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Characterization of an Enhancer Required
for 1,25-dihydroxyvitamin Ds-Dependent
Transactivation of the Rat Osteocalcin Gene

W. Bruce Sneddon and Marie B. Demay*
Endocrine Unit, Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts 02114

Abstract The sequences in the rat osteocalcin gene that lie 3’ to the vitamin D response element (VDRE) contain a
GGTTTGG motif (-420 to -414) that is essential for transcriptional activation of osteocalcin-CAT (OC-CAT) fusion genes
by 1,25(0OH),D3. A second copy of this motif, present on the antisense strand is unable to compete for nuclear protein
binding to the VDRE-associated motif, suggesting that the core element extends beyond the GGTTTGG motif. In order to
examine the base requirements for both function and nuclear protein interactions with the VDRE-associated GGTTTGG
enhancer motif, deletion and substitution of flanking sequences was performed in the context of both the native
osteocalcin promoter and a heterologous viral promoter. These data demonstrate that the base requirements for
protein-DNA interactions and transactivation are located between -430 and -414. The position of the element with
respect to the VDRE is flexible and insertion of additional copies either 5’ or 3’ to the VDRE further enhances
transactivation, both in the context of the native osteocalcin promoter and a heterologous viral promoter. These data
demonstrate that VDR-dependent transactivation of the rat osteocalcin gene requires not only the VDRE (-456 to -442)
but also sequences between -430 and -414. The protein(s) that interacts with these sequences is capable of enhancing

transcription in both a position and orientation-independent fashion. J. Cell. Biochem. 73:400-407, 1999.
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Studies aimed at characterizing the
1,25(0OH),Ds-responsive region of the rat osteo-
calcin gene led to the identification of an ele-
ment 3’ to the VDRE which is absolutely re-
quired for ligand-dependent transactivation
[Sneddon et al., 1997a]. Mutation of the bases
between -420 and -414 (GGTTTGG) of the rat
osteocalcin gene abrogated the 1,25(0OH),D;-
responsiveness of osteocalcin-CAT fusion genes
in transient gene expression assays. The
GGTTTGG sequence that is critical for the
1,25(0OH),Ds-responsiveness of the rat osteocal-
cin gene is also present in the human osteocal-
cin gene [Morrison et al., 1989] and enhances
ligand-dependent transactivation mediated by
the human osteocalcin VDRE [Sneddon et al.,
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1997a], demonstrating that these functionally
important bases are evolutionarily conserved.
An accessory element adjacent to VDRE-1 of
the rat 25-hydroxyvitamin D; 24-hydroxylase
gene has been identified which also enhances
1,25(0OH),Ds-responsiveness [Ohyama et al.,
1996]. This element bears no sequence similar-
ity to the element identified in the rat osteocal-
cin gene and appears to contain VDRE-like
half-sites which do not bind the VDR or the
RXR. Although it is not known whether this
latter element can augment transactivation
from response elements other than a VDRE,
the osteocalcin gene element has been shown to
enhance transactivation mediated by a cAMP
response element (CRE) and an estrogen re-
sponse element (ERE) [Sneddon et al., 1997a].
Studies of the protein/DNA interactions of
this GGTTTGG motif reveal that binding of the
VDR/RXR heterodimer to the adjacent VDRE is
not required for nuclear protein interactions
with this element [Sneddon et al., 1997a], and
that these sequences do not affect basal tran-
scription. It is, therefore, likely that the VDR/
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RXR heterodimer bound to the VDRE works in
concert with this downstream element and the
basal transcription complex to activate tran-
scription. A second GGTTTGG motif, present
on the antisense strand between -347 and -353
of the rat osteocalcin gene, also contributes to
transcriptional activation by 1,25(0OH),D;
[Sneddon et al., 1997b]. These sequences do not
interact with the same nuclear protein(s) as the
VDRE-associated GGTTTGG motif. This sug-
gests that although the GGTTTGG motif is
integral to the VDRE-associated motif, flank-
ing sequences are also critical for enhancer
function. We, therefore, examined the precise
sequence and positional requirements for en-
hancer function of the VDRE-associated
GGTTTGG motif. These studies demonstrate
that the bases from -430 to -421 are required for
full enhancer function, and that the position
and orientation of the enhancer relative to the
VDRE is flexible.

