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SUMMARY

As an initial approach to define the regulatory elements and
transcriptional factors that account for cell-restricted expres-
sion of the a,c-adrenergic receptor (AR) gene, we isolated and
characterized the receptor gene and identified regions of the
gene conferring cell-specific expression. A 4300-nucleotide (nt)
fragment of the 5'-flanking region of the rat a,c-AR gene was
isolated from a genomic library. The genomic sequence con-
tained the uninterrupted sequence of the 5’-untranslated region
of a previously isolated a,--AR cDNA clone indicating the lack
of introns in the 5' gene segment. RNase protection assays
and/or RNA blot analysis indicated the expression of a,c-AR
mRNA in rat brain but not in kidney or liver, which is consistent
with the major expression of this gene in neuronal tissue. The 5’
gene segment was used to identify sites of transcriptional ini-
tiation and promoter activity by RNase protection assays and
transient transfection of reporter gene constructs. With the use
of RNA probes progressively upstream of the translational start
site, RNase protection assays with rat brain total RNA indicated
multiple sites of transcriptional initiation within a ~70-nt span
(—660 to —730 nt 5’ to the translational start codon). The zone
of transcriptional initiation was part of a larger GC-rich area of

the 5’ gene segment that is a characteristic of genes initiating
transcripts at multiple sites. The promoter activity of this zone
of transcriptional initiation and the influence of gene segments
5’ to this area were addressed using chloramphenicol acetyl
transferase reporter gene constructs. Transient transfection of
reporter gene constructs indicated that a 96-nt gene fragment
(—699/—-603 relative to the translational start codon) was suf-
ficient to direct transcription in the neuroblastoma X glioma
hybrid cell line NG108-15, a cell line expressing the endoge-
nous a,-AR. Promoter activity was not observed in constructs
lacking the zone of transcriptional initiation. The promoter seg-
ment was inactive when introduced into the rat glioma cell line
C6B4, the rat submandibular cell line RSMT-AS, and the rat
pancreatic B cell line RIN-5AH, all of which do not express the
endogenous a,s-AR gene. Upon incubation with nuclear ex-
tracts, a 129-nt fragment encompassing the promoter exhibited
a gel mobility shift pattern that was specific for cells expressing
the receptor protein and involved a nuclear protein that recog-
nized a Sp1 oligonucleotide. These data indicate that a 96-nt
gene promoter segment of the a,.-AR gene functions in a
cell-type-specific manner.

Tissue-specific responses to the catecholamines norepi-
nephrine and epinephrine are primarily achieved through
the selective expression and regulation of AR subtypes in
responsive tissues (1, 2). The cell response mediated by the
different subgroups of ARs (a,, a,, and B) are often antago-
nistic to each other, as occurs with the adrenergic regulation
of lipolysis or in peripheral vascular beds, in which activation
of B,-ARs relax and a-ARs contract the vascular smooth
muscle. Antagonism between the AR subtypes is apparent at
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an early step in the signal transduction cascade, as indicated
by the inhibitory-versus-stimulatory coupling of a,-ARs and
B-ARs, respectively, to adenylyl cyclase. Thus, the final cell
response elicited by the catecholamines is determined by the
types of ARs expressed in the cell. Once the receptor subtypes
are expressed, there are several mechanisms that fine-tune
the cell response, including agonist concentration, receptor
density, receptor coupling efficiency, and receptor subtype-
specific regulatory mechanisms such as receptor phosphoryl-
ation, sequestration, and internalization.

Although the upstream regions of the genes encoding the
a,,-, a4-, and B, s-ARs in various species are sequenced and
in some cases their promoter elements partially character-
ized (3-13), the cis elements directing cell-specific expression
of a particular subtype are poorly understood. As a first
approach to this question, we initiated studies to character-
ize the transcriptional regulatory elements of the rat a,c-AR

ABBREVIATIONS: AR, adrenergic receptor; nt, nucleotide(s); pSK*,

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.

pBluescript SK*; CAT, chloramphenicol acetyl transferase; HEPES,
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gene (RG10) (14). The a,c-AR is one of nine receptors
through which epinephrine elicits cellular responses. Three
a,-AR subtypes are encoded by distinct genes. In humans,
the genes are a,-C10 (a,,), a,-C2 (ayp), and a,-C4 (a,c); and
in rats, the genes are RG20 (az,,p), RNGa, (ayg), and RG10
(ayc) (15). As is the case with many members of the super-
family of G protein-coupled receptors, a,-AR couple to mul-
tiple heterotrimeric G proteins to regulate various effector
molecules in a cell-type-specific manner (16, 17). Each a,-AR
subtype is expressed in a tissue-specific manner as deter-
mined through analysis of both receptor mRNA and protein
distribution. In rat, a,c-AR mRNA is primarily expressed in
the central nervous system, whereas the receptor distribu-
tion in human may extend to peripheral tissues (14, 18-27).
In the rat central nervous system, a,--AR mRNA and protein
are localized to discrete areas in the hippocampus, basal
ganglia, and olfactory system (22-24). To identify elements
that might direct the neural-enriched expression of this
a,-AR subtype, we isolated the receptor gene and character-
ized the functionality of the receptor gene promoter in neu-
ronal and non-neuronal cells.

Experimental Procedures

Materials. [3?P]CTP, [a-3°S]ATP, and [32P}dCTP were purchased
from DuPont-New England Nuclear (Boston, MA). [!“C]Chloram-
phenicol was purchased from Amersham (Arlington Heights, IL).
The gene reporter construct encoding CAT was provided by Dr.
Arthur Lee (Harvard University, Boston, MA) and Dr. Tom Querter-
mous (Vanderbilt University, Nashville, TN). pCMV.CAT was pro-
vided by Dr. David Kurtz (Medical University of South Carolina,
Charleston, SC). The neuroblastoma X glioma mouse/rat hybrid cell
line NG108-15 and the parent C6B4 glioma (28) were obtained from
Dr. Marshall Nirenbirg (National Institutes of Health, Bethesda,
MD). The RSMT-A5 (29) and RIN-5AH (30) cell lines were obtained
from Dr. R. B. Wellner (Navy Research Hospital, Washington, D.C.)
and Dr. A. Lernmark (University of Washington, Seattle, WA), re-
spectively. Reagents for RNase protection were obtained from Pro-
mega (Madison, WI) or Ambion (Austin, TX). Oligonucleotides were
synthesized by the core facility at the Medical University of South
Carolina.

