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Instituto de Neurobiologı́a, Consejo Superior de Investigaciones Cientı́ficas,
28002 Madrid, Spain

Received 5 June 1998/Returned for modification 30 July 1998/Accepted 19 August 1998

Induction of the prodynorphin gene has been implicated in medium and long-term adaptation during
memory acquisition and pain. By 5* deletion mapping and site-directed mutagenesis of the human prodynor-
phin promoter, we demonstrate that both basal transcription and protein kinase A (PKA)-induced transcrip-
tion in NB69 and SK-N-MC human neuroblastoma cells are regulated by the GAGTCAAGG sequence centered
at position 140 in the 5* untranslated region of the gene (named the DRE, for downstream regulatory element).
The DRE repressed basal transcription in an orientation-independent and cell-specific manner when placed
downstream from the heterologous thymidine kinase promoter. Southwestern blotting and UV cross-linking
experiments with nuclear extracts from human neuroblastoma cells or human brain revealed a protein
complex of approximately 110 kDa that specifically bound to the DRE. Forskolin treatment reduced binding
to the DRE, and the time course paralleled that for an increase in prodynorphin gene expression. Our results
suggest that under basal conditions, expression of the prodynorphin gene is repressed by occupancy of the DRE
site. Upon PKA stimulation, binding to the DRE is reduced and transcription increases. We propose a model
for human prodynorphin activation through PKA-dependent derepression at the DRE site.

The level of expression of a given gene reflects the balance
between positive and negative signals affecting the general
transcription machinery via sequence-specific DNA-binding
factors (17, 35, 40). Extracellular signals modify basal tran-
scription by changing the expression and/or efficiency of tran-
scriptional activators such as Fos, Jun, and cyclic AMP
(cAMP)-responsive element (CRE) binding protein (CREB)
(23, 31, 38) or transcriptional repressors such as inducible
cAMP early repressor (ICER) and CRE modulator (CREM)
(13, 35). Alternatively, extracellular signals can activate genes
that are constitutively repressed through active derepression
(19, 20, 39).

Learning and chronic pain adaptation involve profound
changes in gene expression within the central nervous system,
including prodynorphin gene expression (7, 33). Tonically,
dynorphin peptides modulate the release of neurotransmitters
from presynaptic terminals (42, 44) and so regulate brain func-
tion. Induction of the rat prodynorphin gene in different cells
and tissues is associated with the activation of protein kinase A
(PKA) and protein kinase C signal transduction pathways (7,
26, 41). In rat spinal cord neurons, early induction of c-Fos is
followed by a substantial increase in prodynorphin mRNA
levels (26, 33). Furthermore, antisense studies indicate that
c-Fos participates in prodynorphin gene transactivation (22,
26). In cultured striatal neurons, however, induction of the rat
prodynorphin gene has been associated exclusively with the
phosphorylation of CREB upon dopamine D1 receptor acti-
vation (7).

Transcription of the rat prodynorphin gene is controlled by
at least five regulatory elements distributed along 2 kb of the

promoter region. Three elements have been described in the
distal area of the promoter, at positions 21656, 21627, and
21543 relative to the transcription start site (11). These ele-
ments function as CREs (DynCRE1, -2, and -3), and binding to
CREB results in repression of AP-1-mediated prodynorphin
transactivation (8). The mechanism for this transrepression is
not known, although competition by different nuclear com-
plexes at the DynCRE3 element could be a possibility, since it
has been shown that DynCRE3 also binds AP-1 nuclear com-
plexes and through this interaction transactivates the pro-
dynorphin gene (8, 29, 30). In the proximal promoter region,
close to the transcription start site, a noncanonical AP-1 site
(ncDynAP-1) and a CRE-like element (DynCRE4) are present
(11, 33). The ncDynAP-1 site, located at position 2257, is
conserved in the human gene and binds Fos-Jun heterodimers
in vitro. Through this interaction, the ncDynAP-1 site is re-
sponsible for the induction of prodynorphin in NCB20 cells
after treatment with phorbol esters (33). The DynCRE4 ele-
ment is located downstream from the transcription start site,
centered at position 161, and participates in transcriptional
induction via cAMP (11, 12, 28).

By deletion analysis and site-directed mutagenesis, we define
the minimal inducible promoter responsible for basal and
PKA-regulated transcription of the human prodynorphin gene
in human neuroblastoma cells. We also demonstrate the func-
tional importance of a downstream response element (DRE),
which acts as a transcriptional silencer under basal conditions.
Furthermore, we have identified a 110-kDa nuclear complex
that binds specifically to the DRE in several human neuroblas-
toma cell lines under basal conditions. Upon PKA stimulation,
binding to the DRE is reduced and the prodynorphin gene is
transcribed. Our results suggest that prodynorphin transcrip-
tion is actively repressed in human neuroblastoma cell lines
and that PKA activation results in transcriptional derepression.
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MATERIALS AND METHODS

Culture of cell lines. The neuronal cell lines NB69, SK-N-MC, SK-NB(E), and
SH-SY5Y were grown in Dulbecco’s modified Eagle’s medium (DMEM)–Ham
F-12 medium supplemented with 10% fetal calf serum, 2 mM glutamine, and 50
mg of gentamicin per ml. DMEM containing the same supplements was used to
grow HeLa and U373 cells.

