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Abstract Glucocorticoids decrease osteoblast proliferation and type I collagen production, and this may play a 
role in the development of glucocorticoid-induced osteoporosis. Osteoblast-enriched cultures derived from fetal rat 
calvaria were used to determine the mechanisms by which cortisol decreases a1 ( I )  procollagen expression in bone cells. 
A 24 h treatment with cortisol decreased collagen synthesis in these cultures in a dose-dependent manner. Cortisol 
decreased a1 ( I )  procollagen transcripts in a dose- and time-dependent manner as well. Repression of a1 ( I )  procollagen 
transcripts was evident as early as 2 h of treatment and was maximal after 48 h of treatment. Nuclear run-off assays 
showed that cortisol downregulated transcription of the a1 ( I )  procollagen gene. In addition, pretreatment with cortisol 
decreased the stability of a1 ( I )  procollagen mRNA in transcription-arrested osteoblast cultures. The ability of cortisol to 
downregulate a1 ( I )  procollagen transcripts was sensitive to cycloheximide treatment, suggesting that the gene is under 
"secondary control" by glucocorticoids. Since cortisol decreases a1 ( I )  procollagen gene transcription in osteoblasts but 
does not affect a1 (1) procollagen gene transcription in fibroblasts, we suggest that the mechanisms controlling 
glucocorticoid repression of collagen expression are cell-type specific. 
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Collagen is the most abundant protein in the 
body, and type I collagen is the major structural 
protein in bone. The development of osteoporo- 
sis in response to glucocorticoid excess is well 
documented, and this loss of bone mass is associ- 
ated with both decreased bone formation and 
increased bone resorption [Lukert and Raisz, 
19901. In vitro, glucocorticoids stimulate bone 
resorption in organ cultures and in bone chips 
implanted subcutaneously into rats, suggesting 
a direct effect on osteoclast activity [Defranko et 
al., 1992; Reid et al., 1986; Gronowicz et al., 
19901. Glucocorticoids have two major inhibi- 
tory effects on bone formation. They inhibit cell 
replication, which decreases the population of 
cells able to synthesize type I collagen, and they 
downregulate osteoblast collagen gene expres- 
sion [Canalis, 19831. 

In bone, glucocorticoids decrease collagen syn- 
thesis and type I collagen mRNA levels, but the 
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mechanisms mediating these effects have not 
been explored [Kim and Chen, 19891. In human 
and rat skin fibroblasts, glucocorticoids de- 
crease steady-state procollagen mRNA by de- 
creasing the stability of the mRNA, without 
changing gene transcription [Hamalainen et al., 
1985; Raghow et al., 19861. However, recent 
studies have suggested that the level of regnla- 
tion of some genes may be different in osseous 
compared to fibroblastic cells [Pavlin et al., 19921, 
Because decreased collagen synthesis plays an 
important role in the bone loss associated with 
glucocorticoid-induced osteoporosis and because 
glucocorticoids may regulate collagen expres- 
sion by tissue-specific mechanisms, we exam- 
ined the regulation of the type I collagen gene by 
cortisol in cultures of osteoblast-enriched cells 
derived from fetal rat calvaria (Ob cells). 

MATERIALS AND METHODS 
Cell Culture 

Parietal bones from 22-day-old fetal rats, ob- 
tained from timed-pregnant Sprague-Dawley 
rats (Charles River Breeding Laboratories, Wilm- 
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ington, MA), were dissected free of sutures and 
subjected to five sequential digestions with bac- 
terial collagenase (Worthington Biochemical, 
Freehold, NJ). The cell population obtained from 
digestions three to five were pooled and plated at 
6,500-9,800 cells/cm2 in Dulbecco’s Modified 
Eagle Medium (DMEM) supplemented with non- 
essential amino acids, penicillin, streptomycin, 
20 mM HEPES, 100 pg/mL ascorbic acid, and 
10% fetal bovine serum (Gibco, Grand Island, 
NY). These cultures have been shown previ- 
ously to be enriched in osteoblasts and to have 
osteoblastic characteristics [McCarthy et a]., 
1988; Wong et al., 19751. The cells were grown 
to confluence, washed, and cultured in serum- 
free DMEM for 24 h prior to testing. Then cells 
were cultured in serum-free medium in the pres- 
ence or absence of test reagents for 2-48 h. The 
test reagents used in this study were cortisol, 
cycloheximide, and 5,6-dichlorobenzimidazole ri- 
boside (DRB) (Sigma Chemical Co., St. Louis, 
MO). These reagents were dissolved in ethanol, 
and the appropriate vehicle controls were in- 
cluded in the experiments. 