Cell culture. The neuroblastoma X glioma mouse/rat hybrid cell
line NG108-15 was grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum, 0.1 mM hypoxanthine, 10
uM aminopterin, and 16 uM thymidine. The rat pancreatic B cell
RIN-5AH and the rat submandibular gland cell line RSMT-A5 were
grown in RPMI 1640 medium supplemented with 10% fetal calf
serum. The rat glioma C6B4 was grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum. All culture
media contained 100 units/ml penicillin, 100 ug/ml streptomycin,
and 0.25 pg/ml fungizone. Cultures were maintained at 37° in a
humidified atmosphere of 5% CO,.

Plasmid constructs. Phage containing the rat a,c-AR gene
(RG10) fragment were previously isolated from a rat genomic library
in Charon-4A phage using a 62-mer oligonucleotide derived from a
highly conserved sequence in the coding regions of this receptor
family (14). A 6300-bp fragment (BglIl/BamHI) was cloned into the
BamHI site of the pGEM7 vector. This fragment consists of the
receptor protein coding region (1374 nt), a 3'-flanking region (590 nt)
with a signal sequence for polyadenylation (AAUAAA) 472 nt 3’ to
the termination codon of the open reading frame, and a ~4300-nt
segment 5’ to the translational start AUG. The coding region and the
sequence 3' to the translational stop codon were removed through
digestion with Ncol (site located at the translation start site) and
HindllIl (in pGEM?7 linker) and the plasmid religated after a fill-in
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reaction for sequence analysis of the insert. The resulting construct
contained ~4300 nt corresponding to the 5’-flanking region.

Various fragments of the 5'-flanking region were subcloned in
pSK" (Stratagene, La Jolla, CA) to generate riboprobes for RNase
protection assay or in pO.CAT (31) for CAT reporter gene assays. The
orientation of the fragments in each construct was checked by both
sequencing and restriction mapping. Five probes were used for
RNase protection assays (numbered relative to the translational
start AUG): probe 1 (+3 to —278), ligated into Smal site of pSK*;
probe 2 (—363/—660), Nsil/Smal ligated into Pstl/Smal site of pSK*;
probe 3 (—862/—1112), Pstl; probe 4 (—363/—772), Nsil/NotI; and
probe 5 (—363/—915), Nsil/Xbal. Probes 4 and 5, as well as probe 2 in
some experiments, were generated from the Nsil/Xbal gene frag-
ment ligated into Pstl/Xbal restricted pSK™*.

Reporter gene constructs are numbered according to the transla-
tional start codon. payc(—4300/—197).CAT, pa,c(—1289/—197).CAT,
payc(—772/-197).CAT, payc(—915/-363).CAT, payc(—588/—278).
CAT, and pa,c(—1289/—773).CAT correspond to blunt-ended frag-
ments ligated in the blunt-ended Xbal or BamHI cloning site of
pO.CAT. pa,c(—716/—589).CAT was generated by ligation of a blunt-
ended Xhol/HindIIl gene segment from pSK* (Narl/Narl inserted
into Clal restriction site in polylinker) into the blunt-ended Xbal site
of pO.CAT. The gene segment (—698/—604) was subcloned into
pO.CAT restricted with BamHI and Xbal after DNA amplification
with an antisense primer harboring a Xbal restriction site (5'-
GCTCTAGACGCTCGCCGGTGCAGCGTCTC-3') and a sense primer
harboring a BamHI restriction site (5'-CGCGGATCCCGCTGCGCT-
ACTGGACTCAAGTT-3).

Nucleotide sequence analysis. DNA was sequenced by the
dideoxy chain termination method using primers T7, Sp6, or T3 or
rat a,c-AR-specific primers. The sequences were analyzed by FASTA
or FINDPATTERNS (University of Wisconsin GCG program) access-
ing the Genbank.EMBL, transcription factor site (TFsite) data base
or eukaryotic promoter databases (32).

Isolation and analysis of RNA. Total RNA or poly(A)*-enriched
RNA was extracted from tissues or cells using RNAzol (Tel-Test,
Friendswood, TX) or the Stratagene mRNA enrichment kit. The 5’
termini of the a,c-AR mRNA were mapped with the use of the RNase
protection assay. Antisense riboprobes were generated after linear-
ization of the pSK™ constructs described above with the appropriate
enzyme. The linearized plasmids (0.5 ug) were incubated for 60 min
at 25° in a total volume of 25 ul containing 20 mM dithiothreitol, 0.5
mM ATP, 0.5 mm UTP, 0.5 mm GTP, 0.05 mM CTP, 50 uCi of
[32P]CTP, 40 mM Tris-HCI, pH 7.5, 6 mM MgCl,, 5 mm NaCl, and 50
units of T3 or T7 RNA polymerase. The DNA template was degraded
by the addition of RNase-free DNase I (Boehringer-Mannheim Bio-
chemicals, Indianapolis, IN) in a total volume of 100 ul. The radio-
labeled riboprobe was precipitated, gel purified and either used on
the same day or diluted and stored at —20° in buffer H (80% form-
amide, 40 mM piperazine-N,N’-bis(2-ethanesulfonic acid), pH 6.7,
400 mM NaCl, 1 mM EDTA) at a concentration of ~50,000 cpm/pl.
Total RNA (50-100 pg) was mixed with ~100,000 cpm riboprobe in
30 ul of buffer H, heated for 5 min at 90°, and incubated for 16 hr at
55°. Hybridization was terminated by the addition of 300 ul of RNase
solution (56 mm EDTA, 300 mm NaCl, 10 mM Tris, pH 7.4, 40 ug/ml
RNase A, 400 units/ml RNase T1) and incubation at 37° for 90 min.
RNases were denatured by the addition of 350 ul of solution D (4 M
guanidium thiocyanate, 0.5% sodium N-lauryl sarkosine, 25 mM
sodium citrate, pH 7.0, and 100 mM B-mercaptoethanol). The pro-
tected riboprobe was isopropanol precipitated and electrophoresed
on an 8 M urea/5-6% polyacrylamide gel in Tris/borate/EDTA buffer.
The gel was dried and exposed to film for 2-6 days. Translated RNA
probes of known size were used as size markers. In some experi-
ments, the Ambion RNase protection kit was used according to the
manufacturer’s instructions. RNA samples prepared from cells
transfected with pCAT receptor constructs were treated with 2 units
of DNase I for 30 min at 37° before RNase protection assays to
eliminate plasmid contamination of the RNA samples. Yeast tRNA
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was used as a control for effectiveness of RNA hydrolysis and the
specificity of the observed signals. Experimental conditions were
such that probe hydrolysis was largely complete.