Plasmid constructions. A 1.8-kb fragment (21660 to 1150) containing the
regulatory region of the human prodynorphin gene (21) was prepared by PCR
with human genomic DNA as a template and the specific primers 59-CAAGCT
TACAGATGAGCAATCAGAGGTTC-39 and 59-TTGGATCCCTGGGCAGC
TTCTGGCCGAGCAGGTCGGTCGGAGGTG-39. The PCR product was con-
firmed by sequencing on both strands and then cloned in the promoterless
reporter vector pBLCAT3 (27) by using HindIII and BamHI primer restriction
sites, generating reporter plasmid pHD1CAT. Deletion of a 644-bp BglII frag-
ment from the 59 end of the 1.8-kb fragment generated reporter plasmid
pHD2CAT. Subsequent deletion up to position 2150 by using a TaqI restriction
site produced the reporter plasmid pHD3CAT containing 300 bp of the regula-
tory region (see Fig. 2A).

Site-directed mutagenesis of the human prodynorphin promoter was per-
formed directly on reporter plasmid pHD1CAT by using a non-PCR-based
protocol (Transformer kit; Clontech). The oligonucleotide 59-CCAAGCCGGA
ATCAAGGAGG-39 (mDRE) introduced a single base mutation in the DRE,
generating the reporter plasmid pHD1mDRECAT. The underlined letters de-
pict the position of the mutated base.

The oligonucleotide 59-TCGACCAAGCCGGAGTCAAGGAGG-39, contain-

ing the DRE sequence bearing XhoI or HindIII restriction sites, was cloned
downstream or upstream of the thymidine kinase minimal promoter in the
reporter vector pBLCAT2 (27). The resulting reporter plasmids pTKDRECAT
(downstream), pTKcDRECAT (downstream complementary), and pc-
DRETKCAT (upstream complementary) (see Fig. 5A) were confirmed by
sequencing.

Primer extension analysis. mRNA was extracted from NB69 and SK-N-MC
cells (FastTrack; Invitrogen). Primer extension analysis was performed as de-
scribed previously (4). The oligonucleotide 59-GAAGCCGGAGTCAAGGAG
GCCCCTG-39 was 59 end labeled with [g-32P]ATP and T4 polynucleotide kinase
and used as a primer for the extension. Labeled primer (1 pmol) was mixed with
250 ng of poly(A)1 RNA in annealing buffer {5 mM PIPES [piperazine-N,N9-
bis(2-ethanesulfonic acid)] [pH 6.4], 200 mM NaCl} and incubated for 12 h at
55°C. The annealed products were extended for 1 h at 42°C with Moloney murine
leukemia virus reverse transcriptase (10 U) in the presence of 25 mg of actino-
mycin D per ml. The primer extension products were resolved in a denaturing
6% polyacrylamide gel together with a sequencing reaction mixture obtained
with the same primer.

Transient transfection and CAT analysis. Cells were seeded 8 h before trans-
fection at a density of 2 3 106 cells per 100-mm-diameter dish. Ten micrograms
of DNA, containing 3 mg of reporter plasmid, 1 mg of b-galactosidase expression
vector (pCH110; Pharmacia), and 6 mg of carrier plasmid DNA, was coprecipi-
tated with calcium phosphate and added to the NB69 cultures. For transfection
of SK-N-MC cells, double the amount of plasmid DNA was used. Twelve hours
later, the cells were washed, fresh medium was added, and the cells were left for
an additional period of 24 h. Treatments (25 mM forskolin, 1 mM dibutyryl-
cAMP, or 1 mM H89) were performed 6 h or 24 h before the NB69 or
SK-N-MC cells, respectively, were harvested. Cells were lysed by three
freeze-thaw cycles, and the protein concentration was determined (Bradford
assay; Bio-Rad). The chloramphenicol acetyltransferase (CAT) activity was
assayed in 100 mg of protein extract (18) and normalized with respect to
b-galactosidase activity.