MATERIALS AND METHODS
Engineering of Osteocalcin-CAT Fusion Genes

For experiments using a heterologous pro-
moter, oligonucleotides were inserted into the
BamHI site of puTKAT3 [Prost and Moore,
1986] (a kind gift of Dr. David D. Moore). Orien-
tation and copy number of the oligonucleotides
were determined by DNA sequencing.

For experiments using the native rat osteocal-
cin promoter, the plasmid OC-CAT, which con-
tains 522 bp upstream from the transcriptional
start site of the rat osteocalcin gene fused to the
CAT reporter gene, was employed [Demay et
al., 1992b]. Mutations in regions of interest
were introduced by site-directed mutagenesis
using the U.S.E. Mutagenesis kit (Pharmacia,
Piscataway, NJ). Two oligonucleotide primers
were employed in this procedure. A oligonucleo-
tide (50-mer), which eliminated the Xbal site in
the polylinker of pUC18 (CGACTCTAGA to
CGACgaTAGA), was used as a selection primer.
The mutation of interest was introduced into a
second primer. The mismatched bases were lo-
cated in the central portion of an oligonucleo-
tide of 50-60 bases. Additional copies of -D14D;
were inserted into OC-CAT using a BamHI
restriction site introduced by site-directed mu-
tagenesis, changing C to A at position -413. This
mutation had no effect on the 1,25(0OH),Ds-
responsiveness of the native OC-CAT fusion
gene (data not shown). The sequences from
-522 to -306 (Sacl site) were sequenced to con-

firm the introduction of these mutations, the
orientation of the inserted sequences, and to
exclude the presence of other undesired muta-
tions. This region was then substituted for the
identical non-mutated region in the wild-type
parent plasmid (OC-CAT).

Cell Culture and Transfections

ROS 17/2.8 cells were maintained in Ham’s
F12 medium with L-glutamine (Gibco, Grand
Island, NY) supplemented with 10% (vol/vol)
fetal bovine serum, penicillin, and streptomy-
cin. From 24 h prior to transfection until har-
vesting, cells were cultured in medium contain-
ing charcoal-stripped fetal bovine serum.
Transfections were performed using the cal-
cium phosphate method as previously described
[Demay et al., 1989]. The cells were treated
with 1078 M 1,25(0OH)2D3 immediately after
transfection and again the following day. The
cells were fed and stimulated 40 h post-transfec-
tion and harvested 24 h later. CAT activity was
assessed as previously described [Demay et al.,
1992a]. All test plasmids were co-transfected
with a control plasmid containing the luciferase
gene under the control of the Rous sarcoma
virus promoter. Luciferase activity was mea-
sured using a standard protocol [Ausubel et al.,
1992]. The presence of 1,25(0OH),D; did not
affect the level of luciferase activity. CAT activ-
ity was assessed by densitometric scanning of
thin layer chromatography plate autoradio-
grams and each replicate was normalized for
luminescence units. Relative CAT activity, pre-
sented as fold stimulation, reflects the ratio of
corrected CAT activity in the presence or ab-
sence of 1,25(0OH),Ds.

DNA Sequencing

All DNA sequencing was carried out by the
dideoxynucleotide chain termination method af-
ter subcloning into M13 vectors [Sanger et al.,
1977].

Gel Retardation Assays

Oligonucleotides were labeled by filling in
recessed ends with the large fragment of DNA
polymerase | and [«32P]-dATP. The oligonucleo-
tide used as a probe for these studies was the
sequence 3' to the rat osteocalcin VDRE be-
tween bases -434 and -410 (-D14D3) with the
addition of GATC overhanging bases. The se-
quence of the sense strand, and that of competi-
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TABLE I. Sequence of Double-Stranded Oligonucleotides (With Added GATC Overhangs)
That Were Employed as Probes or Competitors in Gel Retardation Assays?

