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1,25-Dihydroxyvitamin D-Responsive Element and 
Glucocorticoid Repression in the Osteocalcin Gene 

The active hormonal form of vitamin D3, 1,25-dihydroxyvitamin D3[1,25(OH), which 
regulates cellular replication and function in many tissues and has a role in bone and 
calcium homeostasis, acts through a hormone receptor homologous with other steroid 
and thyroid hormone receptors. A 1,25(OH)2D3-responsive element (VDRE), which 
is within the promoter for osteocalcin [a bone protein induced by 1,25(OH)2D3] is 
unresponsive to other steroid hormones, can function in a heterologous promoter, and 
contains a doubly palindromic DNA sequence (TI?GGTGACTCACCGGGTGAAC; 
- 5 13 to -493 bp), with nucleotide sequence homology to other hormone responsive 
elements. The potent glucocorticoid repression of 1,25(OH)2D3 induction and of basal 
activity of this promoter acts through a region between -196 and +34 bp, distinct 
from the VDRE. 

T HE IN VIVO EFFECTS OE STEROID 

and steroid-like hormones are medi- 
ated by specific receptors, which be- 

long to a superfamily of tks-acting "zinc 
finger" proteins. After binding of the specif- 
ic ligand, these receptor proteins influence 
gen; expression via ~ssoc&tion with specific 
DNA elements known as hormone-respon- 
sive elements (HREs) (1, 2). Specific HREs 
are known for estrogen-, thyro{d hormone-, 
progesterone-, and glucocorticoid-respon- 
sive genes (1). The estrogen-responsive ele- 
ment (ERE) is similar to, but distinct from. 
the glucocorticoid-responsive element 
(GRE) and the thyroid hormone-respon- 
sive element (T3R.E) (3-5). The progester- 
one- and glucocorticoid-responsive elements 
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are so similar as to be functionally identical 
(1, 6). 1,25(OH)2D3 affects cellular replica- 
tion and function in many cells and tissues 
through a typical steroidal hormone recep- 
tor (7) and is also thought to exert its effects 
through a vitamin D-responsive element 
(VDRE). It is not clear whether opposing 
effects on gene expression by different ste- 
roidal hormones are elicited through the 
same or different HREs. 

Osteocalcin is the major noncollagenous 
bone protein, and its expression is stimulat- 
ed by 1,25(OH)2D3 and inhibited by gluco- 
corticoids (8). We have therefore used pro- 
moter exuression constructs of the human 
osteocalcin gene to investigate the influence 
of 1,25(OH)2D3 and glucocorticoids on the 
activitv of the osteocalcin uromoter. We 
developed transient and stable transfection 
systems in a rat osteoblastic sarcoma cell 
line, ROS 1712.8, which has an osteoblast 

(bone-forming cell) phenotype, expresses 
osteocalcin, and mineralizes in vitro (9) .  The 
promoter construct pOSCATl was made by 
exchanging the thymidine kinase (TK) pro- 
moter (lo) of pTKCAT (4) for the -344- to 
+ 34-bp region of the osteocalcin gene (Fig. 
lA), such that the osteocalcin promoter 
drives the bacterial chloramphenicol acetyl 
transferase (CAT) gene (Fig. 1B) (11). In 
ROS 1712.8 cells, the promoter activity of 
pOSCATl was comparable to that of 
pTKCAT under the same conditions, that 
is, 30 times greater than background level as 
measured with a nonchromatographic CAT 
assay (12). This result demonstrated that the 
- 344-bp region of the promoter was capa- 
ble of directing significant CAT activity in 
the transfection system. However, pOS- 
CAT1-derived CAT activity was not in- 
duced by 1,25(OH)2D3, estrogen, synthetic 
progestin [Org 2058 (Organon Internation- 
al)], or thyroid hormones, but was repressed 
by 20 to 40% by 10-=M dexamethasone. 
Dexamethasone had no effect on CAT activ- 
ity derived from pTKCAT under the same 
conditions, indicating that the repression of 
pOSCATl by glucocorticoids is specific to 
the osteocalcin promoter and not an attri- 
bute of the parent plasmid. 

