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Glucocorticoids activate somatostatin gene transcription through
co-operative interaction with the cyclic AMP signalling pathway
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The somatostatin (SS) gene is transcriptionally regulated via the
cyclic AMP (cAMP) response element (CRE), located in the
proximal promoter (—41 to —48 bp). We have previously
reported that glucocorticoids induce dose-dependent cell-specific
alterations in the steady-state SS mRNA level. Here we have
investigated direct transcriptional control of the SS gene by
glucocorticoids. We have examined transcriptional interaction
between glucocorticoids and the cAMP signalling pathway and
mapped the 5" upstream regulatory region of the SS gene involved
in glucocorticoid transactivation. Transcriptional regulation was
determined by analysis of chloramphenicol acetyltransferase
(CAT) activity in PC12 rat pheochromocytoma cells and A126-
1B2 (protein kinase A-deficient mutant PC12) cells, by acute
transfection of 5" flanking SS DNA (—750, —250 and —71 bp)
ligated to the reporter (CAT) gene. Dexamethasone (DEX)
induced a dose-dependent 2.2-fold stimulation of SS gene tran-
scription in PC12 cells, but not in A126-1B2 cells. Other steroid
and thyroid hormones tested, and retinoic acid, were ineffective,
while cCAMP and forskolin stimulated gene transcription 4-5-

fold in PC12 cells but not in A126-1B2 cells. DEX exerted an
additive effect on cAMP-induced gene transcription. Deletion of
the promoter from —750 to —71 bp (but not from —750 to
—250 bp) abolished all stimulatory effects of DEX without
affecting cAMP responsiveness. Mutation of the CRE abrogated
both DEX- and cAMP-dependent gene enhancement. Gel
electrophoretic mobility shift assays confirmed that the —250 to
—71 bp region of the SS promoter (but not the —71 to +55 bp
domain) binds specifically to a glucocorticoid response element-
sensitive nuclear protein(s) from PC12 cells, suggesting a putative
glucocorticoid receptor interaction with SS promoter DNA. We
conclude that glucocorticoids regulate SS gene transcription
positively. Glucocorticoid-induced transactivation shows depen-
dence on protein kinase A activity, and may be mediated via
protein—protein interaction between the glucocorticoid receptor
and the CRE binding protein. DNA sequences upstream from
the CRE between —250 and — 71 bp in the SS promoter appear
to be the target of glucocorticoid action.

INTRODUCTION

Somatostatin (SS) synthesis and gene expression is modulated by
a number of prominent agents and mediators such as cyclic AMP
(cAMP), oestrogens, testosterone, interleukin-1, insulin, growth
hormone and N-methyl-D-aspartate receptor agonists [1-11]. In
mammals, synthesis of SS is directed by a single gene which
contains two known regulatory elements in its proximal promoter
region: a variant of the TATA box 26 bp upstream from the start
of transcription, and an octameric enhancer sequence, the CAMP
response element (CRE), located further upstream between
nucleotides —48 and —41 [3,12,13]. In addition, a SS gene
upstream enhancer element (SMS-UE) has recently been
identified in the more distal promoter between nucleotides — 113
and —83 which confers islet D-cell-specific gene expression
[14,15]. The promoter region does not contain canonical steroid
or thyroid hormone response elements. Activation of the
adenylate cyclase/cAMP pathway plays an important role in
stimulating both secretion and gene transcription of SS [3-6].
cAMP activates transcription of SS and other cellular genes
through the CRE, which binds the nuclear protein CREB (CRE
binding protein); the transcriptional efficacy of CREB is
regulated through phosphorylation by the cAMP-dependent
protein kinase A [4,5]. Several other transcriptional factors

related to CREB and capable of interacting with the CRE have
also been identified, e.g. ATF-1, CRE-BP1/ATF-2, CREM,
ATF-a, and so on [14]. The SMS-UE region represents a tripartite
cis regulatory unit which is activated by a protein complex
consisting of CREB and islet-cell-specific and «-CAAT binding
factor-like transcription factors, and which is in turn synergisti-
cally coupled to the CRE located in the proximal promoter
[15-17]. It is not known whether agents such as gonadal steroids,
interleukin-1, insulin, growth hormone and N-methyl-D-
aspartate receptor agonists, which modulate SS mRNA levels,
act transcriptionally, and if so, what the intracellular signalling
mechanism is.