14D, —458 CTGGGTGATGAGGACATACTGACCGCTCCTTCCTGGGGTTTGGCTCC  —410
13D; CTGGGTGATCAGGACATACTGACCGCTCCTTCCTGGGGT

dm14D; CTGGGTGATGAGGACATACTGACC TTCCTGGGGTTTGGCTCC
dmL14D; CTGGGTGATGAGGACATACTGACCatgaaTTCCTGGGGTTTGGCTCC

—D14Dg CCGCTCCTTCCTGGGGTTTGGCTCC

—Dsdm6 CCatcCCTTCCTGGGGTTTGGCTCC

GT2 (reverse complement)

—337 ATCTAAAATCGGTTTGGGACAAACTGE362

a14D3, 13Dz, dm14D3, and dmL14D; were also expressed upstream of the HSV-tk promoter (Fig. 2). The position of the
sequences in the rat osteocalcin gene with respect to the transcriptional start site is shown. Note that the antisense strand of
GT-2 is shown. Mutant sequences are presented in lower case type. The VDRE is in boldface type. The GGTTTGG motif is

underlined.

tor oligonucleotides, is shown in Table I. The
antisense strand of the GT-2 oligonucleotide is
shown to emphasize the GGTTTGG motif and
flanking bases. Gel retardation assay buffer
composition and nuclear extract preparation
were described previously [Demay et al., 1990].
ROS 17/2.8 nuclear extracts were pre-incu-
bated with poly(d1-dC) - poly(dI-dC) at a concen-
tration of 0.5 pg/pg of extract protein, with or
without 10 or 100 ng of unlabeled competitor as
indicated, for 15 min at 22°C. Subsequently, 1
ng of probe was added for an additional 15 min.
The mixture was brought to 10% (vol/vol) glyc-
erol and electrophoresed on a 4% nondenatur-
ing polyacrylamide gel.

RESULTS

It has previously been demonstrated that the
bases between -420 and -414 (GGTTTGG) of
the rat osteocalcin gene are essential for
1,25(0OH),Ds-responsiveness of osteocalcin-CAT
fusion genes containing the native osteocalcin
promoter. A search for other copies of this motif
revealed a second GGTTTGG motif on the anti-
sense strand of the rat osteocalcin gene be-
tween -347 and -353 (Table I). Gel retardation
assays were performed to address whether this
more proximal motif was able to interact with
the same nuclear proteins as the VDRE-associ-
ated motif. As shown in Figure 1, the more
proximal motif (GT-2) does not compete for the
specific nuclear protein-DNA complexes gener-
ated by the VDRE-associated motif (-D14D3).
These data suggest that although the
GGTTTGG motif is critical for the enhancer
function and the nuclear-protein-DNA interac-
tions of the VDRE-associated motif, other se-
quences in this oligonucleotide are integral to
the core enhancer element. We, therefore, un-
dertook mutagenesis studies, in the context of

Competitor: - -D14D3 GT2
Fold Excess - 10 100 10 100

Fig. 1. The sequences required for nuclear protein-DNA inter-
actions of the VDRE-associated enhancer extend beyond the
GGTTTGG motif. -D14D3 was employed as a radiolabeled
probe. Competitor oligonucleotides (10- and 100-fold molar
excess) were preincubated with nuclear extracts prior to probe
addition, as outlined in Materials and Methods. The specific
nuclear protein-DNA interactions are indicated by arrows.

both a heterologous viral promoter and the
native osteocalcin promoter, to define the se-
guences that comprise the core element.