Electrophoretic mobility shift analysis. Nuclear extracts were prepared as
described previously (3). Cells (106) were incubated on ice in hypotonic buffer.
The nuclei were pelleted and lysed with high-salt buffer. Nuclear proteins were
quantified and extracts were immediately frozen in liquid nitrogen. Double-
stranded oligonucleotides corresponding to the human DRE (59-GAAGCCGG
AGTCAAGGAGGCCCCTG-39) and DREmut5 (mDRE) (59-GAAGCCGGA
ATCAAGGAGGCCCCTG-39 [mutation in boldface]) were labeled with [g-32P]
ATP and T4 polynucleotide kinase and used as probes. Nuclear proteins (5 to 10
mg) were incubated with radioactive oligonucleotide probe (100,000 cpm) for 20
min at room temperature in reaction buffer [10 mM HEPES (pH 7.9) 10%
glycerol, 0.1 mM EDTA, 8 mM MgCl2, 1 mM dithiothreitol (DTT), 0.15 mg of
poly(dI-dC) per ml]. Protein-DNA complexes were resolved in 5% nondenatur-
ing polyacrylamide gels and visualized by autoradiography. For DNA competi-
tion experiments, a 3- to 30-fold excess of unlabeled double-stranded oligonu-
cleotide was added 5 min before the probe. As cold competitors, the canonical
CRE from the somatostatin gene (cCRE), 59-CTTGGCTGACGTCAGAGA-39,
and the canonical AP-1 from the collagenase gene (cAP-1), 59-AAGCTTGCA
TGACTCAGACAG-39, were used. To assess nonspecific binding, cold double-
stranded oligonucleotides containing the Sp1 site (59-ATTCGATCGGGGCGG
GGCG-39 and the Oct1 site (59-TGTCGAATGCAAATCACTAGAA-39) were
used in competition experiments. To define key nucleotides within the DRE
sequence, the following mutated (boldface) double-stranded oligonucleotides
were used in competition experiments: DREmut1, 59-GAAGCAAGAGTCAAG
GAGGCCCCTG-39; DREmut2, 59-GAAGCCGGAGTCAAAAAGGCCCCTG-
39; DREmut3, 59-GAAGCCGAAATCAAGGAGGCCCCTG-39; and DREmut4,
59-GAAGCCGGAAACAAGGAGGCCCCTG-39.

UV cross-linking. Conditions for protein-DNA interaction were as described
for electrophoretic mobility shift experiments. After incubation of nuclear ex-
tracts with the DRE probe, the reaction mixture was UV cross-linked for 30 min
by using a high-intensity UV lamp at a distance of 3.5 cm at room temperature
(4). An equal volume of Laemmli buffer (32; 100 mM Tris [pH 6.8], 200 mM
DTT, 4% sodium dodecyl sulfate [SDS], 0.2% bromphenol blue, and 20% glyc-
erol) was added, and samples were boiled. The UV cross-linked products were
resolved in SDS–10% polyacrylamide gels and visualized by autoradiography.
Competition was performed by adding a 30-fold excess of cold DRE oligonu-
cleotide 5 min before the probe. In control experiments with proteinase K (3 mg),
the enzyme was added during the incubation.

Southwestern analysis. Southwestern analysis was carried out essentially as
described previously (4). Nuclear proteins (50 mg) were resolved in SDS–10%
polyacrylamide gels and transferred to nitrocellulose membranes. The blots were
renatured in phosphate-buffered saline for 5 min at room temperature and
blocked with 3% nonfat dry milk in TNED buffer (40 mM Tris [pH 7.5], 50 mM
NaCl, 2 mM MgCl2, 1 mM EDTA, 1 mM DTT) for 1 h. The binding assay was
performed for 2 h at room temperature in TNED buffer containing salmon
sperm DNA (10 mg/ml) and 106 cpm of double-stranded DRE oligonucleotide
per ml labeled with [a-32P]dCTP by nick translation. Unbound probe was re-
moved by washing three times with 20 ml of the same buffer for 10 min each at
room temperature. The blots were exposed for autoradiography. In competition
experiments, a 50-fold excess of unlabeled oligonucleotides containing cAP-1,
cCRE, DRE, or mutated DRE was used.

FIG. 1. The transcription start site in the human prodynorphin gene. (A)
Alignment of the rat and human prodynorphin genes. The arrow indicates the
transcription start site in the rat gene (12). The box encompasses the region in
the human gene recently proposed to contain the start of transcription for the
human gene (15), and the asterisk denotes a position proposed earlier (21). (B)
Primer extension analysis of human prodynorphin transcripts using mRNA from
NB69 and SK-N-MC cells. The first transcription start site is represented by 11,
and the solid circle indicates a second transcription start site 5 bp downstream.
A sequencing reaction with the primer used for the extension analysis is shown
to the right. (C) Nucleotide sequence of the region in the human prodynorphin
gene containing the transcription start site (11 and solid circle) shown in relation
to a putative TATA box (boxed) located at 250 bp. For comparison, the corre-
sponding region of the rat gene is shown.
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RNA analysis. Extraction of total RNA, reverse transcription (RT)-PCR, and
Southern blotting were performed essentially as described previously (33). The
specific primers used to amplify human prodynorphin mRNA were 59-TGGCA
GGGGCTGGTCCTGGCTGCCTGC-39 and 59-TTATGCATCAAAAAGCTC
TCCAGAGTA-39. To control for the amount of RNA in each sample, b-actin
was amplified.