Transfection and promoter activity assays. Cell lines were
cotransfected with a CAT reporter gene vector and the B-galactosi-
dase reporter gene vector pSV.B-GAL. The efficiency of transfection
was also determined by transfection with CAT reporter gene vectors
where the CAT gene was driven by viral promoters (simian virus 40,
RSMT-A5 and RIN-5AH; cytomegalovirus, NG108-15 and C6B4). In
a series of preliminary experiments, the different cell types were
transfected with the viral promoter CAT reporter genes by calcium
phosphate/DNA coprecipitation, DEAE-dextran, or electroporation
to determine the optimal procedure for introducing gene constructs
into the different cell types.

NG108-15 cells and C6B4 glioma cells were transfected by calcium
phosphate/DNA coprecipitation. Cells at 50-60% confluence were
cotransfected with 3-10 ug of pSV.B-GAL vector and 10 ug of pCAT
construct/100-mm plate. One milliliter of DNA-calcium precipitate
was prepared for each plate in HEPES-buffered saline solution as
previously described (14, 33) and added dropwise onto each plate
containing 10 ml of regular media. After a 16-hr incubation at 37°,
the cells were washed with phosphate-buffered saline and incubated
with fresh media for 2448 hr.

RIN-5AH and RSMT-AS5 cell lines were transfected by electropo-
ration using a BTX (San Diego, CA) electropulser. Cells from two to
five confluent 100-mm culture dishes were harvested in phosphate-
buffered saline, pelleted, resuspended in 400 ul of serum-free media
(RPMI 1640 or Dulbecco’s modified Eagle’s medium), and mixed with
25 pg of reporter gene construct and 10 ug of pSV.8-GAL. Cells were
electroporated (960 uF, 230 V) in a volume of 400 ul in a 2-mm gap
electroporation chamber (BTX), incubated at 24° for 34 min, plated
onto one 100-mm culture dish, and incubated in fresh media for
2448 hr.

Transfected cells were harvested, pelleted, and resuspended in
100 ul of 20 mM Tris-HCI, pH 8.0, and 2 mM MgCl,. Each preparation
underwent three freeze/thaw cycles to maximize cell lysis, and the
cell extract was used for determination of both B-galactosidase ac-
tivity (34) and CAT activity (33, 34a). CAT activity was determined
using 10-35 ul of heated cell extract (65° for 10 min) by incubation
for 30 min to 12 hr at 37° in a final volume of 50 ul containing 100 mMm
Tris-HC], pH 8.0, 0.5-1 mM n-butyryl CoA, and 0.125-0.3 pCi of
[*4C]chloramphenicol (Amersham). The reaction was stopped by the
addition of 200 ul of 2:1 tetrapentadecane/xylene mixture. The la-
beled enzyme product was extracted into the organic phase and
quantified in a liquid scintillation counter. Data were corrected for
transfection efficiency as determined with pSVB-GAL. Essentially
identical results were obtained when the radiolabeled product was
analyzed with thin layer chromatography.

Gel mobility shifts. Crude nuclear extracts were prepared ac-
cording to a modification of the technique described by Andrews and
Faller (35). Briefly, 100 mg of fresh tissue or ~100 million cells was
homogenized with a Dounce homogenizer at 4° in 10 ml of buffer A
(10 mmM HEPES-KOH, pH 7.9, 1.5 mM MgCl,, 10 mm KCl, 0.5 mM
dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride). The homoge-
nate was transferred into microfuge tubes and centrifuged for 10 sec
at 12,000 rpm at 4°. The supernatant was discarded, and the pellet
was resuspended in 1 ml of buffer A. After a second centrifugation,
the supernatant was discarded, and the pellet was resuspended in
100 ul of buffer B (20 mmM HEPES-KOH, pH 7.9, 25% glycerol, 420
mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.2
mM phenylmethylsulfonyl fluoride, 4°) and incubated for 20 min at
4°. The samples were then microfuged for 2 min at 12,000 rpm, and
the supernatant was stored at —70°. Protein concentration was de-
termined according to the method of Lowry (36). The integrity of the
nuclear extracts was verified by gel shift assay using Sp1 (5'-ATTC-
GATCGGGGCGGGGCGAGC-3') and Apl (5'-AGCTTGGTGACT-
CATCCG-3') double-strand oligonucleotide probes labeled with 32P.