The DNA sequences 5’ to the VDRE-associ-
ated GGTTTGG (-420 to -414), were altered to
determine whether the spacing between this
motif and the VDRE, was critical for enhancer
function. Deletion mutagenesis was carried out
in the context of 14D3-tkCAT (Table I, Fig. 2).
Placing the GGTTTGG motif five bases closer
to the VDRE (deletion of bases -432 to -428)
reduced the 1,25(0OH),D;-responsiveness from
5.3- fold (with 14D3-tkCAT) to 1.6-fold (Fig. 2:
dm-14D3). In order to distinguish whether the
observed reduction in 1,25(0OH),Ds-responsive-
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Fig. 2. The sequences between -432 and -428 of the rat
osteocalcin gene are required for VDRE-mediated of transactiva-
tion using a heterologous viral promoter. One copy of the
oligonucleotides 14D3, dm14D3, and dmL14D3 (Table Il) were
inserted in the forward orientation upstream of the HSV-tk
promoter in puTKAT3. Their ability to induce CAT activity in
response to 10 nM 1,25(0OH),D3; was assessed after transient
transfection into ROS 17/2.8 cells. Relative stimulation of CAT
activity represents the mean *= S.E.M. of three independent
experiments using at least two different preparations of each
plasmid. Each transfection was performed in triplicate and
normalized for transfection efficiency with RSV-luc cotransfec-
tion.

ness was due to the altered spacing of the
GGTTTGG element with respect to the VDRE
in dm-14D3-tkCAT or to the deletion of critical
bases, these same bases were mutated by sub-
stitution mutagenesis (GCTCC to ATGAA; Fig.
2: dmL-14D3). These substitution mutations
also reduced the 1,25(OH),Ds-responsiveness
to two-fold, suggesting that these bases were,
in fact, an integral part of the enhancer ele-
ment and that impaired transactivation was a
result of base changes rather than spacing.
These data demonstrate that the VDRE-associ-
ated element extends 5’ to the GGTTTGG core
motif and may explain the inability of the more
proximal GGTTTGG enhancer sequences (GT2)
to compete for the nuclear proteins which bind
to these sequences.

To confirm that the bases 5’ to the GGTTTGG
motif are important in the context of the native
osteocalcin promoter, OC-CAT fusion genes were
engineered by site-directed mutagenesis to de-
lete bases -422 and -421 (Table 11, sdm1). This
eliminated 1,25(0OH),D-responsiveness (Fig. 3),
confirming that these bases are an integral part
of the enhancer element. To examine if spacing
was critical, the GGTTTGG motif was dis-

placed 3’, increasing the distance between the
VDRE and downstream regulatory element by
2 bases (Table 11, sdm2). This spacing mutation
had no effect on the 1,25(OH),D;-responsive-
ness of the native osteocalcin promoter (Fig. 3:
sdm2-OC-CAT).

A series of mutations between -434 and -423
(Table I1) were, therefore, introduced into an
OC-CAT fusion gene containing the native rat
osteocalcin promoter in order to define the 5’
extent of this element. Mutation of the bases
between -431 and -423 of the rat osteocalcin
gene (CTCCTTCCT changed to AGAAGGAAG;
sdm3, Table Il) eliminated 1,25(0OH),D3-respon-
siveness in ROS 17/2.8 cells transfected with
this OC-CAT fusion gene (Fig. 3: sdm3-OC-
CAT), indicating that this region contains bases
required for 1,25(OH),Ds-responsiveness. In or-
der to more closely delineate sequences in-
volved in 1,25(0OH),D;-mediated transactiva-
tion in this region, the bases between -431 and
-427, and between -426 and -423 were mutated
separately. Mutation of bases -431 to -427
(CTCCT toAGAAG) or bases -426 to -423 (TCCT
to GAAG; sdm 4 and 5, Table Il) also signifi-
cantly reduced the response to 1,25(0OH),D; (Fig.
3:sdm4-OC-CAT , sdm5-OC-CAT ). This demon-
strates that residues critical for 1,25(0OH),Ds;-
responsiveness include the region encompass-
ing -431 to -427. However, mutagenesis of bases
-434 to -430 (Table I, sdm6; Fig. 3: sdm6-0OC-
CAT) had little effect on 1,25(OH),D3-respon-
siveness. These data suggest that the 5’ extent
of the element required for 1,25(OH),D5-respon-
siveness of the rat osteocalcin gene is at, or
near base -430.