RESULTS

The human prodynorphin gene uses two major transcrip-
tion start sites. Sequence analysis of the human (15) and rat
(12) prodynorphin transcripts indicated that the transcription
start sites in both genes are located within the same region
(Fig. 1A, box and arrow, respectively), which is different from
the site initially assigned for the human gene (21) (Fig. 1A,
asterisk). To map the human prodynorphin gene, we first es-
tablished the transcription start site by primer extension anal-
ysis with mRNA from NB69 and SK-N-MC cells, human neu-
roblastoma cell lines that express prodynorphin (8). In both
cell lines, we found that the human prodynorphin gene uses
two major transcription start sites (Fig. 1B), separated by 5
nucleotides, which have a location equivalent to the transcrip-
tion start sites in the rat prodynorphin gene. The sequence
ATAAA, located 50 bp upstream from the initiation of the
longer transcript, is a putative TATA box in the human pro-
dynorphin gene (Fig. 1C).

Basal and inducible transcription of the human prodynor-
phin gene requires the 5* untranslated region. To analyze
regulatory mechanisms that control the expression of the hu-
man prodynorphin gene, we cloned a 1.8-kb genomic fragment
encompassing the promoter region 1150 to 21660 and pre-
pared a set of reporter constructs containing the entire frag-
ment (pHD1CAT) and 59 deletions linked to a CAT reporter
gene (Fig. 2A). Transient transfections were performed with
NB69 and SK-N-MC cells. In both cell lines, under basal con-
ditions, a threefold increase in acetylation was obtained with
the pHD1CAT construct compared to the empty vector
pBLCAT3 (Fig. 2B). The 59 deletion constructs, pHD2CAT
and pHD3CAT, still retained acetylation values, similar to
pHD1CAT and significantly higher than pBLCAT3 (Fig. 2B).
Upon PKA stimulation, which induces prodynorphin expres-
sion (7, 26, 41), increased transactivation occurred with the
pHD1CAT to -3CAT constructs. These results point to the
300-bp fragment (2150 to 1150) included in pHD3CAT as the
minimal inducible promoter for the human prodynorphin

FIG. 2. Deletion mapping of the human prodynorphin promoter. (A) Schematic representation of the 59 deletions (no. 1 to 3) in the human promotor and the
reporter vector pBLCAT3 (no. 4). (B) Transient transfections in the human neuroblastoma cells NB69 and SK-N-MC and in HeLa cells with the reporter plasmids
1 to 4 shown in panel A, corresponding to the numbers on the x axis. The results are expressed as CAT activity relative to that of empty reporter vector pBLCAT3
(no. 4) under basal conditions. Open bars represent values from untreated cultures, and solid bars represent values from forskolin-treated cultures. The transfection
experiments were repeated seven times in duplicate.

FIG. 3. Electrophoretic mobility shift analysis of the DRE from the human
prodynorphin gene. Results from competition assays of the DRE retarded bands
with the indicated fold excess (3-, 15-, and 30-fold) of cold competitors (top) are
shown. The two specific DRE retarded bands are indicated by arrows. Nonspe-
cific retarded bands are indicated by asterisks.
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gene. Interestingly, transfection with the pHD1CAT to -3CAT
constructs in HeLa cells, a cell line devoid of prodynorphin
expression, resulted in acetylation values not different from
those obtained with pBLCAT3 under either basal or forskolin-
stimulated conditions (Fig. 2B).

The minimal inducible promoter contains the DRE. Se-
quence analysis of the minimal inducible promoter showed
that the last 4 bases of the rat DynCRE4 (GTCA), a sequence
involved in the transcriptional activation of the rat prodynor-
phin gene (11, 12, 28), were conserved in the human prodynor-
phin gene at position 140. With NB69 nuclear extracts, an
oligonucleotide encompassing nucleotides from 130 to 150 of
the human gene generated several retarded bands (Fig. 3, lane
1). The two upper bands were competed by the element itself
(Fig. 3, lanes 2 to 4) and were not affected by a 30-fold excess
of oligonucleotide containing the Sp1 site or the Oct1 site (Fig.
3, lanes 11 and 12), indicating the specificity of the protein-
DNA interaction. Moreover, competition with increasing con-
centrations of cold cCRE or cAP-1 did not modify the appear-
ance of the specific retarded bands (Fig. 3, lanes 5 to 10).
Based on these results, we named the putative regulatory se-
quence centered at 140, DRE.

To further investigate the functional relevance of the human
DRE, we performed site-directed mutagenesis of the DRE
within the reporter plasmid pHD1CAT. To select a base for
the mutation of the DRE, we prepared a series of variants of
the DRE oligonucleotide containing substitutions of selected
nucleotides with adenosines. We analyzed their ability to com-
pete the DRE retarded bands in electrophoretic mobility shift
assays. The DRE mutants 1 and 2 were still able to compete
the DRE retarded bands as efficiently as cold wild-type DRE,
while mutants 3 to 5 had lost this capability (Fig. 4A). These