The 5' gene segment in pSK* was digested with Narl to generate

a 129-nt fragment that contained the active gene promoter and
labeled with 32P-dCTP by the addition of Klenow fragment of DNA
polymerase 1. The reaction product was loaded onto a nondenaturing
6% polyacrylamide gel, and the probe was purified from the gel
through overnight elution at 37° in 0.1% sodium dodecy! sulfate, 0.5
M ammonium acetate, 10 mM magnesium acetate, and 1 mM EDTA.
The end-labeled probe was precipitated by isopropanol, washed with
70% ethanol, and resuspended in water. Approximately 1 fmol of
end-labeled probe was incubated for 30 min at 25° with nuclear
extracts (46 ug of protein) in a final volume of 20 ul containing 20%
glycerol, 40 mM HEPES-NaOH, pH 8, 60 mM KCl, 50 mMm NaCl, 1 mMm
EDTA, 0.5 mM dithiothreitol, 3 ug of poly(dI/dC), and 0.5 mg/ml
bovine serum albumin (Fraction V). The optimal concentrations of
bovine serum albumin and poly(dI/dC) were determined in a series of
preliminary experiments. Competing oligonucleotides were preincu-
bated with the nuclear extract for 10 min before the addition of the
labeled probe. The reaction was electrophoresed on a 5% polyacryl-
amide gel containing 2.5% glycerol and Tris/borate/EDTA buffer. The
gel was dried and autoradiographed for 12-24 hr.

Results

Analysis of a,c-AR gene sequence 5’ to translational
start site. The rat a,c-AR gene was isolated from a phage
library, and a 1500-nt segment 5’ to the translational initi-
ation site was sequenced (Fig. 1). The sequence of a rat brain
a,c-AR cDNA clone (25) was contained uninterrupted in the
genomic sequence.®> Sequence analysis of the 5'-flanking re-
gion indicated the absence of a TATAA box, an element that
serves to localize the transcription start site in many genes.
However, the gene segment was enriched in GC nt (Figs. 1
and 2). The percentage of GC nt reached 78% in the gene
segment from —584 to —818, and this area contained numer-
ous methylation-sensitive enzyme restriction sites (e.g.,
Hpall, Hhal), generating CpG islands (37) (Fig. 2). Many
genes that lack a TATAA element use GC-rich regions, a GC
box or boxes, or an initiator element to align the transcription
complex (38, 39). Because no consensus pyrimidine-rich ini-
tiator sequence was identified in the area of transcriptional
initiation, the a,c-AR promoter apparently belongs to the
GC-rich group. Sequence homology searches of a transcrip-
tion factor data base (TFsite) and a eukaryotic promotor data
base revealed several consensus recognition sequences for
transcription regulatory proteins (Fig. 1). The gene segment
contained three putative recognition sites for Spl nuclear
protein, a trans-regulatory protein that often plays an impor-
tant role in the transcription of genes using GC-rich promot-
ers. To characterize the promoter elements of the receptor
gene, the receptor mRNA was first analyzed by RNase pro-
tection to define a zone of transcriptional initiation. The role
of this region in transcription regulation was then investi-
gated using a heterologous expression system.

Identification of a zone of transcriptional initiation.
To identify regions of transcriptional initiation, antisense
RNA probes derived from the 5'-flanking region of the recep-
tor gene were generated and hybridized with total RNA iso-
lated from rat brain (Fig. 3A). RNA probes 1 and 2 span
sequences identified in ¢cDNA clones, whereas probe 3 is
located further upstream 5’ to the end of isolated cDNA
clones (25). In RNase protection assays, probes 1 and 2 were

3 The ayc-AR gene sequence to the —915 Xbal restriction site was previ-
ously determined by Voigt et al. (25) in rat, and the two sequences exhibit 96%
nt identity.

2102 ‘T Joqwiadaq uo Ausianiun Buellayz ye Bio sjeuinofiadse wreydjow woiy papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet.’

