidence of anatomic and functional 
heterogeneity. J Bone Miner Res 8:1019-1029. 

Kasugai S, Todescan R Jr., Nagata T, Yao K-L, Butler WT, 
Sodek J (1991): Expression of bone matrix proteins associ- 
ated with mineralized tissue formation by adult rat bone 
marrow cells in vitro: inductive effects of dexamethasone 
on the osteoblastic phenotype. J Cell Physiol 147:l l l -  
120. 

Kasugai S, Nagata T, Sodek J (1992): Temporal studies on 
the tissue compartmentalization of bone sialoprotein 



Dexamethasone Effect on Protein Expression 193 

(BSP), osteopontin (OPN), and SPARC protein during 
bone formation in vitro. J Cell Physiol 152:467-477. 

Kim HT, Chen TL (1989): 1,25-Dihydroxyvitamin D3 inter- 
action with dexamethasone and retinoic acid: Effects on 
procollagen messenger ribonucleic acid levels in rat osteo- 
blast-like cells. Mol Endocrinol3:97-104. 

Kim RH, Shapiro HS, Li JJ ,  Wrana JL, Sodek J (1994): 
Characterization of the human bone sialoprotein (BSP) 
gene and its promoter sequence. Matrix Biology 14:31-40. 

Leboy PS, Beresford JN, Devlin C, and Owen ME (1991): 
Dexamethasone induction of osteoblast mRNAs in rat 
marrow stromal cell cultures. J Cell Physiol 146:370-378. 

Lukert BP, Raisz LG (1990): Glucocorticoid-induced osteo- 
porosis: pathogenesis and management. Ann Int Med 
112:352-364. 

Majeska RJ, Nair BC, Rodan GA (1985): Glucocorticoid 
regulation of alkaline phosphatase in the osteoblastic os- 
teosarcoma cell line ROS 17/23. Endocrinology 116:170- 
179. 

Malaval L, Modrowski D, Gupta AK, Aubin J E  (1994): 
Cellular expression of bone-related proteins during in 
vitro osteogenesis in rat bone marrow stromal cell cul- 
tures. J Cell Physiol 158:555-572. 

McKee MD, Nanci A, Landis WJ, Gotoh Y, Gerstenfeld LD, 
Glimcher MJ (1990): Developmental appearance and ultra- 
structural immunolocalization of a major 66 kDa phospho- 
protein in embryonic and post-natal chicken bone. Anat 
Rec 228:77-92. 

Nagata T, Todescan R, Goldberg HA, Zhang Q, Sodek J 
(1989): Sulphation of secreted phosphoprotein I (SPPI, 
osteopontin) is associated with mineralized tissue forma- 
tion. Biochem Biophys Res Commun 165:234-240. 

Nagata T, Goldberg HA, Zhang Q, Domenicucci C, Sodek J 
(1991): Biosynthesis of bone proteins by fetal porcine 
calvariae in vitro. Rapid association of sulfated sialopro- 
teins (secreted phosphoprotein-1 and bone sialoprotein) 
and chondroitin sulfate proteoglycan (CS-PGIII) with bone 
mineral. Matrix 11:8&100. 

Ng KW, Manji SS, Young MF, Findlay DM (1989): Opposing 
influences of glucocorticoid and retinoic acid on transcrip- 
tional control in preosteoblasts. Mol Endocrinol 3:2079- 
2085. 

Nomura S, Wills AJ, Edwards DR, Hwath JK, Hogan BLM 
(1988): Developmental expression of 2ar (osteopontin) 
and SPARC (osteonectin) RNA as revealed by in situ 
hybridization. J Cell Biol106:441-450. 

Oldberg A, Jirskog-Hed B, Axelsson S, Heinegard D (1989): 
Regulation of bone sialoprotein mRNA by steroid hor- 
mones. J Cell Biol109:3183-3186. 

Owen M, Friedenstein AJ (1988): Stromal stem cells: mar- 
row-derived osteogenic precursors. Ciba Fund Symp 136: 
42-60. 