results indicate that the central single base substitution G3A
in the mutated oligonucleotide DREmut5 is sufficient to alter
the functionality of the DRE site. Electrophoretic mobility
shift assays performed with the DREmut5 oligonucleotide
(hereafter mDRE) showed a considerable reduction in the
intensity of the two uppermost retarded bands compared with
wild-type DRE, and cold mDRE did not compete the DRE-
specific retarded bands (Fig. 4B). After transient transfections
in NB69 or SK-N-MC cells, increased CAT activity was ob-
served with the mutated reporter plasmid pHD1mDRECAT,
similar to that seen with the wild-type pHD1CAT after for-
skolin treatment, and no further induction was obtained by
PKA stimulation with the mutated DRE construct (Fig. 4C).
We interpret these results as a repression of basal transcription
at the DRE site. Upon PKA activation, or mutation of the
DRE, the repression is relieved and transcription is activated.
Since forskolin is not able to transactivate the construct con-
taining the mutated DRE, we hypothesize that PKA-mediated
prodynorphin induction is initiated through derepression at
the DRE site. Based on alignment of the human (21), pig (21),
rat (12), and mouse (34) prodynorphin promoters, together
with data from the competition using DRE mutant oligonucle-
otides, we propose the sequence PuNGTCAPuPuG as the
consensus DRE.

The DRE acts as a transcriptional silencer and mediates
PKA-dependent transcriptional derepression. To determine
whether the DRE can repress transcription from a heterolo-
gous promoter, we subcloned the DRE sequence in both ori-
entations downstream from the minimal promoter of the thy-
midine kinase (tk) gene in the reporter vector pBLCAT2,
generating reporter plasmids pTKDRECAT and pTKcDRE
CAT (Fig. 5A). Transient transfections in NB69 and SK-N-MC

FIG. 4. Site-directed mutagenesis of the DRE on the human prodynorphin promoter. (A) Sequence of the different DRE mutant oligonucleotides aligned with the
wild-type DRE. Their ability to compete the specific DRE retarded bands is shown to the right. (B) Electrophoretic mobility shift assay showing the retardation pattern
with the wild-type DRE as a probe (lane 1) and the effect on the specific retarded bands (arrowheads) of the selected mutation DREmut5 (renamed mDRE [lane 3]).
Competition with 30-fold excess of cold mutated DRE (mDRE) is shown in lane 2. Asterisks denote nonspecific retarded bands. (B) Transient transfections in NB69
and in SK-N-MC cells were performed with plasmids containing either the wild-type promoter (pHD1CAT) or the promoter mutated at the DRE site
(pHD1mDRECAT). CAT activity obtained from each reporter plasmid under basal conditions (open bars) and after forskolin treatment (solid bars) is shown. The
transfection experiments were repeated four times in duplicate.
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cells revealed that insertion of the DRE site downstream from
the tk minimal promoter, independent of the orientation, sig-
nificantly reduced the basal transcription obtained with the tk
minimal promoter alone (Fig. 5B). The same experiment per-
formed with HeLa cells or U373 human glioma cells failed to
show any difference in transcription between the pTKDRE
CAT or pTKcDRECAT and pBLCAT2 reporter plasmids
(Fig. 5B). Consistent with these results, nuclear extracts from
HeLa and U373 cells failed to generate the specific DRE
retarded bands in electrophoretic mobility shift assays that are
readily observed with nuclear extracts from NB69 or SK-N-MC
cells (Fig. 5C). Thus, transcriptional repression by DRE is cell
specific and involves specific nuclear proteins present in NB69
and SK-N-MC cells that interact with the DRE sequence.
However, the DRE did not influence basal transactivation
when placed upstream from the tk minimal promoter in re-
porter plasmid pcDRETKCAT (Fig. 5A and B). These results
indicate that the DRE represses transcription in a manner

independent of the orientation and promoter context, but only
when placed downstream from the TATA box. To test the
hypothesis that PKA-dependent transcription of the human
prodynorphin gene is mediated through derepression at the
DRE, NB69 and SK-N-MC cells were transfected with re-
porter plasmid pTKDRECAT and treated with forskolin. Con-
sistent with the notion of transcriptional derepression, in both
cell lines under stimulated conditions, CAT activity from the
reporter pTKDRECAT was similar to that obtained with the
vector pBLCAT2 (Fig. 5D).

To further investigate the derepression activity, we tested
whether the appearance of the specific DRE retarded bands
was modified as a result of PKA stimulation. Nuclear extracts
were prepared from the two neuroblastoma cell lines under
basal conditions and at different times following forskolin
treatment. Our results clearly showed that the intensity of the
specific DRE retarded bands was reduced upon forskolin treat-
ment (Fig. 6A). Interestingly, in each cell line, the time course