Total Collagen Synthesis 

Ob cells were cultured for 24 h and pulse- 
labeled with 25 pCi/ml (2,3-3H)proline (25-40 
Ci/kM; New England Nuclear, Boston, MA) for 
the last 2 h of culture. Cellular proteins were 
extracted with 0.3% Triton, sonicated, precipi- 
tated with TCA, washed with acetone, and res- 
olubilized in 0.5 M acetic acid. An aliquot of the 
extract was incubated with repurified bacterial 
collagenase (Worthington Biochemical, Free- 
hold, NJ), and labeled proline incorporated into 
collagenase digestible protein (CDP) was mea- 
sured by the method of Peterkofsky and Diegel- 
mann [19711. Data are expressed as disintegra- 
tion per minute (dpm)/culture well. 

RNA Extraction and Northern Blot Analysis 

Cells were washed with phosphate-buffered 
saline and lysed in a solution of 4 M guanidine 
thiocyanate, 25 mM sodium citrate, 0.5% sarko- 
syl, 100 mM 2-mercaptoethanol (Sigma). The 
lysate was extracted with acid phenol and chloro- 
form, precipitated once with isopropanol and 
once with ethanol, and quantitated by spectro- 
photometry [Chomczynski et al., 19871. RNA 
samples (10-20 pg/lane) were denatured in 50% 
formamidel 1.8 M formaldehyde and subjected 
to electrophoresis through 1% agarose gels con- 
taining 0.66 M formaldehyde, as described [Sam- 

brook et al., 19891. The fractionated RNA was 
transferred to Genescreen Plus (New England 
Nuclear) according to the manufacturer’s direc- 
tions. cDNA probes were labeled with a32P- 

dCTP (3,000 Ci/mM; New England Nuclear) 
using random primers (Prime-a-Gene; Pro- 
mega, Madison, WI) [Feinberg and Vogelstein, 
19831. Blots were hybridized with labeled cDNA 
in 50% formamide, 5x SSPE, 5x Denhardts 
solution, and 0.4% SDS (Sigma). The blots were 
washed with high stringency (0.5~ SSC/O.5% 
SDS) and exposed to X-ray film for autoradiogra- 
phy. Appropriate exposures of the resulting au- 
toradiograms were subjected to scanning densi- 
tometry (EDC; Helena Laboratories, Beaumont, 
TX). The blots were probed with a 1.6 kb PstI 
fragment of the rat al(1) procollagen cDNA 
(palR1) [Genovese et al., 19841 and a full-length 
human glyceraldehyde-3-phosphate dehydroge- 
nase (GAPD) cDNA [Yun Tso et al., 19851 
(American Type Culture Collection, Rockville, 
MD) . 

Nuclear Run-Off 

Subconfluent cultures of Ob cells were treated 
briefly with trypsin (0.25%; Gibco) and subcul- 
tured in DMEM containing 10% fetal bovine 
serum [Rao et al., 19771. When confluent, cul- 
tures were serum-deprived for 24 h and treated 
in serum-free DMEM in the presence or absence 
of 1 kM cortisol for 2, 6, or 24 h. Nuclei were 
isolated by Dounce homogenization in the pres- 
ence of Nonidet P-40. Nascent RNA transcripts 
were labeled in vitro with a32P-UTP (3,000 Ci/ 
mM; New England Nuclear), and the labeled 
RNA was purified by treatment with DNase I 
and proteinase K, followed by phenol/chloro- 
form extraction and ethanol precipitation 
[Greenberg and Ziff, 19841. In vitro labeled RNA 
(2.6 x 106cpm) from each treatment was hybrid- 
ized to immobilized cDNA insert (0.5 pg) for 
d (1)  procollagen and GAPD. Linearized 
pGL2Basic (Promega) was used as a control for 
nonspecific hybridization. Membranes were 
washed and treated with RNase A (Sigma) and 
subjected to autoradiography. 