In contrast to the lack of induction of 
pOSCATl by 1,25(OH)2D3, the longer 
construct pOSCAT2, which contains an ex- 
tra 1.0 kilobase pairs (kb) of further up- 
stream sequences (Fig. lB), showed a 
marked induction when transfected cells 
were treated with 1,25(OH)2D3 at 1 0 - 7 ~ .  
This induction was fivefold (5.0 It- 0.8) in 
the ROS 1712.8 cells and up to 40-fold in 
the SAOS-2 human osteosarcoma cell line 
(13). Recently other workers, who have 
suggested that an equivalent 600- to  1000- 
bp region in the rat osteocalcin gene pro- 
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moter contains the VDRE, have found simi- 
lar levels of induction with 1,25(OH)2D3 
(14, 15). In order to evaluate the specificity 
and sensitivity of the regulation of this 
promoter, we have assessed the dose re- 
sponses and actions of analogs and metabo- 
lites of both 1,25(OH)2D3 and glucocorti- 
coids. The induction of pOSCAT2 by 
1,25(OH)zD3 was dose-dependent (Fig. 
2A), being half maximal at 10-'OM and 
saturated at ~ O - ~ M  1,25(OH)2D3, consist- 
ent with the dissociation constant 
(5 x lO-"h.i) of the vitamin D receptor for 
this ligand in ROS 1712.8 cells. Different 
metabolites of vitamin D3 (Fig. 2A) induced 
pOSCAT2-derived CAT activity to a degree 
consistent with their known afKnities for the 
vitamin D receptor (16), suggesting that the 
induction is receptor mediated. Basal pro- 
moter activity of pOSCAT2 was about eight 
times higher than that of pOSCAT1, after 
normalization for transfection efficiency by 
co-transfection with a p-galactosidase 
expression vector (pCH110; Pharmacia) . 
Thus the 1.0-kb fragment inserted into 
pOSCATl in the construction of pOS- 
CAT2 contains sequences that boost basal 
promoter activity as well as confer 
1,25(OH)2D3 responsiveness. Dexametha- 
sone treatment of pOSCAT2-transfected 
cell resulted in the same repression (20 to 
40%) of CAT activity as seen for pOS- 
CAT1; repression was also seen to a lesser 
extent with other glucocorticoids. Other 
hormones involved in calcium and bone 

homeostasis, including parathyroid hor- 
mone, calcitonin, human growth hormone, 
and thyroid hormone [for which receptors 
have recently been described in ROS cells 
(17)] had no effect. Estrogen, for which 
receptors have been described in bone cells 
(18) and which affects osteocalcin levels in 
vivo (19), did not affect CAT activity. The 
synthetic progestin also was without effect 
on this promoter. Interestingly, the large 
construct pOSCAT2 also responds to retin- 
oic acid and retinol, but not through the 
VDRE, pOSCAT2 includes a region of the 
promoter (from -834 to -775 bp), which 
affects both basal promoter activity and the 
magnitude of induction to 1,25(OH)2D3 
and retinoic acid. This region contains the 
"GAGA" DNA motif AGGAGAA, suggest- 
ed by Yoon et al.  (14) to control 
1,25(OH)2D3 responsiveness of the rat os- 
teocalcin gene on the basis of comparisons 
with other responsive genes. However, con- 
structs such as pOSCAT4 (Fig. 1) contain- 
ing this region, but not the VDRE, are not 
induced by 1,25(OH)2D3; therefore this 
region cannot contain another specific 
VDRE. 

Serum osteocalcin levels are reduced in 
patients treated with glucocorticoids, so we 
examined the effect of dexamethasone on 
osteocalcin promoter activity. Although this 
glucocorticoid had only a modest repressive 
effect (20 to 40%) on the basal activity of 
the osteocalcin promoter constructs, pOS- 
CAT1 and pOSCAT2 (Fig. 2, B and C), it 