FIG. 5. Repression of the heterologous promoter from the thymidine kinase gene by DRE. (A) Schematic representation of the DRE constructs used (no. 2 to 4)
and the empty reporter vector pBLCAT2 (no. 1). (B) Effect of the DRE under basal conditions after transient transfections in NB69, SK-N-MC, HeLa, and U373 cell
lines with the reporter plasmids 2 to 4 shown in panel A, corresponding to the numbers on the x axis. The results are expressed as CAT activity relative to that of the
pBLCAT2 reporter (no. 1). (C) Electrophoretic mobility shift assay with the DRE as a probe and nuclear extracts from the indicated cell lines (top). Arrows indicate
the DRE-specific retarded bands. Asterisks denote nonspecific retarded bands. (D) Effect of the DRE after transient transfections in forskolin-treated NB69 and
SK-N-MC cells using the reporter plasmids 1 and 2 shown in panel A, corresponding to the numbers on the x axis. The results are expressed as CAT activity relative
to that of the pBLCAT2 reporter after forskolin treatment. All transfection experiments were repeated four times in duplicate.
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for the decreased intensity of the DRE bands closely corre-
lated with the time course of prodynorphin mRNA induction
(Fig. 6B). Furthermore, the decrease in intensity of the specific
DRE retarded band after forskolin was reversed by H89, a
selective inhibitor of PKA (Fig. 6C, compare lanes 3 and 4),
and was mimicked by treatment with the stable analog of
cAMP, dibutyryl-cAMP (Fig. 6C, compare lanes 1 to 3). To-
gether, these findings support a mechanism by which, under
basal conditions, a nuclear repressor occupies the DRE site.
Upon PKA induction, the repressor is released from the DRE
and transcription can proceed.

A 110-kDa nuclear protein complex binds specifically to the
DRE. Our results indicate that the DRE behaves as a stimulus-
dependent transcriptional silencer and controls both basal and
forskolin-induced transcription. To characterize the nuclear
protein or proteins that bind to the DRE, we performed UV
cross-linking of nuclear extracts from NB69 cells incubated
with the DRE probe. Two specific bands with apparent mo-
lecular masses of 110 and 55 kDa, respectively, were obtained
after UV irradiation (Fig. 7A, lane 3). The intensity of these
bands was reduced when the protein-DNA interaction was

performed in the presence of proteinase K or when a 30-fold
excess of cold DRE was added (Fig. 7A, lanes 2 and 4, respec-
tively). Omission of the UV irradiation resulted in the absence
of specific bands (Fig. 7A, lane 1).

In order to validate this finding, we performed Southwestern
analysis with nuclear extracts from NB69 cells and the DRE
oligonucleotide as a probe. Binding to a protein complex of
110 kDa was observed reproducibly (Fig. 7B, lane 1). The
intensity of the 110-kDa band was specifically reduced upon
competition with an excess of cold DRE oligonucleotide, but
was not modified by an excess of cold oligonucleotide contain-
ing the canonical sequences for CRE or the AP-1 site (Fig. 7B,
lanes 2 to 4). Furthermore, no reduction in intensity was ob-
served upon competition with the mutated DRE oligonucleo-
tide (Fig. 7B, lane 5), although when the mutated DRE oligo-
nucleotide was used as a probe, a faint 110-kDa band was still
observed (Fig. 7B, lane 6). This is in agreement with results
obtained by electrophoretic mobility shift assays (Fig. 4A) and
suggests that the mutated DRE may retain some residual bind-
ing activity in vitro. The 110-kDa DRE binding protein com-
plex was also detected in nuclear extracts from SK-N-MC,
SK-NB(E), and SH-SY5Y human neuroblastoma cell lines
(Fig. 7C). Conversely, the 110-kDa band was absent in nuclear
extracts from HeLa and U373 cells (data not shown). Interest-
ingly, Southwestern analysis of nuclear extracts prepared from
human caudate and cerebellum also showed the 110-kDa band
corresponding to the DRE binding protein (Fig. 7C). These
results support the hypothesis that the 110-kDa protein com-
plex that binds specifically to the DRE site corresponds to the
repressor activity, which, under basal conditions, is responsible
for transcriptional silencing of genes containing the DRE ele-
ment.

To test whether the 110-kDa DRE binding protein complex
indeed corresponds to the factor which reduces its binding to
the DRE upon PKA stimulation, we performed Southwestern
experiments using nuclear extracts from forskolin-treated
NB69 or SK-N-MC cells. In agreement with the time course
for unbinding from the DRE (Fig. 6A) and the time course for
prodynorphin induction (Fig. 6B) after forskolin, a substantial
reduction in intensity of the 110-kDa band was observed 6 or
24 h after PKA stimulation of NB69 or SK-N-MC cells, re-
spectively (Fig. 8). In NB69 cells, binding to the 110-kDa band
returned to control values 12 h following forskolin (Fig. 8),
corresponding to the time when prodynorphin mRNA levels
have returned to basal values (Fig. 6B). Conversely, in SK-
N-MC cells, in which prodynorphin mRNA levels remained
elevated up to 48 h after forskolin (Fig. 6B), binding to the
110-kDa band stayed reduced 24 h after treatment, the longest
time point analyzed (Fig. 8).