RESULTS 

The ability of cortisol to decrease collagen 
synthesis in Ob cell cultures was documented by 
pulse-labeling the cells with 3H proline and quan- 
titating its incorporation into collagenase digest- 
ible protein [Canalis and Avoli, 19921. Treatment 
with cortisol for 24 h decreased collagen synthe- 
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sis in a dose-dependent manner, with 1 pM 
cortisol causing a 30% decrease compared to the 
untreated control cultures (data not shown). 
Northern blot analysis showed that the cortisol- 
mediated decrease in collagen synthesis corre- 
sponds to a decrease in steady-state al(1) procol- 
lagen mRNA levels (Fig. 1). A 24 h treatment 
with cortisol decreased al(1) procollagen tran- 
scripts in a dose-dependent manner, similar to 
that observed with the collagen protein levels. 

The time course by which cortisol decreases 
al(1) procollagen mRNA was determined using 
Northern blot analysis (Fig. 2). Downregulation 
of al(1) procollagen transcripts was apparent as 
early as 2 h of treatment with 1 pM cortisol. 
al(1) procollagen mRNA was decreased by - 45% 
by 6 h, and maximal repression was seen after 
48 h of treatment with cortisol. To determine 
the transcriptional component of this response, 
nuclear run-off assays were performed. Cortisol 
decreased transcription of the al(1) procollagen 
gene by -50% after 2 h of treatment, and this 
level of repression was also observed at 6 h of 
treatment (Fig. 3). Inhibition of d ( I )  procolla- 
gen gene transcription by cortisol was less obvi- 
ous at 24 h, possibly due to downregulation 

CORTISOL 24H 

Fig. 1. Cortisol decreases a1 (I) procollagen transcripts in a 
dose-dependent manner. Northern blot analysis of RNA from 
O b  cells cultured for 24 h in the presence of cortisol at the 
indicated doses (pM). The blot was probed with cDNAfor a1 ( I )  
procollagen (top panel) and with cDNA for CAPD (bottom 
panel). These results are representative of three cultures. 

of the glucocorticoid receptor [Oakley and 
Cidlowski, 19931. Cortisol treatment did not 
affect transcription of the GAPD gene. 

The effect of cortisol on otl(1) procollagen 
mRNA stability was determined in transcription- 
arrested Ob cells. Cultures were pretreated with 
or without cortisol for 12 h, followed by addition 
of the RNA polymerase II inhibitor DRB [Zando- 
meni et al., 19831. RNA was harvested at se- 
lected times after DRB addition and subjected to  
Northern blot analysis. Figure 4 shows the re- 
sults of one such experiment; the d(1)  procolla- 
gen mRNA levels are represented as a percent- 
age of the mRNA present at the time of DRB 
addition. The slopes of the curves indicate that 
cyl (1)  procollagen mRNA decayed faster in Ob 
cells pretreated with cortisol than in control 
cells. Pretreatment with cortisol did not alter 
the stability of GAPD mRNA in transcription- 
arrested Ob cells (data not shown). 

To determine if protein synthesis is necessary 
for the downregulation of al(1) procollagen tran- 
scripts by cortisol, Ob cells were cultured with 
the protein synthesis inhibitor cycloheximide at 
3.6 pM in the presence or absence of 1 pM 
cortisol for 24 h. Northern blot analysis of the 
RNA isolated from these cells showed that treat- 
ment with cycloheximide alone decreased the 
abundance of d ( I )  procollagen mRNA, and cy- 
cloheximide abolished the ability of cortisol to  
further decrease collagen transcripts (Fig. 5). 
This indicates that protein synthesis is neces- 
sary for the downregulation of al(1) procollagen 
transcripts by cortisol, suggesting that this gene 
is under “secondary control” by glucocorticoids 
[Landers and Spelsberg, 19921. 