We have previously demonstrated that dexamethasone (DEX)
induces tissue-specific time- and dose-dependent alterations in SS
peptide production and mRNA accumulation in normal SS-
producing tissues in vivo and in vitro [18]. In addition, DEX
produced biphasic patterns of change in SS secretion and steady-
state mRNA levels in a rat SS-producing islet tumour cell line
(1027B,), with dose-dependent stimulatory and inhibitory com-
ponents [18]. This suggests a complex molecular mechanism of
glucocorticoid action on the SS gene, involving regulation at
various levels. In the present study we have examined the
transcriptional control of the SS gene by glucocorticoid as one
putative level of control. Using the chloramphenicol acetyl-
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transferase (CAT) transcription assay, we have compared the
effects of glucocorticoids with those of other steroid and thyroid
hormones, and investigated transcriptional interactions between
glucocorticoids and the cAMP signalling pathway. We dem-
onstrate that glucocorticoids regulate SS gene transcription
positively through a co-operative interaction with the cAMP
signalling pathway, and that DNA sequences upstream from the
CRE in the SS gene are necessary for this effect.

MATERIALS AND METHODS
Materials

Dulbecco’s modified Eagle medium (DMEM), Phenol Red-free
DMEM, heat-inactivated fetal bovine serum (FBS) and horse
serum, L-glutamine and other tissue culture reagents were pur-
chased from Gibco. 8-(4-Chlorophenylthio)-cAMP, phorbol
12,13-dibutyrate, forskolin, DEX, p-oestradiol, testosterone,
3,3’,5-tri-iodo-L-thyronine (T,) and retinoic acid were from Sigma
Chemical Co., St. Louis, MO, U.S.A. Restriction endonucleases
and other nucleic acid modifying enzymes were from BRL,
Bethesda, MD, U.S.A. Oligonucleotides of CRE and gluco-
corticoid response element (GRE) consensus sequences were
from Promega. Mermaid and GeneClean oligo DNA purification
kits were from BIO101. p-threo-[dichloroacetyl-1-**C]Chloram-
phenicol, [1,2,4,6,7-*H]dexamethasone, [a-*?P][dCTP and [y-
32P]dATP were purchased from Amersham, Arlington Heights,
IL, U.S.A. Purified bacterially expressed glucocorticoid receptor
DNA-binding domain [GR-DBD-(440-525)] was from Dr.
L. P. Freeman (Sloan—Kettering Institute, New York, NY,
U.S.A)) [19]. All other biochemicals were of the highest quality
available commercially.

Cell culture and transfections

PC12 rat pheochromocytoma tumour cells [20] and A126-1B2
mutant PC12 cells deficient in cAMP-dependent protein kinase
A [21] were obtained from Dr. J. A. Wagner, Dana Farber
Cancer Institute, Boston, MA, U.S.A. Both cell lines were
cultured in DMEM with 109 FBS, 5% horse serum and
27.8 mM glucose. In all experiments involving culture of cells
with steroid hormones, transfected cells were incubated in
medium that was Phenol Red-free, supplemented with FBS and
horse serum rendered hormone-free by treatment with dextran-
coated charcoal.

For transient transfection experiments, 2.5 x 10® cells were
plated in 10 cm-diam. plastic Petri dishes. After 48 h of culture,
when they had reached ~ 70 %, confluency, they were transfected
by calcium phosphate precipitation followed by glycerol shock
[22]. A 2040 pg portion of plasmid DNA was mixed in 125 mM
CaCl, and 25 mM Hepes-buffered saline, pH 7.05, at room
temperature for 30 min and subsequently incubated with the cells
for 4-6 h. The medium was then discarded and cells were exposed
to 159, glycerol for 3 min, washed with PBS and reincubated
with 10 ml of fresh culture medium. Test agents were added 24 h
after transfection and the cells were harvested by scraping 48 h
later.