almost completely antagonized the induc- 
tion of pOSCAT2 by 1,25(OH)2D3 (Fig. 
2B). Dexamethasone at ~ o - ~ M  consistently 
reduced induction by 1,25(OH)zD3 
(10-9M) to values between 1.8 and 0.5 
times that of the control. This repression 
was dose-dependent (Fig. 2B), being half 
maximal at about I O - ~ M  [consistent with 
the 1.4 x 1 0 - 9 ~  dissociation constant of 
the glucocorticoid receptor (20)], and satu- 
rated at 1 0 - 6 ~ ,  a concentration within the 
pharmacological range of corticosteroid 
therapy. 1,25(OH)2D3 could partially re- 
verse the repression of pOSCAT2 by dexa- 
methasone at lo-' and 1 0 - 8 ~  (Fig. 2B). 
However, even high concentrations of 
1,25(OH)2D3 could not reverse the repres- 
sion by dexamethasone at ~ o - ~ M ,  suggest- 
ing a noncompetitive interaction. These re- 
sults suggest that the low circulating serum 
osteocalcin levels associated with glucocorti- 
coid excess could be explained by a direct 
influence of the hormone on the osteocalcin 
gene promoter, resulting in a profound an- 
tagonism of the normal function of active 
vitamin D3 metabolites to induce the gene. 
Since pOSCATl is repressed by dexametha- 
sone and pTKCAT is not, these data suggest 
that sequences in the -344- to +34-bp 
region of the osteocalcin promoter are in- 
volved in glucocorticoid repression. Dexa- 
methasone treatment of cells transfected 
with pOSCAT4, which contains sequences 
up to - 196 bp of the proximal part of the 
promoter (Fig. l ) ,  resulted in similar repres- 

Flg. 1. Construction of an A ~ R N A  
osteocalcin promoter CAT 'I' b 
expression vectors and I I I I I I I 
mapping of HREs. (A) BamHI 

I 
Pst I DraIII Sac I Hha I BamHI Sac I XbaI 

Restriction map of the hu- -1.3 kb -834 bp -500 bp -344 bp +31 bp 
man osteocalcin gene iso- 0.5 kb 

lated from a library of leu- 
kocyte DNA cloned in - 
EMBL3 bacteriophage B 
vector (Clontech) show- 
ing TATA (T) box, direc- Induction Repression 
tion of mRNA synthesis Hha I CAT gene by 1,25 D by Dex 
(arrow), and relevant re- Sac I r r \ \ \ \ \ \ . \ \ \ \ \ \ \ \ \ \ \ , . - i l  POSCAT 1 - + 
striction sites. Numbers B~~ HI I \\\\\\\\..\\\,\\\\\g POSCAT 2 + + 
refer to the positions of P S ~ I  r I \ \ \ \ \ ~ \ \ \ \ \ \ X \ , \ \ \ . ~  POSCAT 3 + restriction sites used to 

+ 
Pst 1 I-) - - - - - - - 1 I \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ ]  pOSCAT 4 - + 

make expression con- -530 bp 0 POSCAT-D32 + + 
structs. Labeled overlap- -520 bp I2 pOSCAT-D64 + + 
ping oligonucleotide pairs 4 9 8  bp I POSCAT 5 - 
matching the osteocalcin + 

.458 bp r I\ \ \ \  \ \ \ \ \ \ \ \ \  \-.I\ \ 4 POSCAT-D69 - + 
coding region were used -449 bp I h \  \ \ \ \  \ \ \ \ \  \ \ , , \ \ , \ I  pOSCAT.D34 - + 
to isolate clones that corre- -406 bp L r \ \ \ \ \ \ \ \ \ \ \ \ \ \ x x \ ' d  pOSCAT.DZ1 - + 
sponded to the restriction 
map of Celeste et al. (24). Oligonucleotide constructs 
(B) Expression vector (-521 to -457)--1 I \  \ \ \ \ \ \ \, \ \, , , , , , , q ~ O S C A T ~  (-521 to -457) + + 
constructs of the osteocal- (-530 to -477)--+- ~ O S C A T I ( - S ~ O  to 477) + + 
cin gene promoter. Osteo- (-521 to -457)- PTKCAT(-521 to -477) + - 
calcin-CAT expression - \ \ \ \ \ \ x \ \ \ x \ \ \ \ \ , \ t  p~~~~~ - - 
vectors were made by re- 
placing the TK promoter of the plasrnid pTKCAT with the osteocalcin 
promoter (25). Relevant restriction sites used to make the constructs are Oligonucleotide constructs containing the VDRE are shown, and their 
indicated, as are the end points of constructs derived from unidirectional responses to 1,25(OH)2D3 (1,25 D) and dexarnethasone (Dex) are indicated 
deletion. The dotted line in pOSCAT4 indicates an internal deletion, as (+) responsive or (-)  unresponsive. 
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sion to that seen with pOSCAT1. These 
data define sequences controlling the gluco- 
corticoid repression of both basal activity 
and the 1,25(OH)2D3 mediated up regula- 
tion to the region from -196 bp to the 
transcriptional start site. Computer searches 
of consensus GREs reveal a sequence similar 
to a GRE overlapping the TATA box; it is 
possible that glucocorticoids could modu- 
late gene transcription via this region. 