Promoter Elements of the a,c-Adrenergic Receptor Gene

1435

BamHi Pwull Xbal Notl Nsil Pvull Ncol
I —H ‘M—_)
* ATG
-1588 CTTGATGGAG AGAAGCTACA CCTCCAGTCC TAGCAGGAAT GTTAGGTCTG GAAATTTAGT TATTCTATTG
-1518 GCCATGTCCT CCCTGATCCT GAGGCTGCCT GAAGGGAGAG ACCAGTGCCT GGCATTCAAC TCAGGCCGCA
-1448 GGAGACAGAA CTTTTGTGAA ACTGACACAT GAGGTCTCCC CAACATTTGC TCGCTCTCTC TTAAACCCAC
-1378 TCCCACAAAA AAAAAAAAAA CTGCCCTGCA TTGATGGGCA TGCCAGTTTT GAGTTTGTCA AAAGCGCGGG
-1308 TCTGGAGCGT CCCCTCCAGC TGTGAAAAGC GGGATCAAAC AGCATTAAGA TTAAACTTCA GCAATTGCCA
C/EBP Fig. 1. The nt sequence of the
-1238 ACATGGGTAT AGAGCTTGGA GCTTGATCTG GGCCTCCACT GACACCGTGG TTATGATTCA CGATCCCGCA rat a,c-AR gene upstream of
Ap1 the protein coding region. A
-1168 GCGCTGGGAG GTACGCAGAG GAGGGAACTG AGGCTGACTG AGGAGGTGGC TCTGCAGGGG AGCAGGGACC genomic clone encompassing
the a,c-AR coding sequence
-1098 CTAAGCTCCA CAGGGATGAT GTGCGCTGCA GTGTTCGGTT CGCGTTCTTT GCCAAGCTGC TACTGTCTCA was isolated from a Charon 4A
library and characterized as de-
-1028 CCCTCCAATC ACCGCGACCC CGAGCCAGCC CCTTGTAAGC CGGAGCAGCC GCGCCGGCTC CGTCGCCAGT scribed in Experimental Proce-
CAAT dures. The subcloned gene seg-
* ment consisted of the a,c-AR
-958 AACCGAGTGA GGTGGAGACT ACGGTCTTAG AAAGAGCAGG CTTCTAGAAC TCACCGCTCA GGCTAGCCCG coding region (1374 nt), a 3'-
flanking region (~600 nt), and a
-888 CGCGTCAGCC CGGCCCCGCA GACTGCAGTC GGCCCTGGAG GGGGCGCCCT CGTTGAGTGC GCGCCCTGCC 5'-flanking region (~4300 nt).
Zeste Underlined sequences, consen-
-818 GGCCGCCTAG GGCTCCTCCC CGGCGCCGGG CCAGGTTCGC CCAGGCGGCC GCGGCGTCCG GCTGCCGGCC sus sites for transcription regu-
latory factors identified as de-
scribed in the text. *, The 5’ end
-748 CGCTCCCCCC CGGACCGCGG CTCGGCTGCG GGCGCCCCGC GTGCGCCCTC CCCGCTGCGC TACTGGACTC of a previously isolated azc-AR
PEBP2 cDNA clone (25). ATG, start of
-678 AAGTTAGAAG CCGAGCCCGG GCGGCGGCAC TTCGCCAAGC TCGCGGCGGC GGCGGAGACG CTGCACCGGC the open reading frame encod-
Sp1 ing the a,c-AR protein.
-608 GAGCGGGGAG GGCGAGGCGG CGCCGACGGC CAAAACGCGG ACCTGGGGGC GCACTCGGGA ACAGCAGGAG
-538 GACCGCGGGT GTCGGGCCCA GCCCCGTAAA GTAAAGTTGC AGGGACCCGG AAGAACGGCA ACCTGCGCCC
PEBP2
-468 CGGCTCGCTT AGCCCCAGCC AGCCCTTTGG GAAGCAGAGC GTCCGGCCGC CGCCTGCAGC CTGCAGCCCA
-398 GTCGGGCACC CGGACCGTGG AGCCAGCTTG CATGCATCAG CTTGGACACT ACATCTCCGT GGGCTGGCGG
-328 CCGGGACGCT CCCACTGAAC CCAGGCCGAG GGCGGGGCCG CGCGAGGACC CGGGACCTAC CCCCCTTCCC
Spi
-258 CCCCACCGCC GCGTCGCCGC GCTCTCTGGG CACCTCCAGC TCTGCACTTA CGCGCGCGGC AGCTGCGGGG
-188 AGCCCGGCAG CCACGCTCTC CGGCGTGCCA CCCGCCCGCC GGCCACCACG GCCGAGGGCC TGCGGGGCTT
Sp1
-118 CGTGGCCCCC AGCGGCGCCG AGGAGCAGCG CGGCGATGCA GACGCGACTC TGGCTGTGGG CGCCGAGCTG
-48 GCGAGCTGCC CCCGGCTCCT GGCAGGACGC GTAGCTCTCG GGAGGACCat ggcgtcc

fully protected, whereas no protection of probe 3 was ob-
served. These data indicated that the transcript was initiated
5'to nt —660 (Figs. 1 and 3). The protected species was absent
in liver and kidney, which is consistent with the major ex-
pression of the a,--AR in the central nervous system (Fig.
3B). To further localize the transcription initiation site, we
generated probes that encompassed the region between nt
—915 and —363. Probes 4 and 5 extended 112 and 255 nt
from the 5’ end of probe 2, which was fully protected in
RNase protection assays (Figs. 3 and 4). RNase protection
experiments with probes 4 and 5 indicated that there are

multiple start sites within a zone of transcriptional initiation
(nt —660 to —730). Although probe 2 is fully protected and
appears as a single, intense signal, several protected species
were observed with probes 4 and 5 resulting in signals of
lower intensity (Fig. 4).* None of the protected species were

4 The fastest migrating protected species identified with probes 4 and 5 is
slightly smaller than the size of the protected species identified with probe 2.
The reason for this is unclear, but it is likely due to the high percentage of GC
nt in this region (Figs. 1 and 2). Indeed, analysis of the secondary structure of
the 5'-flanking region with the use of MFOLD (University of Wisconsin GCG
Sequence Analysis Program) indicated that the region from nt —558 to —788
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Fig. 2. Identification of GC-rich regions and CpG islands in the a,c-AR gene 5’ to the site of translational initiation. CpG islands are potential sites

of nt methylation (37). ATG, start of the open reading frame encoding the a,c-AR protein.

observed when similar experiments were performed using
yeast tRNA instead of brain RNA. Two major mRNA species
from rat brain of ~298 and ~325 nt were observed with both
probe 4 and probe 5, indicating that two preferred sites of
transcriptional initiation were located at ~—660 and ~—687
nt 5’ to the translational start site. It is not clear whether the
multiple start sites are observed in the same cell or reflect
the cellular heterogeneity of the brain RNA preparation.
However, the clustering of multiple start sites is character-
istic of the transcription of genes that use a GC-rich promo-
tor. Repeated attempts to characterize the transcriptional
start sites by primer extension were unsuccessful, likely due
to the inherent difficulty of such experiments with a low
abundance of transcripts that are GC rich and in which
transcription is initiated from multiple sites. Thus, to further
characterize this area of the receptor gene and localize a zone
of transcriptional initiation, we evaluated the promotor ac-
tivity of 5'-flanking gene segments.