CAT assay

Cell were washed twice with PBS, harvested in 1 ml of 40 mM
Tris (pH 7.4), 150 mM NaCl and 1 mM EDTA, and collected by
low-speed centrifugation. Extracts were prepared in 150 x4l of
250 mM Tris (pH 7.8) by three cycles of freezing and thawing in
a solid CO,/ethanol bath and were cleared by centrifugation at
10000 g at 4 °C for 10 min. Aliquots of the supernatant were

assayed for protein concentration by the method of Bradford,
with BSA as standard [23]. CAT assays were performed at 37 °C
in a total volume of 150 xl of 250 mM Tris (pH 7.8), 0.53 mM
acetyl-CoA (Pharmacia) and 0.83 xCi/ml [**C]chloramphenicol
(final concentrations) [22]. Under these conditions, the assay was
linear for up to 8 h and with up to 300 ug of extract. Routinely,
100 ug of cell lysate protein was incubated for 3.5 h at 37 °C. The
reaction mixture was then extracted by ethyl acetate and subjected
to tlc. followed by autoradiography. CAT activity was
quantified by liquid scintillation counting of excised bands
containing either the acetylated or non-acetylated forms of
[**C]chloramphenicol, and was expressed as a percentage of
[**C]chloramphenicol converted to the acetylated forms. All
experiments were repeated at least three times.

The plasmid pCH110 (Pharmacia) was routinely co-transfected
with various CAT constructs and used as an internal control for
monitoring transfecting efficiency [24]. It expresses constitutively
the lacZ (f-galactosidase) gene driven by the Simian virus 40
early promoter. Treatment with test agents did not produce any
significant variation in #-galactosidase activity in any experiment.

Plasmid constructions

The metallothionein-CREB (MT-CREB) expression vector has
been described previously [25]. CREB expression was induced by
exposure of MT-CREB-transfected cells to ZnSO, (90 xM). The
chimaeric gene constructs pSS-750CAT and pSS-71CAT (con-
taining SS gene sequences from positions —750 to + 55 bp and
—71 to + 55 bp respectively ligated to the bacterial reporter gene
encoding CAT) [3] were obtained from M. R. Montminy (Salk
Institute, La Jolla, CA, U.S.A.). pSS-250CAT was generated by
inserting a Sall fragment (—250 to + 55 bp) of the —750 SS
promoter into a pUCI19-derived pCAT-Basic vector (Promega).
A CRE substitution mutation in the —250 bp promoter (A-CRE
pSS-250CAT) was generated by replacing the octameric CRE
(TGACGTCA) with a non-related sequence of equal size
(GCGTAGTC) by a two-step PCR procedure for gene splicing
by overlap extension [26]. Oligonucleotide primers (38-mer) were
designed with the mutant sequences flanked by 15 nucleotides of
wild-type sequence at either side. A —250 to +55bp SS
promoter fragment with the CRE substitution mutation was
amplified by using as template the SS —250 to + 55 bp construct
in the Bluescript plasmid (Stratagene). The mutant fragment was
inserted into pCAT-Basic. All constructs and insert orientations
were confirmed by restriction mapping and/or sequence analysis
using the method of Sanger et al. [27].

Gel shift assay

Nuclear extracts were prepared from PC12 cells as described [28]
and dialysed overnight at 4 °C against 20 mM Hepes (pH 7.9 at
4°C), 209% glycerol, 100 mM KCIl, 0.2 mM EDTA, 0.2 mM
phenylmethanesulphonyl fluoride and 0.2 mM dithiothreitol. SS
promoter fragments —250 to —71 bp (Sall/Bglll), (=71 to
+ 55(Bgll1/Sall)and —250to + 55 (Sall fragment) were digested
from pSS-250CAT, isolated by using either Mermaid or
GeneClean and end-labelled with [«-3*P]JdCTP through a Klenow
fill-in reaction. Synthetic double-stranded CRE or GRE con-
sensus oligonucleotides were end-labelled with [y-*P]JdATP by
the T4 polynucleotide kinase reaction.