Owen TA, Aronow M, Shalhoub V, Barone LM, Wilming L, 
Tassinari MS, Kennedy MB, Pockwinse S, Lian JB, Stein 
GS (1990): Progressive development of the rat osteoblast 
phenotype in vitro: reciprocal relationships in expression 
of genes associated with osteoblast proliferation and differ- 
entiation during formation of the bone extracellular ma- 
trix. J Cell Physiol 143:420-430. 

Pockwinse SM, Wilming LG, Conlon DM, Stein GS, Lian JB 
(1992): Expression of cell growth and bone specific genes 
at single cell resolution during development of bone tissue- 
like organization in primary osteoblast cultures. J Cell 
Biochem 49:3 10-323. 

Price PA, Williamson MK, Haba T, Dell RB, Jee WSS (1982): 
Excessive mineralization with growth plate closure in rats 
on chronic warfarin treatment. Proc Natl Acad Sci USA 
79:7734-7738. 

Quarles LD, Yohay DA, Lever LW, Caton R, Wenstrup RJ 
(1992): Distinct proliferative and differentiated stages of 
murine MC3T3-El cells in culture: an in vitro model of 
osteoblast development. J Bone Miner Res 7:683-692. 

Romberg RW, Werness PG, Riggs BL, Mann KG (1986): 
Inhibition of hydroxyapatite crystal growth by bone- 
specific and other calcium-binding proteins. Biochemistry 

Shalhoub V, Conlon D, Tassinari M, Quinn C, Partridge N, 
Stein GS, Lian J B  (1992): Glucocorticoids promote devel- 
opment of the osteoblast phenotype by selectively modulat- 
ing expression of cell growth and differentiation associ- 
ated genes. J Cell Biochem 50:425-440. 

Stein GS, Lian JB, Owen TA (1990a): Bone cell differentia- 
tion: a functionally coupled relationship between expres- 
sion of cell-growth- and tissue-specific genes. Curr Opin 
Cell Biol2:1018-1027. 

Stein GS, Lian JB, Owen TA (1990b): Relationship of cell 
growth to the regulation of tissue-specific gene expression 
during osteoblast differentiation. FASEB J 4:3111-3123. 

Stromstedt P-E, Poellinger L, Gustafsson J-A, Carlstedt- 
Duke J (1991): The glucocorticoid receptor binds to a 
sequence overlapping the TATA box of the human osteo- 
calcin promoter: a potential mechanism for negative regu- 
lation. Mol Cell Biol 11:3379-3383. 

Subramaaniam M, Colvard D, Keeting PE, Rasmussen K, 
Riggs BL, Spelsberg TC (1992): Glucocorticoid regulation 
of alkaline phosphatase, osteocalcin, and proto-oncogenes 
in normal human osteoblast-like cells. J Cell Biochem 

Vilamitjana-Amedee J, Bareille R, Rouais F, Caplan AI, 
Harmand M-F (1993): Human bone marrow stromal cells 
express an osteoblastic phenotype in culture. In Vitro Cell 
Dev Biol29A699-707. 

Weinreb M, Shinar D, Rodan GA (1990): Different pattern of 
alkaline phosphatase, osteopontin, and osteocalcin expres- 
sion in developing rat bone visualized by in situ hybridiza- 
tion. J Bone Miner Res 5831-842. 

Wong MM, Rao LG, Ly H, Hamilton L, Tong J, Sturtridge 
W, McBroom R, Aubin JE,  and Murray TM (1990): Long- 
term effects of physiologic concentrations of dexametha- 
sone on human bone-derived cells. J Bone Miner Res 

Yao K-L, Todescan, Jr R, Sodek J (1994): Temporal changes 
in matrix protein synthesis and mRNA expression during 
mineralized tissue formation by adult rat bone marrow 
cells in culture. J Bone Miner Res 9:231-240. 

Yoon K, Buenaga R, Rodan GA (1987): Tissue specificity and 
developmental expression of rat osteopontin. Biochem 
Biophys Res Commun 148:1129-1136. 

25: 1176-1 180. 

50:411-424. 

5:803-813. 