To assess whether the sequences required for
transactivation by the VDRE-associated en-
hancer were also required for binding nuclear
proteins, the protein/DNA interactions of this
region were examined by performing gel retar-
dation analyses using nuclear extracts from
ROS 17/2.8 cells. Adouble stranded oligonucleo-
tide, -D14D; (14D; lacking the VDRE), repre-
senting the rat osteocalcin sequence between
-434 and -410, was employed as a radiolabeled
probe (Table 1). The oligonucleotides dm14D,
and dmL14D;, which consist of 14D; with a
deletion or substitution respectively (Table 1) of
the sequences between -432 to -428, were em-
ployed as competitors (Fig. 4). These two muta-
tions, which abolished the enhancer activity
(Fig. 2), also failed to compete for the two shifted
bands, indicating that sequences in the region
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TABLE Il. Site-Directed Mutants of OC-CAT Fusion Genes?

—458 —410
Wild-type CTGGGTGATCAGGACATACTGACCGCTCCTTCCTGGGGTTTGGCTCC
sdmil CTGGGTGATGAGGACATACTGACCGCTCCTTCCTGGttTggGGaTCC
sdm2 CTGGGTGATGAGGACATACTGACCGCTCCTTCCTaGGtggtttggCC
sdm3 CTGGGTGATCAGGACATACTGACCGagaaggaagGGGGTTTGGaTCC
sdm4 CTGGGTGATCAGGACATACTGACCGagaagTCCTGGGGTTTGGaTCC
sdm5 CTGGGTGATCAGGACATACTGACCGCTCCTgaagGGGGTTTGGaTCC
sdm6 CTGGGTGATGAGGACATACTGAQCatcCCTTCCTGGGGTTTGGaTCC

aThe mutant sequences are in lower case type. The GGTTTGG motif is underlined. The VDRE is indicated by bold type face.
The C to A conversion of base —413 in sdm 1, 3, 4, 5, 6 created a BamHI| restriction site, which was used to screen for
introduction of the mutation during site-directed mutagenesis. It had no effect on the 1,25(0OH),D3-responsiveness of OC-CAT

fusion genes on its own (data not shown).
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Fig. 3. Sequences required for VDRE-mediated transactivation using the native osteocalcin promoter. ROS 17/2.8
cells were transiently transfected with mutant and wild-type (OC-CAT) fusion genes and their ability to induce CAT
activity in response to 10 nM 1,25(0OH),D3 was assessed. The mutations are indicated in Table Il. Relative stimulation
of CAT activity represents the mean = S.E.M. of three independent experiments using at least two different
preparations of each plasmid. Each transfection was performed in triplicate and normalized for transfection efficiency

with RSV-luc cotransfection.

between -432 and -428 of the rat osteocalcin
gene were also critical for specific protein/DNA
interactions with the -D14D; probe. Mutation
of the bases between -434 and -430, (sdm6,
Table Il) had only a modest effect on the
1,25(0OH),Ds-responsiveness of the native OC-
CAT fusion gene (Fig. 3) and also permitted full
competition for the two bands which bind
-D14D; (Fig. 4, -Dsdme6) indicating that the 5’
end of the sequences required for DNA-protein
interactions corresponds to the 5’ boundary
defined by functional studies using the native
osteocalcin promoter.