DNA binding reactions were carried out in the presence of
5 pg of sonicated fish sperm DNA, 0.5 mg/ml BSA and specific
competitors as indicated [28,29]. Nuclear extracts (5-10 ug of
protein) were incubated for 30 min at room temperature with
50000 c.p.m. (10-20 fmol) of radiolabelled probe in a total
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volume of 20 ul containing 20 mM Tris/HCl (pH 7.5), 1 mM
EDTA, 6 mM dithiothreitol, 40 mM NaCl, 0.5 mg/ml BSA,
109 glycerol and 0.002 9, Triton X-100. Competition experi-
ments were carried out by incubation first with 9 pmol of
unlabelled CRE or GRE oligonucleotides for 20 min at room
temperature without probe, followed by 20 min with probe at
room temperature. The reaction mixtures were loaded on to 5%,
non-denaturing polyacrylamide gels and resolved by electro-
phoresis at 120 V for 3 h under running conditions of high ionic
strength (50 mM Tris, 380 mM glycine, 2.4 mM EDTA, pH 8.5).
The gels were subsequently dried and autoradiographed at
—70°C with an intensifying screen. Results were confirmed
under conditions of low ionic strength (6.7 mM Tris/HCI,
3.3 mM sodium acetate, | mM EDTA, pH 7.9).

RESULTS
Glucocorticoids regulate SS gene transcription positively

The presence of glucocorticoid receptors was confirmed in PC12
and A126-1B2 cells by direct analysis of cytosolic [PH]DEX
binding sites using established methods [30]. To determine
whether glucocorticoids can influence SS gene transcription, the
effect of DEX on pSS-750CAT expression was investigated
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Figure 1 Effect of DEX on pSS-750CAT expression in PC12 cells

Following transient transfection, PC12 cells were incubated with DEX for 48 h and assayed for
CAT. CAT activity is expressed relative to untreated controls (C). DEX induced dose-dependent
stimulation of SS-CAT expression, with a maximum 2.2-fold effect at 1 M. The Figure depicts
an autoradiogram of a representative assay used to determine CAT activity in transfected PC12
cell extracts.

Table 1 Etffects of DEX, cAMP, forskolin and other agents on pSS-750CAT
expression in transiently transfected target cells

Results are means + S.EM. (n = 5). *P < 0.05 versus control; TP < 0.05 versus CAMP or
forskolin alone.

CAT activity
Agents Cell type (% of control)
DEX (1 uM) PC12 212+2"
CAMP (1.5 mM) PC12 457 +48*
Forskolin (10 zM) PC12 4894 51*
f-Oestradiol (1 M) PC12 108411
Testosterone (1xM) PC12 106413
Tri-iodothyronine (1 xM) PC12 116+16
Retinoic acid (1 xM) PC12 101+8
Phorbol 12,13-dibutyrate (1 xM) PC12 95+15
DEX + cAMP PC12 776 +-81%
DEX + forskolin PC12 748470t
DEX (1 uM) A126-1B2 110412
CAMP (1.5 mM) A126-1B2 120+ 21
Forskolin (10 M) A126-1B2 105+18

SS promoter SMS-UE CRE

TATA CAT gene
7
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-250

-750
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Figure 2 Effect of progressive 5 deletion of the SS promoter fragment on
DEX-induced transactivation in PC12 cells

Three promoter fragments of — 750, —250 and — 71 bp were used and are schematically
depicted in the upper panel. Both the —750 and —250 nucleotide promoter constructs
exhibited full responsiveness to DEX stimulation. Deletion to — 71 bp abrogated DEX-induced
stimulation of SS gene transcription. C, control. *P < 0.05 versus control.

initially in PC12 cells. DEX induced a significant dose-dependent
increase in CAT activity from 10 nm to 0.1 xM, with a maximal
2.2-fold induction at 1 M (Figure 1). To test the specificity of
DEX action, the ability of other steroid and thyroid hormones to
alter SS gene transcription was determined (Table 1). In contrast
to DEX, oestradiol, testerone, tri-iodothyronine and retinoic
acid at doses between 1 nM to 1 uM had no effect on pSS-
750CAT expression in PC12 cells. Likewise, phorbol esters were
without effect, whereas cAMP and forskolin induced a 4-5-fold
stimulation of SS-CAT expression (Table 1).

The —250 to — 71 bp portion of the SS promoter region is
required for DEX-induced tranactivation

In order to map the promoter region responsible for gluco-
corticoid activation, progressive deletions of the 5’ flanking SS
DNA were performed. Both the —750 and —250 bp promoter
constructs exhibited full responsiveness to DEX stimulation
(Figure 2). Deletion of the 5 SS DNA to — 71 bp, which retains
the CRE and TATA celements but removes the SMS-UE,
abrogated DEX-induced stimulation of SS gene transcription.
These results further validate the specificity of the DEX effect
and suggest that the CRE alone is insufficient for DEX-induced
transactivation, which requires additional elements located
further upstream from the CRE between —250 and —71 bp in
the promoter region.