Localization of the a,c-AR gene promoter. As an ini-
tial approach to localizing the a,--AR gene promoter ele-
ments, we evaluated the ability of 5’-flanking fragments to
activate transcription of a CAT reporter gene in a neuronal-
like cell line that expressed the endogenous receptor gene as
well as in three cell lines that did not express detectable
receptor mRNA. The neuroblastoma X glioma hybrid cell line
NG108-15 expressed transcripts encoding both a,5- and
a,c-AR subtypes (Fig. 5) (Refs. 21 and 40).® The NG108-15
cell line was generated from a rat glioma cell and a murine
neuroblastoma cell line. The a,-AR mRNA is apparently of
murine origin because it was detected in NG108-15 cells by
RNA blot analysis using total RNA but not by RNase protec-
tion assays (Figs. 3B and 5). The inability to detect a,c-AR
mRNA in RNase protection assays likely reflects mismatches
in the nt sequence of the murine transcript and the probe
derived from the rat gene. Fragments of the 5’-flanking re-
gion were inserted into a CAT reporter gene vector (pO.CAT),
and their promoter activity was determined after transient

was characterized by a strong stem structure motif. The resulting seeondary
structure of either the probe or mRNA may subtly influence sites of

transfection. pa,(—1289/-197).CAT contained the 5'-end of
a ¢cDNA clone isolated by Voigt et al. (25) and the zone of
transcriptional initiation identified above. The pa,c(—1289/
—197).CAT transfectants exhibited 5-8-fold greater CAT ac-
tivity than that observed with a promotorless CAT construct.
The —1289/—197 gene segment functioned as a cell-type-
specific heterologous promoter in that it was active in cells
expressing the endogenous receptor gene (i.e., NG108-15) but
not in cells lacking the receptor transcript (i.e., C6B4 glioma
cells, RIN-5AH pancreatic S cells,® RSMT rat submandibular
cells) (Fig. 6).

Additional reporter constructs were generated to identify
the region of the active segment required for promoter activ-
ity and to determine the gene segments driving transcription
in a cell-type-specific manner. The reporter construct
containing a large segment of the 5’ upstream region
[pa,c(—4300/-197).CAT] exhibited minimal activity, and the
low activity of this construct is consistent with the relatively
low levels of ayc-AR mRNA in NG108-15 cells (Fig. 5). The
gain in activity obtained on truncation of this larger 5' seg-
ment to nt —1289 suggests the presence of negative regula-
tory elements in the deleted segment. The pa,-(—1289/
—197).CAT construct was then split so that one construct
contained the 5’ end of the longest cDNA clone previously
isolated (25), and another construct contained the zone of
transcriptional initiation identified through RNase protec-
tion analysis of brain a,--AR mRNA. The former construct
[payc(—1289/—773).CAT] exhibited low activity, whereas the
latter [payc(—772/—197)] increased CAT activity 10-15-fold
(Fig. 7) in a cell-type-specific manner. In addition, the active
reporter constructs used a site of transcription initiation in
NG108-15 cells that is similar to that used by the intact gene
in brain.” The pa,c(—466/—196).CAT construct was progres-
sively truncated at the 5’ and 3’ ends. A 96-nt construct
encompassing the zone of transcriptional initiation increased
CAT activity 15-20-fold in NG108-15 cells (Fig. 7). No signif-
icant CAT induction was observed with constructs lacking
the transcription initiation site [pa,c(—588/—278).CAT,

at the 5’ end of the mRNA and/or hydrolysis of the annealed complex.

5 Although NG108-15 cells express both ayg- and a,c-AR mRNA, photoaf-
finity labeling and partial receptor protein purification indicate the predomi-
nant expression of the a,g-AR protein (54).

6 The RIN-5AH cell line expresses the a,,p-AR as determined by radioli-
gand binding assays and/or RNA blot analysis (55).

7J. D. Sherlock, J. Saulnier-Blache, and S. M. Lanier, unpublished obser-
vations.
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Fig. 3. Analysis of a,c-AR mRNA in rat brain. A, total RNA was isolated
from rat brain, and the 5’ region of the a,c-AR mRNA was characterized
in RNase protection assays as described in Experimental Procedures.
In this experiment, 100 ug of total RNA was used for hybridization with
each probe. Lines on left, migration of radiolabeled RNA of known size.
Probe 1, undigested, 372 nt; complete protection, 282 nt. Probe 2,
undigested, 364 nt; complete protection, 298 nt. Probe 3, undigested,
317 nt; complete protection, 251 nt. Similar results were obtained in
three separate experiments using different preparations of RNA. Arrows
on right, protected species observed with probes 1 and 2. Top, location
of the probes in the 5’ upstream gene region. B, expression of a,c-AR
mRNA in tissues and cell lines. RNA from liver, kidney, and the cell lines
NG108-15, RSMT-AS, RIN-5AH, and C6B4 was evaluated for expres-
sion of the a,c-AR mMRNA with the use of RNase protection assays.
Total RNA (~100 ng) was prepared from tissues and cells and hybrid-
ized with probe 2 for analysis in RNase protection assays as described
in Experimental Procedures. Line on the right, migration of the pro-
tected species (298 nt). Undigested probe, 364 nt. The results are
representative of two experiments using different RNA preparations.

Payc(—1289/—773).CAT]. Each of the reporter constructs
were inactive in the non-receptor-expressing cell line RSMT,
indicating that cis-acting elements involved in the transcrip-
tional initiation of the a,c-AR gene in a cell-type-specific
manner are present in the fragment —698 to —604 (Figs. 1
and 7).

Cell-type-specific DNA-binding proteins interacting
with the receptor promoter. As an initial approach to
identifying the factors involved in the cell-type-specific ex-
pression of the a,c-AR gene, we performed gel shift analysis
with the active promoter segment (—716/—589) and nuclear
extracts prepared from NG108-15 cells (ayc-AR-expressing
cell line) and RSMT-A5 cells (a,c-AR-nonexpressing cell
line). The entire active promoter fragment was used instead
of short oligonucleotides to provide a template for the gener-
ation of the transcription complex. Although the use of the
longer fragment results in the generation of several nonspe-
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Fig. 4. Analysis of the 5’ end of the a,c-AR MRNA in rat brain.
Poly(A)*-enriched RNA was prepared from brain, and ~50 ug was
hybridized with each probe for analysis in RNase protection assays as
described in Experimental Procedures. Arrows, major protected spe-
cies observed with probes 4 and 5. Probe 2, undigested, 364 nt;
completely protected, 298 nt. Probe 4, undigested, 476 nt; completely
protected, 410 nt. Probe 5, undigested, 619 nt; completely protected,
553 nt. This experiment was repeated three times with similar results.
Top, location of the probes in the 5’ upstream gene region.