To address whether this enhancer would re-
tain function when placed upstream to the
VDRE, a single copy of the sequences between
-434 to -410 (-D14D3) was subcloned upstream

to the VDRE in 13D3-tkCAT (Table I, -458 to
-418 of the rat osteocalcin gene) [Sneddon et al.,
1997a]. While four copies of these sequences, in
the absence of a VDRE, do not confer 1,25(0OH),D5-
responsiveness to a heterologous promoter (Fig.
5: 4X(-D14D3)F), insertion of one copy of -D14D4
in the forward orientation, 5’ to the VDRE in
13D5-tkCAT, increases 1,25(0OH),D5-responsive-
ness two-fold (Fig. 5, (-D14D;)F-13D3). Simi-
larly, insertion of four copies of -D14D; in the
reverse orientation 5’ to the VDRE in 13Ds;-
tkCAT also increases 1,25(0OH),D5-responsive-
ness two-fold (Fig. 5, 4X(-D14D3)R-13Dy). Inser-
tion of four copies of -D14D; in the forward
orientation 5’ to the VDRE in 13D;-tkCAT in-
creases 1,25(0OH),Ds-responsiveness 2.5-fold
(4X(-D14D3)F-13D3). Of note, four copies of
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-D14D; do not alter basal CAT activity (data
not shown).

DISCUSSION

The bases between -420 and -414 of the rat
osteocalcin gene are essential for transactiva-
tion by 1,25(0OH),D; [Sneddon et al., 1997a].
These DNA sequences increase 1,25(0OH),Ds-
responsiveness both in the context of the native

Competitor: --D14D3 14D3-Dsdm6é6 dm dml
Fold Excess - 10100 10 100 10 100 10 100 10 100

= 9Ps u ¥» U!‘s"~
B. G0 B

SR athnn ws

Fig. 4. The sequences required for nuclear protein-DNA inter-
actions of the VDRE-associated enhancer include 10 bp 5’ to
the GGTTTGG motif. -D14D3 was employed as a probe (Table
1) in gel retardation assays. Competitor oligonucleotides (10-
and 100-fold molar excess) were preincubated with ROS 17/2.8
cell nuclear extracts prior to probe addition, as outlined in
Materials and Methods. The two specific protein complexes
associated with the VDRE-associated GGTTTGG motif are indi-
cated by the arrows.

fold stimulation

13D 4X(-D14D,)"

3
Fig. 5. The VDRE-associated GGTTTGG motif enhances
1,25(0OH),D3-responsiveness in a position and orientation-
independent fashion. Four copies of -D14D3; were inserted
upstream of the HSV-tk promoter in pUTKAT3 to yield
4X(-D14D3)F. One copy of -D14D3 was inserted upstream of the
VDRE in 13Dj3-tkCAT in the forward orientation to yield
(-D14D3)F-13D3. Four copies of -D14Ds were inserted upstream
of the VDRE in 13D3-tkCAT in the reverse orientation to yield
4X(-D14D3) R-13Ds3. Four copies of -D14D3; were inserted

4.1+1.4

rat osteocalcin promoter and the heterologous
HSV-tk promoter; therefore, their position with
respect to the transcription pre-initiation com-
plex is not crucial. The experiments described
herein address the orientation and positional
requirements of the GGTTTGG motif with re-
spect to the VDRE and identify bases 5’ to this
motif as being integral to this element.

The precise location of the GGTTTGG motif
downstream from the VDRE is not critical for
its function. This motif is also able to function
upstream of the VDRE in an orientation-inde-
pendent fashion. Both the functional and pro-
tein/DNA binding data define the 5’ extent of
the VDRE-associated element to be at, or near
base -430. These sequences are highly con-
served in the human osteocalcin gene and also
enhance the 1,25(0OH),D;-responsiveness of the
human osteocalcin VDRE, demonstrating the
evolutionary conservation of this functionally
important motif [Sneddon et al., 1997a].