DEX potentiates cAMP-stimulated SS gene transcription

In view of the identification of DNA elements responsive to
glucocorticoid stimulation upstream from the CRE in the SS
gene, the potential interaction between DEX- and cAMP-induced
gene transcription was explored in PC12 cells transfected with
pSS-750CAT. cAMP (1.5 mM) and forskolin (10 uM) both
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Figure 3 Additive effects of DEX and cAMP stimulation of SS gene
transcription

CAMP (1.5 mM) or forskolin (FSK; 10 xM) both induced 4—5-fold stimulation of pSS-750CAT
expression in PC12 cells. The combination of DEX (1 M) with cCAMP or FSK potentiated CAT
activity 7—8-fold. C, control.

CRE mutant
-250 CRE 455 caT
— —t t {
TGACGTCA
GCGTAGTC

Relative CAT activity
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Figure 4 Effect of mutation of the CRE element on SS-CAT expression in
PC12 cells

Mutation of the CRE element in the — 250 promoter abolished the effects of both forskolin (FSK,
10 #M) and DEX (1 xM), and of combined forskolin and DEX.

induced a 4-5-fold stimulation of SS promoter activity (Figure 3;
Table 1). The combination of DEX with cAMP or forskolin
potentiated CAT activity 7-8-fold, suggesting an additive effect
of DEX- and cAMP-induced transcription. The potentiating
effect of DEX was also observed at a low concentration of cCAMP
(0.1 mM), which stimulated SS gene transcription from 3-5-fold.
The pSS-250CAT construct exhibited cAMP and forskolin
responsiveness as well as the additive effect with DEX, identical
to that with the longer — 750 bp promoter. On the other hand,
the pSS-71CAT construct, which was insensitive to DEX (Figure
2), maintained full cAMP responsiveness (results not shown).

DEX transactivation shows dependence on protein kinase A
activity

To further characterize the components of the cCAMP signalling
pathway involved in DEX-induced transactivation of the SS gene,
A126-1B2 mutant PC12 cells lacking protein kinase A activity

Relative CAT activity
'S

C DEX FSK FSK

C DEX FSK FSK
+ +
DEX DEX

Figure 5 Effect of CREB overexpression on the co-operative interaction
between DEX and forskolin in activating pSS-750CAT expression in PC12
cells

Cells were transfected with pSS-750CAT (28 xg) with or without MT-CREB (12 xg), whose
expression was induced by the addition of zinc sulphate (90 «M) to the culture medium.
Transfected or co-transfected cells were incubated with DEX (1 xM), forskolin (FSK, 10 M),
or the two agents in combination for 48 h. C, control. CREB overexpression did not influence
DEX or forskolin effects on SS-CAT activity. Results are mean+S.EM. (7= 5). *P < 0.05
versus control; TP < 0.05 versus DEX or FSK alone.

were used (Table 1). As expected, A126-1B2 cells transfected
with pSS-750CAT did not respond to either ;CAMP or forskolin.
These cells also did not show DEX-induced SS gene transcription,
confirming a requirement for protein kinase A activity for the
DEX effect.

Mutation of the CRE abolishes the DEX effect on SS gene
transcription

To test the effect of mutation of the CRE on DEX-induced SS
gene transcription, PC12 cells were transfected with A-CRE pSS-
250CAT. Replacement of the CRE by a non-related sequence
reduced basal CAT activity (% conversion of chloramphenicol
into acetylated forms) from 1.4240.289% to 0.52+0.039%
(P < 0.01). As expected, the mutation abolished the stimulatory
effect of forskolin but additionally blocked DEX-induced stimu-
lation, as well as the combined potentiation of CAT activity
by forskolin and DEX (Figure 4). Mutation of the CRE was
further validated by gel electrophoretic mobility shift assays. SS
promoter fragments —250 to +55 bp cognate (containing the
CRE) or CRE mutant (A-CRE) pSS-250CAT were radiolabelled
and incubated with PC12 nuclear extract. Three retarded DNA—
protein complexes were observed with the natural promoter;
labelling of one of these was significantly inhibited in the presence
of a 500-fold molar excess of unlabelled CRE consensus oligo-
nucleotide (results not shown). This band was not observed
with the CRE mutant promoter.