DISCUSSION

Using deletion mapping and site-directed mutagenesis, we
have characterized the DRE site, an intragenic regulatory el-
ement that regulates basal and PKA-dependent induction of
the human prodynorphin gene. Our results suggest a novel
mechanism that involves PKA-dependent transcriptional dere-
pression by differential binding of the DRE binding protein
complex to the DRE.

In an early report about the human prodynorphin gene, the
transcriptional start site was assigned based on its proximity to
a putative TATA box (21). Later, Douglass et al. (12) deter-
mined the transcription start site in the rat gene and, upon
comparison with the human gene, concluded that the postu-
lated transcription start site in the human gene was incorrect.
Instead, they found a region in the human promoter with close

FIG. 6. Blocking of binding to the DRE after PKA activation correlates with
the increase in prodynorphin expression in NB69 and SK-N-MC cells. (A) Elec-
trophoretic mobility shift assays showing reduction in the DRE-specific retarded
bands (arrows) at the indicated times (top) after forskolin treatment. (B) South-
ern blot after RT-PCR showing increase in prodynorphin expression in NB69
and SK-N-MC cells at the indicated times (top) after forskolin treatment. Am-
plification of b-actin was performed in parallel as a control for the mRNA input.
(C) Electrophoretic mobility shift assay showing reduction in the DRE-specific
retarded bands (arrows) by dibutyryl-cAMP (lane 2) or forskolin (lane 3) treat-
ments at the 6-h time point with the NB69 cell line. The effect of forskolin
treatment blocked by H89 is shown in lane 4. Asterisks in panels A and C denote
nonspecific retarded bands.
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sequence similarity to the rat prodynorphin transcription start
site (12). More recently, RNase protection analysis also iden-
tified this region as the start of transcription in the human gene
(15). Our data for the human transcription start site agree with
these more recent predictions (12, 15). Moreover, we found

that the human gene contains two transcription start sites, as
has been previously described for the rat gene (12). The exis-
tence of several sites for transcriptional initiation may reflect
the presence of a strong secondary structure in this region, but
its functional significance, if any, is presently not understood.

The human DRE is related to rat DynCRE4, an asymmetric
CRE-like sequence (CGTCA) first described in the rat pro-
dynorphin promoter that participates in transcriptional activa-
tion by cAMP (11, 12, 28). Like DynCRE4, the human DRE is
intragenic and is located in close proximity to the transcription
start site. However, the human DRE contains the sequence
GGAGTCA, which more closely resembles an AP-1 sequence
(TGAGTCA) in which the initial T is replaced by a G (under-
lined). Nevertheless, competition experiments with AP-1 or
CRE cold oligonucleotides in either electrophoretic mobility
shift or Southwestern assays did not modify the binding to the
DRE probe, suggesting that the DRE behaves neither as a
canonical CRE nor as an AP-1 site. Instead, the DRE probe
forms two cell-specific slowly migrating retarded bands with
nuclear extracts from prodynorphin-expressing human neuro-
blastoma cells. The central G residue in the DRE is essential

FIG. 7. Characterization of the nuclear activity that binds to the DRE site. (A) NB69 nuclear extracts were UV cross-linked after incubation with the DRE probe
and electrophoresed. Three micrograms of proteinase K (lane 2) or a 30-fold excess of cold DRE (lane 4) abolished or reduced, respectively, the specific
autoradiographic signal (lane 3). Without UV irradiation, no specific band was observed (lane 1). (B) Southwestern analysis with NB69 nuclear extracts. A protein
complex of 110 kDa was obtained with the DRE probe. The autoradiographic band was competed with an excess of cold DRE but not by cold mDRE (top). A probe
containing the mutated DRE seriously reduced the autoradiographic signal. (C) Southwestern analysis with the DRE as a probe and nuclear extracts from the
neuroblastoma cell lines indicated (top) and human brain samples. The arrow indicates the specific band obtained for the 110-kDa protein complex. Protein molecular
mass markers are shown to the left.

FIG. 8. PKA activation blocks binding of the DRE probe to the 110-kDa
protein complex. The results represent Southwestern analysis with nuclear ex-
tracts from NB69 and SK-N-MC cells at different times after forskolin treatment.
The arrow indicates the specific band obtained for the 110-kDa protein complex.
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for the binding to the element in vitro and for the regulatory
action of the DRE in transient transfection experiments, fur-
ther indicating the specificity of the DRE-protein interaction.
We have defined a preliminary DRE consensus (PuNGT
CAPuPuG) based on sequence alignment of prodynorphin
genes and nucleotide substitutions. However, a final consensus
has to await the identification of DRE sequences present in
other genes. Importantly, reduction in the binding to the DRE
upon PKA stimulation correlates well with an increased trans-
activation of the prodynorphin promoter and an increased
expression of prodynorphin, indicating that the DRE functions
as a transcriptional silencer. Supporting this notion, the DRE
can repress transcription in an orientation-independent man-
ner when placed downstream from the transcription start site
of a heterologous promoter. However, the DRE shows a po-
sition-dependent repressor activity, being totally ineffective
when placed upstream of the TATA box. A similar effect has
been described recently for the SNOG site, a negative regula-
tory element that confers neuron-specific expression to the
GAP-43 gene and is also present in promoters of other neuron-
specific genes, such as those coding for SNAP-25 and nNOS
(43). Since the position downstream from the transcription
start site appears to be essential for the function of DRE,
occupancy of this site by specific repressor proteins may inter-
fere with the formation of the transcription initiation complex
or with its conversion to a functional elongation complex and
thus inhibit transcription. Such mechanisms have been dem-
onstrated to operate in the repression of the H5 histone gene
(16). Furthermore, a position-dependent transcriptional func-
tion has been shown recently for the neuron-restrictive silencer
(NRS) element (25, 32) in the regulation of the nicotinic ace-
tylcholine receptor gene (5). In neuronal tissue, the NRS ac-
tivates transcription if placed in close proximity to or down-
stream from the TATA box, but silences the expression of the
gene in neurons when located further upstream (5). Interest-
ingly, in nonneuronal tissue, the NRS consistently behaves as a
transcriptional silencer (5).