Fig. 5. Expression of a,c-AR mRNA in rat brain and cell lines. Total
RNA was isolated from brain tissue and cell lines, and 50 ug was gel
electrophoresed and transferred to a nylon membrane for hybridization
with a random-primed probe generated from the coding region of the
rat a,c-AR (RG10) gene. Lines on the right, migration of 28 S and 18 S
ribosomal RNA. Arrow, migration of the hybridized message. Similar
results were obtained in two or three separate experiments.

cific gel-shifted species, its use may allow detection of species
that are dependent on interactions with various “accessory”
proteins within the immediate environment. Gel shift assays
indicated the presence of three shifted species (Fig. 8A, I, III,
and IV) with NG108-15 cell nuclear extracts that were not
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Fig. 6. Analysis of a,c.-AR gene promoter in neuronal and non-neuro-
nal cell lines. NG108-15, RIN-5AH, RSMT-A5, and C6B4 cells were
transfected with pa,c.CAT constructs as described in Experimental
Procedures. Cells were harvested at 48 hr for analysis of CAT activity.
The radiolabeled enzymatic product was measured through liquid scin-
tillation counting after organic extraction of cell extract. Data were
corrected for transfection efficiency and are the average of two exper-
iments that were representative of the results generated in larger num-
ber of experiments for RSMT-A5 and NG108-15 cells and presented in
Fig. 7. ATG, start of the open reading frame encoding the a,c-AR
protein. Top, thickened segment in diagram, sequence indicated in Fig.
1. Arow, area of transcriptional initiation identified in RNase protection
assays.

observed with nuclear extracts prepared from the receptor-
nonexpressing cell line RSMT-A5. The generation of species
IV was insensitive to the presence of increasing concentra-
tions of the gene segment used to prepare the radiolabeled
probe and was considered nonspecific, whereas the genera-
tion of species I, II, and III was inhibited by the competing
gene segment. As indicated (Fig. 8A), the active promoter
segment contained a consensus recognition site for the trans-
regulatory nuclear protein Spl. Generation of species I was
not observed when an oligonucleotide encoding the Sp1 con-
sensus recognition site was included in the incubation (Fig.
8A). Species II was present with both cell nuclear extracts,
but the Spl oligonucleotide only inhibited the generation of
this species in NG-10815 nuclear extracts. The generation of
species III was not altered by inclusion of the Spl oligonu-
cleotide. Although the trans-regulatory protein Spl is ubig-
uitous, corresponding Spl-sensitive gel-shifted species were
not observed with the active promoter segment when the
probe was incubated with nuclear extract prepared from the
receptor-nonexpressing cell line RSMT-A5, despite the clear
expression of nuclear proteins capable of interacting with
labeled oligonucleotides encompassing putative recognition
sites for Spl or Apl (Fig. 8, bottom).

Discussion

Based on the results of RNase protection assays and se-
quence analysis of genomic and ¢cDNA clones, the a,c-AR
mRNA consists of ~660-730 nt 5’ to the translational AUG
start codon, 1374 nt of protein coding sequence, and 474 nt of
3’-untranslated sequence, generating a calculated message
size of ~2508-2578 nt plus the polyadenylation tract. The
calculated size is similar to that of the major receptor nRNA
species identified through RNA blot analysis but smaller
than the 2752-nt a,c-AR cDNA clone identified by Voigt et al.
(25), the sequence of which is contained uninterrupted in the
genomic clone.? The 2752-nt a,c-AR cDNA clone isolated
from brain may be a less-abundant transcript that was not
detectable by RNase protection or it may be localized to
discrete brain areas not represented in the tissue samples
used in the current report. Within the 5’ segment of the
a,c-AR gene, there exists a 96-nt fragment that is GC rich,
encompasses a zone of transcriptional initiation, and drives
transcription of a heterologous gene in a cell-type-specific
manner. The functionality of the a,c-AR gene promoter seg-
ment in the neuronal-derived cell line NG108-15 but not in
the non-neuronal cell lines is consistent with the primary
expression of the receptor message in the central nervous
system of the rat.

Transcriptional initiation of most mammalian functional
genes involves three general classes of promotor elements: a
TATAA box, an initiator sequence, and GC-rich segments or
GC box elements (38, 39, 41-44). In some instances, the
individual elements are found in various combinations.
These structural entities direct the formation of a transcrip-
tion complex positioning RNA polymerase II in the required
position and guide the initiation of transcript synthesis. The
TATAA box is perhaps the best understood element involved
in transcriptional initiation and exhibits consistent spatial
behavior relative to transcription start sites. The GC box
element operates via a poorly understood mechanism. The
GC-rich segments are often characteristic of ubiquitously
expressed housekeeping genes, but they clearly drive the
transcription of several cell-type-specific genes. The GC-rich
group exhibits several common properties, such as a high GC
content in the promoter region and clustered sites of tran-
scriptional initiation. The 5'-flanking region of the a,c-AR
contains features that are reminiscent of the latter group of
gene promoters: rich in GC and no TATAA box. As often
occurs with such genes, several CpG islands are found in the
GC-rich region and are potential sites for methylation/dem-
ethylation events. The concentration of CpG islands in the
promoter region of the a,--AR gene suggests that gene ex-
pression may be regulated by altered methylation of this
region influencing the chromatin-complexed gene structure.
As occurs with the a,c-AR gene, several members of the G
protein-coupled receptor superfamily are also transcribed via
GC-rich promoter segments lacking a TATAA box. Because
several of these genes are also intronless, they present good
models with which to investigate mechanisms of tissue-spe-
cific gene expression via such promoter elements.