In a reciprocal experiment, the effect of overexpressed CREB
on DEX-induced SS gene transcription was investigated. Co-
transfection of PC12 cells with MT-CREB and pSS-750CAT had
no effect on control CAT expression and did not enhance
DEX-, forskolin- or combined forskolin and DEX-induced
stimulation of CAT activity in these cells (Figure 5).

Gel shift assays indicate that the —250 to — 71 bp SS promoter
is a glucocorticoid receptor binding region

In order to obtain evidence for a potential DNA-protein
interaction between the SS promoter and the glucocorticoid
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Figure 6 Gel electrophoretic mobility shift assays with 32P-labelled SS
promoter fragments and nuclear extract from PC12 cells

(@) Sall/Bg/ll fragment (—250 to —71 bp) of SS DNA as probe. Lane 1, probe alone
(50000 c.p.m.); 2, with GR-DBD-(440-525) (1 ng); 3, with 7 g of PC12 nuclear extract; 4,
with PC12 extract and 9 pmol of CRE oligonucleotide ; 5, with PC12 extract and 9 pmol of GRE
oligonucleotide. Note the retarded DNA—protein complex (c) in lane 3, the labelling of which
is competitively inhibited by preincubation with GRE (lane 5) but not CRE (lane 4). (b) Identical
conditions to those described in (a), except for the radiolabelled probe (—71 to + 55 bp SS
DNA). A higher-molecular-mass retarded DNA—protein complex (c) is observed (lane 3), the
labelling of which is specifically inhibited by unlabelled CRE (lane 4) but not GRE (lane 5). p,
free probe; ¢, DNA—protein complex.

receptor, gel electrophoretic mobility shift assays were performed.
Incubation of labelled —250 to —71 bp SS DNA with a nuclear
extract from PC12 cells revealed a retarded band (Figure 6a, lane
3). The specificity of the labelled complex was tested by com-
petition experiments with synthetic oligonucleotides. Addition of
a 500-fold molar excess of unlabelled GRE consensus oligo-
nucleotide to the binding reaction specifically inhibited complex
formation (Figure 6a, lane 5), whereas the same concentration of
unlabelled CRE consensus oligonucleotide was without effect
(lane 4). To further validate the specificity of the SS DNA—protein
interaction, parallel gel electrophoretic mobility shift assays were
conducted with the —71 to +55 bp SS promoter DNA (Figure
6b). A promoter DNA complex between —71 to +55bp SS
DNA and PC12 nuclear extract was detected as a high-molecular-
mass band (Figure 6b, lane 3) the labelling of which was inhibited
by excess unlabelled CRE consensus oligonucleotide (lane 4) but
not by GRE oligonucleotide (lane 5). In contrast to the binding
observed between SS promoter DNA and the PCI2 nuclear
extract, purified GR-DBD-(440-525) failed to bind to either SS
promoter fragments (Figures 6a and 6b, lane 2). The receptor
protein was capable of retarding the mobility of labelled synthetic
consensus GRE but not CRE (results not shown).

DISCUSSION

The present studies provide the first evidence of direct tran-
scriptional enhancement of the SS gene by glucocorticoids. The
effect of glucocorticoids was hormone-specific and could not be
demonstrated with other steroid and thyroid hormones, or with
retinoic acid. The action of glucocorticoids was dependent on a
functional interaction with CRE/CREB and related binding
proteins [14], and led to an additive response between the two
regulatory elements.