In order to evaluate the mechanism of 

induction by 1,25(OH)2D3 and the repres- 
sion by glucocorticoids, we identified the 
specific sequence comprising the VDRE by 
deletion and reconstruction analyses. Since 
the smaller construct, pOSCAT3 (Fig. l ) ,  
maintained responsiveness to 1,25(OH)2D3, 
a series of nested deletions with end points 
between the Pst I and Sac I sites (Fig. 3) 
were transfected into ROS 1712.8 cells and 
tested for 1,25(OH)2D3 induction and 
dexamethasone repression of induction. 

Fig. 2. Regulation by vi- 
tamin D3 metabolites and 
dexamethasone (Dex) of 
the osteocalcin promoter 
expression vector transfect- 
ed into rat osteoblastic sar- 
coma cells (26). (A) Dose 
response of induction of r 
CAT activity from pOS % 
CAT2 when transfected 
cells were treated with Z 
1,25(OH)zD3 !0),, T5 o 1 , , , , , , , , , 
25-trihydroxyvltam D3 2 Con -11 -10 -9 -8 -7 Con -10 -9 -8 -7 

(+i. 25-hvdroxwitamin F Vitamin D metabolite (log M )  1,25 D (log M )  

D~'\o), and 24,25-dihy- 8 so,ooo IO,OOO 

droxyvitamin D3 (m), ,p 
Con, control. (B) Dexa- s 40s000 8,000 

methasone repression of f 30,000 
6.000 

1,25 (OH) 2D3 - mediated g 
induction of the human 20.000 4.000 

osteocalcin promoter. 
pOSCAT2-transfected 10,000 2,000 

ROS 1712.8 cells were o o 
treated simultaneously Con dex 1,25 0 1,25 D Con dex 1,25 0 1,25 D 
for 24 hours with + Dex + Dex 

1 ,2?1(oH)~D~ and dexa- 
methasone. 50% effective dose, about 1 0 - 9 ~ .  Dexamethasone concentrations: 0 ,  none; +, 1 0 - 9 ~ ,  m, 
1 0 - 8 ~ ,  0, 1 0 - 6 ~ .  (C) Effects of dexamethasone (10-6w on basal and 1,25(0H)2D3-induced 
(10-'h1) CAT activity of pOSCATl (-521 to -457 bp) transfected into ROS 1712.8 (left) and 
pTKCAT (-521 to -457 bp ) transfected into MCF 7 cells (right). Both basal- and 1,25(OH)2D3- 
induced activity of pOSCATl (-521 to -457 bp) were repressed by dexamethasone, whereas neither 
basal nor 1,25(0H)2D3-induced activity of pTKCAT (-521 to -457 bp) was affected by dexametha- 
sone. 

PSt I 
- 8 3 4  C T G C A G G G T C A G G A G G A G A A T C G T G G G G C C A G G A G G G C A G A G G C A C A C T C  

r 9 
- 7 8 4  CATCTTCGTGCTCCTCACAGGCCCTGCTCCCTGCCTGCTAAGACACAGGG 

- 7 3 4  AAGGGGGCCCCCACCTCAGTGCCTCCCTCCCTTCCCTGTGCCTGTGTACC 

r 1 2  
- 6 8 4  T G G C A G T C A C A G C C A C C T G G C T G T G C C A G A A A C C A A C C G G C T G A C C T C A T  

r 5 0  
- 6 3 4  CTCCTGCCCGGCCCCACCTCCATTGGCTTTGGCTTTTGGCGTTTGTGCTG 

- 5 8 4  C C C G A C C C T T T C T C C T G T C C G G A T G C G C A G G G C A G G G C T G A C C G T C G A G C  

6  4  DOSCAT4 y p O S C A T 5  

- 5 3 4  TGCAFC~~ACAGCAGECTGCCTTTGGTGACTCA?CGGGTGAACGGGGGCAT 
-.--.----.-----.-------.-------.-.--.- 

r 6 9  r 3 4  
- 4 8 4  TGCGAGGCATCCCCTCCCTGGGTTTGGCTCCTGCCCACGGGCCTGACAGT ..--.--..-------.-----..--- 

r 5 6  2  1  
- 4 3 4  AGAAATCACAGGCTGTGAGACAGCTGGAFCCCA&~"~TGCTTGAA~~TAT 

r 2 7  r 4 8  Sac I 
- 3 8 4  TTTAGGTCTCTGATCCCCGCTTCCTCTTTAGACTCCCCTAGAGCTCAGCC 

LPOSCATI 

- 3 3 4  A G T G C T C A A C C T G A G G C T G G G G G T C T C T G A G G A A G A G T G A G T T G G A G C T G  

- 2 8 4  A G G G G T C T G G G G C T G T C C C C T G A G A G A G G G G C C A G A G G C A G T G T C A A G A G  
r p O S C A T 4  