In the region between -430 and -414, the
enhancer may consist of two discrete elements
functioning together with the VDRE to promote
transactivation of the rat osteocalcin gene.
When two bases are inserted 5’ to -420 in the
context of the native osteocalcin promoter, effec-
tively shifting the GGTTTGG motif two bases
away from the VDRE, 1,25(0OH),D5-responsive-

4.9+0.4

(-D14D,)F-13D,  4X(-D14D,)?-13D, 4X(-D14D,)F-13D,

upstream of the VDRE in 13D3-tkCAT in the forward orientation
to yield 4X(-D14D3) F-13D3. Their ability to induce CAT activity
in response to 10 nM 1,25(0OH),D3 was assessed after transient
transfection into ROS 17/2.8 cells. Relative stimulation of CAT
activity represents the mean * S.E.M. of three independent
experiments using at least two different preparations of each
plasmid. Each transfection was performed in triplicate and
normalized for transfection efficiency with RSV-luc cotransfec-
tion.



406 Sneddon and Demay

ness of the osteocalcin-CAT fusion gene is main-
tained. This suggests that the GGTTTGG motif
between -420 and -414 may form a discrete
element or half-site, separate from the function-
ally important upstream sequences between
-430 and -421. The presence of the downstream
antisense GGTTTGG with different flanking
sequences also suggests that each GGTTTGG
motif may represent one half-site of a binding
motif for different transcription factor com-
plexes.

The GGTTTGG sequence present from -420
to -414 has not been identified as a transcrip-
tion factor binding site, nor have the bases
between -429 and -421. The TTCC motif (re-
verse complement GGAA) between positions
-427 and -424 is suggestive of a binding site for
the Ets family of transcription factors [Woods
et al., 1992; Nye et al., 1992]. Oligonucleotides
representing consensus binding sites for Ets-1,
Ets-2, EIk-1, and PU.1, however, fail to compete
for the protein-DNA complexes which bind to
the rat osteocalcin sequences between -429 and
-414 (data not shown). This does not, however,
rule out involvement of a novel member of the
Ets family in the 1,25(0OH),Ds-responsiveness
of the rat osteocalcin gene.

As more information becomes available, the
complexity of steroid-activated transcription is
becoming ever more apparent. Adjacent re-
sponse elements for hepatic nuclear factor 3 are
required for optimal glucocorticoid responsive-
ness of the phosphoenolpyruvate carboxyki-
nase and the insulin-like growth factor binding
protein genes [O’Brien et al., 1995]. Similarly, a
novel accessory factor binding site adjacent to
the glucocorticoid response element is required
for glucocorticoid regulation of the gamma-
fibrinogen gene [Woodward et al., 1997]. Thus,
transcription factors binding to distinct sites
interact with occupied steroid response ele-
ments to promote ligand-mediated transcrip-
tional activation. Accessory factors, including
TRIP1 [Lee et al., 1995], TIF1 [LeDouarin et
al., 1995], RIP140, RIP160 [Cavailles et al.,
1995; Halachmi et al., 1994], and SRC-1 [ORate
et al., 1995], contribute to transcriptional acti-
vation mediated by nuclear hormone receptors
[Halachmi et al., 1994; Cavailles et al., 1994;
Kurokawa et al., 1995; Suen and Chin, 1995;
Cavailles et al., 1995; Ofate et al., 1995; Mau-
rer and Notides, 1987]. The cAMP response
element protein binding protein (CBP) func-
tions as an integrator for transcriptional activa-

tion by nuclear receptors through contacts with
both the ligand binding domain of the receptor
and the coactivator protein p160 [Kamei et al.,
1996]. CBP also has been shown to acetylate
chromatin through its histone acetyltransfer-
ase activity, thereby destabilizing nucleosomes
and promoting activated chromatin formation
[Bannister and Kouzarides, 1996; Ogryzko et
al., 1996]. The potential candidate transcrip-
tion factors of the VDRE-associated GGTTTGG
motif are not, however, restricted to those shown
to interact with the nuclear receptor superfam-
ily. The position and orientation independence
of this novel enhancer, and its ability to modu-
late responses to different transcription factors
suggests that it may function to coordinate
transcriptional activation by several different
response elements in a single gene.
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