Transcriptional control by steroid and thyroid hormones is
mediated by a family of nuclear receptors that are activated by

ligands and bind to cis regulatory elements in specific target
genes [31,32]. Previous studies have provided increasing evidence
for functional interactions between the nuclear receptors and
other transcription factors not involving a natural promoter
[33-38]. This is particularly the case with glucocorticoid-inducible
genes, which frequently show GREs contiguous with DNA
regulatory sequences for other transcription factors in the
promoter region. These include binding sites for SP1, NFI,
CACCCand CCAAT box binding proteins [33,34], CREB[35,38]
and AP-1 factors [36,37], or a second GRE [34]. An interaction
between the glucocorticoid receptor and these accessory factors
can lead to either enhancement or repression of gene tran-
scription. Synergism between the glucocorticoid receptor and
other transcription factors was first reported for NF1, SP1 and
CACCC binding proteins in genes encoding tyrosine amino-
transferase and rat tryptophan oxygenase [33,34]. Functional co-
operativity in these instances was shown to be critically dependent
on the spacing between the regulatory elements but not their
orientation, and is mediated by protein—protein interaction rather
than co-operative DNA binding [33,34]. These studies addition-
ally revealed that a single copy consensus GRE sequence isolated
at a distance from the transcription start site was insufficient for
gene induction, but the sequence became active when a second
regulatory element including a second GRE was positioned
nearby [34]. This suggests a basic model of glucocorticoid-
induced transcriptional activation requiring multiple GREs or a
combination of a GRE with other factor-binding sites for
constitution of a hormone-inducible enhancer. More recently,
the glucocorticoid receptor has been shown to repress gene
expression by functional interference with several different tran-
scriptional activators [35-38). For instance, repression of the
human chorionic gonadotrophin «-subunit and pro-opio-
melanocortin genes appears to be mediated by competitive
binding of the glucocorticoid receptor to DNA regulatory
sequences termed negative GREs, thereby displacing tran-
scriptional activators such as CREB in the case of the a-subunit
gene [35] and the CAAT box binding factor in the case of the
pro-opiomelanocortin gene [38]. For other genes such as those for
osteocalcin, proliferin and collagenase, glucocorticoids repress
an AP-1 site by a different mechanism involving a direct
protein—protein interaction between c-jun and the glucocorticoid
receptor leading to a mutual inhibition of their DNA binding
activities [36,37].

Dependence of glucocorticoid receptor-mediated enhancement
of SS gene transcription on CRE/CREB activation was shown
here by two lines of evidence. First, the protein kinase-A deficient
mutant cell line A126-1B2, which is incapable of inducing cAMP-
mediated gene transcription due to an inability to phosphorylate
and thereby transactivate CREB, was also unresponsive to
glucocorticoid induction. Secondly, replacement of the canonical
CRE in the SS gene upstream region with an inert sequence
abolished both cAMP and glucocorticoid responsiveness. Failure
of DEX to induce the —71 bp SS promoter suggests that the
glucocorticoid receptor does not interact directly with the
CRE/CREB complex. Since the —250 bp promoter showed full
glucocorticoid responsiveness, our findings imply a gluco-
corticoid-sensitive region in the —250 to — 71 sequence of the SS
promoter. Gel electrophoretic mobility shift assays confirmed
that the —250 to — 71 bp region of the SS promoter (but not the
—71 to +55 bp domain) binds specifically to a GRE-sensitive
nuclear protein, suggesting a putative glucocorticoid receptor
interaction with SS promoter DNA. Failure of the purified
glucocorticoid receptor DNA binding domain protein to bind to
SS DNA suggests the requirement of other components of the
receptor protein and/or associated binding proteins for
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responsiveness. For example, retinoid X receptor f is required
for both DNA binding and transactivation of the retinoic acid
receptor by its cognate response element [39]. The interaction of
glucocorticoid receptor with the promoter of the glycoprotein
hormone « gene is dependent on cell-specific cofactors [40].
Analysis of the SS promoter failed to reveal a classical GRE,
but did disclose sequences of two possible variants
(@GGCTTnnnTtTTCT at —167 bp and aaGATTnnnTGgTCT
at —219 bp) which resemble atypical GREs. Further studies
with promoter deletion mutants combined with DNAase 1
footprinting are in progress to map precisely the regulatory
elements of the SS gene that interact directly with the gluco-
corticoid receptor.