- 2 3 4  C C G G G C A G T C T G A T T G T G G C T C A C C C T C C A T C A C T C C C A G G G G C C C C T G G  

- 1 8 4  C C C A G C A G C C G C A G C T C C C A A C C A C A T A T C C T C T G G G G T T T G G C C T A C G G  
- 1 3 4  A G C T G G G G C G G A T G A C C C C C A A A T A G C C C T G G C A G A T T C C C C C T A G A C C C  

- 8 4  G C C C G C A C C A T G G T C A G G C A T G C C C C T C C T C A T C G C T G G G C A C A G C C C A G  

-34 A G G G T A T A A A C A G T G C T G G A G G C T G G C G G G G C A G G C C A G C T G A G T C C T G A  - - 1 

'17 G C A G C A G C C C A G C G C A G C C A C C C G A G A C A C C  ATG 
Hha I Met 

Fig. 3. Localization of HRE by 
sequence and deletion analysis. 
DNA sequence of the osteocalcin 
promoter from the Pst I site at the 
end of the promoter fragment in 
pOSCAT3, numbered from the pu- 
tative transcription start site. Hha I, 
Sac I, and Pst I sites, which define 
pOSCATl and pOSCAT3, are 
shown. Palindromic sequences of 
the VDRE are overlined. The 
TATA box is indicated by the elon- 
gated open box. End points of dele- 
tions are indicated above the se- 
quence. The sequences -521 to 
-457 and -530 to -477 are indi- 
cated by dashed and solid under- 
lines, respectively. 

When 59 bp were deleted in from the Pst I 
site (Fig. 3, deletion 9 at -775 bp), the 
basal promoter activity (measured by 
pCHllO co-transfection) was halved and 
the magnitude of 1,25(OH)2D3 induction 
dropped by about one-third. From subse- 
quent deletions, the specific VDRE was 
defined as lying between deletion 64 (- 520 
bp), which maintained induction, and the 
first deletion (69, -458 bp), which lost 
1,25(OH)2D3 responsiveness (Fig. 3). Two 
further constructs were produced from 
pOSCAT3 by digesting in both directions 
from a Dra I11 site (-504 to -496 bp) close 
to the center of this sequence. Inducibility 
by 1,25(OH)2D3 was lost in both of these 
constructs that contained sequences up- 
stream (pOSCAT4, -501 to -196 bp de- 
leted) or downstream (pOSCAT5, -834 to 
-498 bp deleted) from the Dra I11 site (Fig. 
1). The pOSCAT5 (-498 bp) end point is 
22 bp downstream from the end point of the 
last deletion that preserves inducibility (de- 
letion 64, -512 bp), indicating a 22-bp 
"essential" region that must include or be 
part of the VDRE. The entire 62-bp se- 
quence between deletions 64 and 69 was 
synthesized and inserted as a single copy at a 
Hind I11 site upstream of pOSCAT1, which 
does not respond to 1,25(OH)2D3. The 
subsequent construct [pOSCATl (- 521 to 
-457 bp)] gave fivefold more induction 
(5.0 r 0.1) over basal when transfected 
ROS 1712.8 cells were treated with 
1,25 (OH)*D3. A shorter oligonucleotide 
construct pOSCATl [-530 to -477 bp] 
gave similar results (Fig. l ) ,  localizing the 
VDRE to a 44-bp region. The 62-bp se- 
quence (-521 to -457 bp) was inserted at 
a Hind I11 site upstream of the TK promot- 
er in the 1,25 (0H)2D3-unresponsive 
pTKCAT, which has no function in bone or 
calcium homeostasis, to produce pTKCAT 
(-521 to -457 bp). The CAT activity 
encoded by this construct was induced by 
1,25(OH)2D3 both in ROS 1712.8 cells 
(2.0 * 0.1 fold) and in the 1,25(OH)2D3- 
responsive human breast cancer cell line 
MCF-7 (3.8 * 0.3 fold) (Fig. 2C). In both 
ROS 1712.8 and MCF-7 cells, this construct 
was unresponsive to estrogen, progestin, 
thyroid hormone (T3), or retinoic acid (all 
at 1 0 - 6 ~ ) .  Thus a single copy of the VDRE 
derived from the osteocalcin promoter clear- 
ly imparts 1,25(OH)2D3 responsiveness in 
gene constructs and cell lines with no rela- 
tion to any bone-derived source, and re- 
sponds only to vitamin D metabolites. 