DISCUSSION 

In fibroblasts, glucocorticoids decrease d(1) 
procollagen mRNA levels by decreasing tran- 
script stability but not by affecting gene tran- 
scription (Hamalainen et al., 1985; Raghow et 
al., 1986). We have shown that in osteoblasts 
cortisol decreases transcription of the rat d(1) 
procollagen gene, suggesting that the mecha- 
nisms by which cortisol affects gene expression 
are cell-type specific. This may be related to  
differences in the mechanisms by which fibro- 
blasts and osteoblasts regulate basal level colla- 
gen gene expression. Recently, Pavlin et al. 
[19921 found that the promoter of the rat al(1) 
procollagen gene contains a 2.3 kb sequence 
which is necessary for high level expression of a 
reporter gene when the construct is transfected 
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Fig. 2. Time course by which cortisol decreases oil (I) procollagen transcripts. Northern blot analysis of 
RNA isolated from Ob  cells cultured in the absence (C) or presence of the glucocorticoid cortisol (GC) at 1 
FM for 2-48 h. The blot was probed with cDNAfor oil (I) procollagen (top panel) and with cDNA for GAPD 
(bottom panel). These results are representative of three cultures. 

into osseous cell lines but is not necessary when 
the construct is transfected into fibroblastic cell 
lines. Other evidence for cell-type-specific tran- 
scriptional regulation of the al(1) procollagen 
gene comes from studies of the Movl3 mouse 
strain, which carries a retroviral insert in the 
first intron of the cul(1) collagen gene [Breindl et 
al., 19841. Transcription of the mutant allele is 
blocked in almost all mesodermal cell types, 

except odontoblasts and osteoblasts [Kratochwil 
et al., 19931. These results support the hypoth- 
esis that osteoblasts and fibroblasts may express 
a different quantity or complement of transcrip- 
tion factors associated with collagen gene tran- 
scription [Ravazzolo et al., 19911. 

The sequences necessary for transcriptional 
regulation of the al(1) procollagen gene by gluco- 
corticoids have not yet been characterized experi- 

Fig. 3. Cortisol decreases oil ( I )  procollagen gene transcription. Nuclear run-off assays were performed 
on nuclei isolated from O b  cells cultured in the absence (C) or presence of the glucocorticoid cortisol (GC) 
at 1 FM for 2, 6, or 24 h. The in vitro labeled RNA was hybridized to immobilized pGU-Basic and cDNA for 
GAPD and oil ( I )  procollagen. 
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mentally. However, the 5' flanking DNA of the 
gene contains sequences which are similar to 
the binding sites for the transcriptional activa- 
tors AP-1, Spi-liPU.1, and NF-kB [Lichtler et 
al., 19891. Interaction of these factors with the 
glucocorticoid receptor represses their ability to  
activate gene transcription [Mukaida et al., 1994; 
Ray and Prefontaine, 1994; Gauthier et al., 1993; 
Konig et al., 1992; Kerppola et al., 1993; Jonat 
et al., 19901, and this may be a mechanism by 
which cortisol decreases al(1) procollagen tran- 
scription. Intragenic sequences may also be in- 
volved in the repression of collagen transcrip- 
tion by glucocorticoids. The first intron of the 
human al(1) procollagen gene contains an AP-1- 
like sequence which is part of an orientation- 
specific cis-acting element [Katai et al., 1992; 
Liska et al., 19901. If the rat al(1) procollagen 
gene contains a similar intronic element, interac- 
tion of the glucocorticoid receptor with AP-1 
may play a role in transcriptional downregula- 
tion. 