There is only one other known example of functional co-
operativity between the glucocorticoid receptor and the cAMP
signalling pathway, illustrated by the gene for phosphoenol-
pyruvate carboxykinase (PEPCK) [41-43]. The proximal region
of the PEPCK gene promoter (—100 to + 1 bp) contains the
TATA and CRE elements in a virtually identical configuration to
that found in the SS gene. The glucocorticoid response ‘element’
in this gene is a complex unit (hence termed the glucocorticoid
response unit, or GRU) consisting of a tandem array (5" to 3") of
a retinoic acid response element, an insulin-responsive sequence
and two glucocorticoid receptor binding sites; the entire complex
spans about 110 bp (from —455 to —363). The two gluco-
corticoid receptor binding sites are not homologous with the
consensus GRE sequence, which they match in only 7/12 and
6/12 positions respectively, and they function independently,
each accounting for half of the full response [41]. Glucocorticoids
and cAMP individually induce PEPCK gene transcription, and
in combination produce enhancement. This is achieved through
a protein—protein interaction between the glucocorticoid receptor
and the CREB occurring over a distance of 360 bp. Retinoic acid
acts on the PEPCK gene synergistically with DEX, and insulin
inhibits the responses of DEX and cAMP both individually and
in combination. In the absence of the accessory factors, the
glucocorticoid receptor binding sites alone are inert. In the case
of the SS gene promoter, we found evidence of functional co-
operativity between glucocorticoids and the CRE/CREB locus;
however, this resulted in an additive rather than a synergistic
response. Interestingly, in addition to transcriptional co-
operativity between the glucocorticoid receptor and the
CRE/CREB unit, SS gene expression is also capable of inhibition
by insulin [9]. A survey of the SS gene promoter for these
accessory factor binding sites shows two contiguous putative
retinoic acid response element (—373 to — 366 bp) and insulin-
responsive sequence (—330 to —321 bp) motifs considerably
further upstream from the potential glucocorticoid receptor
responsive site. Despite these differences, there are sufficient
similarities to suggest that the PEPCK gene could serve as a
useful model for further studies to determine the precise nature
of the transcriptional interaction between the glucocorticoid
receptor, the CRE, and perhaps the retinoic acid receptor and
insulin-sensitive transcription factors in the SS gene.

Since glucocorticoids act on numerous target genes, an in-
teraction between glucocorticoids and the cAMP pathway could
also occur at points more proximal to the gene through induction
of one or more components of the cAMP signalling pathway.
For instance, glucocorticoids have been reported to activate
adenylate cyclase in GH;, cells [44] and could conceivably enhance
cAMP-dependent gene transcription via this mechanism. Such
an action, however, cannot explain the ability of glucocorticoids
to potentiate the effects of high concentrations of exogenous
cAMP or forskolin found in the present study. Moreover, the
results of the —71 bp construct argue against this possibility. It

is not known whether glucocorticoids regulate the expression
of protein kinase A, although glucocorticoids stimulate CREB
expression in rat C6 glioma cells [45]. Induction of either of these
two molecules could represent an indirect mechanism for gluco-
corticoid stimulation of SS gene transcription, but cannot
account for the additive effect between the activated gluco-
corticoid receptor and the CAMP pathway. Our results with
CREB co-transfection of PC12 cells suggest that overexpression
of this molecule alone is insufficient for activation of SS gene
transcription. This is probably due to an abundance of en-
dogenous CREB and related factors in these cells [14,17,46], as
well as the requirement not just for CREB molecules, but for
phosphorylated CREB, for transcriptional activation [5,46].

The concentration of DEX at which significant induction of
SS-CAT activity occurred (10 nM) falls within the physiological
range, especially if allowance is made for differences in the
responses of transfected and endogenous SS genes. Since cAMP
is the predominant regulator of SS gene transcription, and since
glucocorticoids and cAMP influence many of the same physio-
logical processes, a co-operative relationship between the two
pathways is clearly functionally relevant. Transcriptional activity
of the SS gene, however, can explain only part of glucocorticoid
action on steady-state SS mRNA levels that we found in rat
tissues, i.e. the stimulatory component [18]. The additional, more
potent, effect of glucocorticoids resulting in inhibition of SS
mRNA accumulation must therefore be mediated through a
post-transcriptional mechanism [18,47]. Studies of the effects of
glucocorticoids on SS mRNA stability are necessary to investigate
this question further.

In conclusion, we have demonstrated positive transcriptional
control of the SS gene by glucocorticoids. Glucocorticoid-
induced transactivation shows dependence on protein kinase A
activity, and may be mediated via interactions between the
glucocorticoid receptor and CREB. DNA sequences upstream
from the CRE between —250 and —71 bp in the SS promoter
appear necessary for the glucocorticoid effect.
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