Importantly, the same pTKCAT-derived 
construct pTKCAT (-521 to -457 bp) 
transfected into ROS 1712.8 or MCF-7 cells 
was unresponsive to dexamethasone at ei- 
ther basal levels or after induction by 
1,25(OH)2D3 (Fig. 2C). By contrast, this 
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same sequence inserted into pOSCATl 
[pOSCATl (-521 to -457 bp)] main- 
tained dexamethasone inhibition of basal 
activity and 1,25(OH)2D3 induction (Fig. 
2C). Thus the glucocorticoid response is not 
mediated via the VDRE sequence but, as 
suggested from the glucocorticoid repres- 
sion of the pOSCAT series above, is mediat- 
ed through a sequence element in the more 
proximal section of the osteocalcin gene 
promoter (that is, the -196 to start-site 
region). 

Steroid HREs identified to date are char- 
acterized by the presence of palindromic 
structures with the two halves of a palin- 
drome of 5 or 6 bp separated by an interven- 
ing three-bp gap (ERE, PRE, and GRE) or 
by more than three bp, as in the T3RE (5) .  
Since pOSCAT2 does not respond to estro- 
gen, thyroid hormone, progestin, or gluco- 
corticoid, the VDRE is specific for vitamin 
D. However, as the DNA binding domains 
of steroid receptors and their corresponding 
HREs exhibit substantial homology, we ex- 
amined the VDRE for similarity with other 
HREs. The 44-bp region that includes the 
VDRE contains a complex palindromic se- 
quence TTGGTGACTCACCGGGTGAAC, 
starting at -51 1 bp in the osteocalcin pro- 
moter,-with similarity to both the consensus 
ERE sequence GGTCANNNTGACC (1) 
and a synthetic T3RE sequence GGTCA- 
NTGACC (21). This palindromic structure 
has strong homology to other steroid 
HREs, differing by nucleotide spacing be- 
tween arms of the palindrome (1 versus 3 
nt) or in the fourth nucleotide in the arm of 
the palindrome (G for C), or both. The 
elements that mediate the specificity of this 
responsive element are unknown. The 
equally spaced repeats of the GGTGA motif 
creates a double palindrome, 13 bp of which 
is in the 22 bp "essential" region identified 
by the loss of inducibility between deletion 
64 and pOSCAT5. pOSCAT4 (-501 to 
- 196 bp), which contains only 10 bp of the 
complex palindrome, is not inducible. No 
other palindromes exist in this DNA region. 
These data suggest that the palindrome, 
together with limited flanking sequences 
(10 bp upstream and 18 bp downstream), is 
sufficient for conferring 1,25(OH)2D3 in- 
ducibility as a single copy. Kerner et al.  (22) 
have also reported a VDRE in the human 
osteocalcin gene. The shorter sequence they 
identified comprises the 3' 15 bp of the 
VDRE reported here and required multiple 
copies for restoration of fill 1,25(OH)2D3 
inducibility in their system. Interestingly, 
the double palindrome contains a consensus 
AP1 binding site TGACTCA (23), suggest- 
ing possible interaction with other transcrip- 
tional activators. 

The sequence of VDRE reflects the dis- 

tinct roles this hormone has in cellular 
replication and function, as well as in bone 
and calcium metabolism. Thus, the VDRE 
palindrome is homologous to other HREs 
but does not respond to glucocorticoids, 
estrogen, progestin, retinoic acid, or thy- 
roid hormone. Since one of the major 
modes of action of glucocorticoids is the 
repression of certain physiological re- 
sponses, the mechanism of glucocorticoid 
repression of the osteocalcin promoter is 
of general significance to the actions of 
steroid hormones. The potential glucocor- 
ticoid receptor binding site overlapping 
the TATA box may represent a novel 
mechanism of steroidal hormone regula- 
tion of gene expression. 
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