Two independent experimental techniques, UV cross-link-
ing and Southwestern analysis, have allowed the initial char-
acterization of the DRE binding activity, a 110-kDa nuclear
complex that specifically binds to the DRE. In addition, a
weaker 55-kDa band observed after UV cross-linking was com-
peted with unlabeled DRE. It is tempting to speculate that the
110-kDa complex represents a dimer of the 55-kDa protein
and that these two forms generate the two DRE-specific re-
tarded bands. The DRE binding activity has been detected
reproducibly in the prodynorphin-expressing cell lines tested,
as well as in caudate samples from human brain. The latter
finding further strengthens the functional significance of the
DRE binding activity, since it is associated with the high level
of expression of the prodynorphin gene in the caudate in vivo
(2). However, the 110-kDa nuclear activity was observed also
in human cerebellum. Since prodynorphin is expressed at very
low levels in rat cerebellum (2), this suggests that the DRE
binding protein complex may be involved in the regulation of
other genes having DRE or DRE-like elements in their pro-
moters.

The increased activity of the prodynorphin promoter con-
taining a mutation in the DRE implicates DRE binding activity
in the repression of prodynorphin transcription under basal
conditions. Unlike other repressor factors that restrict tran-
scription of their target genes to cells in which these genes are
not expressed (6, 24, 36, 37, 43), the DRE binding activity was
detected in cell lines and a brain region where prodynorphin is
expressed. This indicates that the DRE binding activity does
not confer cell-specific expression, but rather determines gene

inducibility in a cell-specific manner. Derepression of the pe-
ripherin gene occurs in a cell-specific manner in NGF-differ-
entiated PC12 cells through protein-protein interactions that
displace the repressor NF1-L from the negative regulatory
element NRE located in the proximal promoter of the gene.
However, NF1-L is also detectable in undifferentiated PC12
cells and in nonneuronal cells, where it silences transcription of
the peripherin gene (1, 39).

PKA activation in human neuroblastoma cells transactivates
the prodynorphin gene, and the time course of this induction
correlates with a reduction in binding to the DRE. The mech-
anism of PKA-mediated derepression at the DRE is presently
unknown. However, one could speculate that phosphorylation
by PKA reduces the affinity of the DRE binding protein for the
DRE, accounting for the derepression. Alternatively, PKA-
dependent phosphorylation of other nucleoproteins able to
interact with the DRE binding protein may play a role in
prodynorphin derepression. Recently, mechanisms of dere-
pression have been documented in which changes in the pro-
tein components of a DNA-protein complex lead to unbinding
from the regulatory element (1, 39). Release of repressor pro-
teins, allowing transactivators to bind to a regulatory element,
has been described in the elastin and Pit1, or GHF1, genes.
The IGF-I-mediated increase in elastin transcription occurs via
a mechanism of derepression that involves activation of a ret-
inoblastoma control element by nuclear complexes which con-
tain the Rb protein following the abrogation of Sp3 repressor
binding (9). In the case of the Pit1/GHF1 gene, the release of
AP-1 complexes allows the Pit1/GHF1 protein to act at an
enhancer site close to the AP-1 site, thus causing upregulation
of the gene (10). Furthermore, a mechanism of derepression
mediated by distal regulatory elements has been proposed in
the rat prodynorphin gene (8). In this case, transactivation of
the rat promoter by AP-1 nuclear complexes requires dere-
pression by phosphorylation of the CREB protein.

Taken together, our results suggest that PKA-dependent
transcriptional derepression acting at the DRE is responsible
for the induction of the prodynorphin gene in human neuro-
blastoma cells. Recently, using expression cloning with the
DRE as a probe, we have isolated a cDNA encoding a protein
that binds to DRE as a 110-kDa complex. A manuscript de-
scribing these results has been submitted elsewhere. Further
studies involving the cDNA coding for the DRE binding pro-
tein should lead to better understanding of the mechanism of
the PKA-induced changes in prodynorphin gene expression.
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