In cultures of human osteoblast-like cells, glu- 
cocorticoids increase the steady-state level of the 
mRNAs for Fos and Jun  by tenfold and twofold, 
respectively [Subramaniam et al., 19921. The 
relative ratio of Fos to Jun has been shown to 
determine whether glucocorticoids increase or 
decrease transcription from the composite GRE 
in the proliferin promoter: Jun, in the presence 
of high levels of Fos, decreases transcription 
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Fig. 4. Cortisol decreases a1 (I) procollagen transcript stability 
in transcription arrested Ob cells. Ob cells were cultured for 12 
h with (A, A) or without (0, 0)  1 p,M cortisol (GC). The 
cultures were washed and treated with 75 )J.M DRB in the 
presence (0, A) or absence (0, A) of 1 p,M cortisol for up to 24 
h. Northern blots of RNA from these cells were probed with 
cDNA for a1 (I) procollagen, and appropriate exposures of the 
resulting autoradiograms were analyzed by scanning densitom- 
etry. The results are presented as a percentage of the collagen 
mRNA present at the time of DRB addition and are the mean f 
SEM of triplicate cultures. 0, slope = -0.019; A, slope = 
-0.041; 0, slope = -0.022; A, slope = -0.054. 

Fig. 5. Downregulation of a1 (I) procollagen transcripts by 
cortisol is protein-synthesis-dependent. Northern blot analysis 
of RNA isolated from Ob cells cultured for 24 h in the absence 
(C) or presence of the glucocorticoid cortisol (GC) at 1 p,M, and 
with or without cycloheximide (CX) at 3.6 kM. The blot was 
probed with cDNA for a l ( l )  procollagen (top panel) and with 
cDNA for GAPD (bottom panel). These results are representa- 
tive of three cultures. 

from the element in response to glucocorticoids, 
while in the presence of low levels of Fos, tran- 
scription is activated in the presence of glucocor- 
ticoids [Diamond et al., 19901. If a composite 
GRE, similar to the one present in the proliferin 
promoter, is active in the al(1) procollagen gene, 
changing ratios of Fos to Jun could be another 
mechanism by which glucocorticoids exert their 
control. Such a mechanism agrees with the find- 
ing that protein synthesis is necessary for the 
action of glucocorticoids on collagen gene expres- 
sion in osteoblasts and may also explain, in part, 
the tissue-specific nature of the regulation of 
al(1) procollagen gene expression by glucocorti- 
coids. Fibroblasts and osteoblasts may have dif- 
ferent basal levels of Fos, Jun, and other mem- 
bers of this family of transcription factors [Distel 
and Speigelman, 1990; Vogt and Bos, 1990; Cur- 
ran and Franza, 19881, and the regulation of 
these genes by glucocorticoids may be tissue- 
specific. 

Cortisol decreases the stability of al(1) procol- 
lagen mRNA in transcription arrested Ob cells. 
This effect of glucocorticoids on procollagen tran- 
scripts agrees with the results obtained in fibro- 
blasts using an in vivo RNA pulse-chase protocol 
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[Hamalainen et al., 1985; Raghow et al., 19861. 
The 3' untranslated region of the al(1) procolla- 
gen RNA contains highly conserved regions 
[Miiiitta et al., 19911 which may play a role in 
posttranscriptional regulation of gene expres- 
sion. Recently, Maatta and Penttinen [ 19931 
characterized a 67 kD cytoplasmic RNA binding 
activity, al-RBF67, isolated from NIH3T3 cells 
and from human skin fibroblasts. This factor 
specifically bound a conserved region in the 3' 
untranslated region of the human al(1) procolla- 
gen RNA, and the binding activity of this factor 
was decreased in extracts from cells cultured in 
the presence of dexamethasone [Maatta and 
Penttinen, 19931. Since glucocorticoids decrease 
the stability of al(1) procollagen transcripts in 
both fibroblasts and osteoblasts, these cells may 
share a common regulatory mechanism, possi- 
bly involving al-RBF6,. 

In conclusion, our investigations reveal that 
in osteoblasts glucocorticoids decrease al(1) pro- 
collagen mRNA levels by transcriptional and 
posttranscriptional mechanisms. Further study 
of the regulation of collagen gene expression by 
glucocorticoids is of interest because glucocorti- 
coid-induced osteoporosis is an important clini- 
cal problem and because dissecting the differen- 
tial and tissue-specific regulation of gene 
expression by glucocorticoids will contribute to  
our understanding of steroid and bone biology. 
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