Several factors are involved in the cell-type-specific expres-
sion of genes, including chromatin structure and the interac-
tion of negative and positive trans-regulatory proteins.
Among the group of genes that use GC-rich promoter ele-
ments, the trans-regulatory nuclear protein Spl often plays
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Fig. 7. Transcriptional activity of
a,c-AR gene fragments in the
neuroblastoma X glioma hybrid
cell line NG108-15 and the rat
submandibular cell line RSMT.
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The 5’ segment of the receptor
gene was progressively truncated
and inserted into the reporter
gene construct for determination
of promoter activity. Data are cor-
rected for transfection efficiency
and expressed as the fold in-
crease (mean * standard error of
three to eight transfection exper-
iments) in CAT activity obtained in
cells transfected with a promoter-
less CAT vector (pO.CAT). In each
experiment, cells were trans-
fected with both the pCAT con-
struct and pSV.g-gal to control for
transfection efficiency. In paralle!
experiments, cells were also
transfected with the pCMV.CAT
or pSV40.CAT, which increased
CAT enzymatic activity by 50-80-
fold above background levels ob-
served with promoteriess vector
constructs in both cell types.
ATG, start of the open reading
frame encoding the a,c-AR pro-
tein. Top, thickened segment in
diagram, sequence indicated in
Fig. 1. Arrow, area of transcrip-
tional initiation identified in RNase

O RSMT-A5
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an important role in transcription initiation and may also
contribute to cell-type-specific transcription of certain genes
(45-48). The putative Spl site at —654 to —660 nt 5’ to the
translational start codon in the a,--AR gene may subserve
such a function. Although both receptor-expressing and -non-
expressing cells possess nuclear proteins that are capable of
recognizing oligonucleotides encompassing a consensus rec-
ognition site for Spl, the oligonucleotides compete with the
126-nt receptor promoter fragment for gel-shifted species
only when nuclear extracts from the receptor expressing cell
line are used. Such an observation may reflect the expression
of cell-type-specific DNA-binding proteins that recognize a
core motif similar to that recognized by the transcription
factor Spl. If Sp1 is required for transcription of the receptor
gene, expression of other nuclear proteins in receptor-nonex-
pressing cells that also recognize this site may compete for
DNA/Spl binding, repressing gene transcription. Alterna-
tively, within the context of the transcription complex assem-
bled on the longer promoter fragment, the specific proteins
that bind DNA may be influenced by interactions with other
cell-specific accessory proteins.

Although the a,c-AR is primarily expressed in discrete
neurons in the central nervous system, its promoter segment
does not share homology with the promoter of various neu-
ron-specific genes, such as neuromodulin, SCG10, periph-
erin, aldolase c¢, synapsin, nerve cell adhesion molecule,
nerve growth factor receptor, and neuronal sodium channels
(47, 49-53). The 96-nt promoter fragment of the a,--AR gene

10 20 30 protection assays.

CAT ACTIVITY (x p0.CAT)

may contain elements required for gene expression in the
olfactory system or the outer granular layer of the dentate
gyrus, areas in which the receptor mRNA and protein are
enriched. Detailed analysis of such elements may allow the
selective manipulation of neural gene expression in these
brain regions. Although the genes encoding other members of
the AR family contain cis-recognition elements for glucocor-
ticoids and cAMP-response factors, such elements are not
clearly identified in the upstream gene segment of the a,c-
AR. Activation of protein kinase C by phorbol esters in-
creases a,c-AR mRNA levels in NG108-15 cells (40). Al-
though it is not known which gene segment is required for
the effect of phorbol esters on the levels a,c-AR mRNA, there
is a consensus Apl recognition site in the gene 5’ to the area
of transcription initiation. Analysis of the genes encoding
other AR subtypes do not indicate any general features that
are shared with the a,c-AR. Transcription of the a,,-AR gene
is initiated from multiple start sites involving three putative
promoters, one of which includes a TATAA box (6, 10). The
upstream gene promoter segment of the a,,-AR contains
both a GC box and a TATAA box for transcriptional initiation
(5, 7, 8). The upstream gene segment of the B,-AR lacks a
TATAA box and is GC rich, as is the case for two of the
putative promoters of the a,,-AR (3, 6, 10). TATAA boxes are
also present in the B,-AR and B;-AR genes (4, 9, 13). The lack
of shared features among the different groups of AR genes
indicate that it would be possible to selectively modulate the
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A -818 GGCCGCCTAG GGCTCCTCCC CGGCGCCGGG CCAGGTTCGC CCAGGCGGCC GCGGCGTCCG GCTGCCGGCC

-748 CGCTCCCCCC CGGACCGCGG CTCGGCTGCG GGCGCCCCGC GTGCGCCCTC CCCGCTGCGC TACTGGACTC

-678 AAGTTAGAAG CCGAGCCCGG GCGGCGGCAC TTCGCCAAGC TCGCGGCGGC GGCGGAGACG CT'GCACCGGC
Spi

-608 GAGCGGGGAG GGCGAGGCGG CGCCGACGGC CAAAACGCGG ACCTGGGGGC GCACTCGGGA ACAGCAGGAG

-4

v

NG108-15

RSMT-AS
NG108-15

Fig. 8. Interaction of the a,c-AR gene promoter with nuclear proteins in RSMT-A5 and NG108-15 cells. A, a 129-nt gene fragment (Narl/Narl, nt
—587 to —716) encompassing the major sites of transcriptional initiation and cell-type-specific promoter elements (underlined) was end-labeled
with 32P and incubated with nuclear extracts (4-6 ug of protein) from NG108-15 (receptor-expressing) and RSMT-A5 (receptor-nonexpressing)
cells as described in Experimental Procedures. Incubations were performed in the presence and absence of unlabeled probe or oligonucleotides
encoding a recognition site for the nuclear protein Sp1. DNA/protein interactions were detected by gel shift analysis as described in Experimental
Procedures. Arrows, gel-shifted species described in the text. B, analysis of nuclear extract using labeled oligonucleotides encoding Sp1 or Ap1
transcription factor recognition sequences. +, Samples in which the nuclear extract was preincubated with a 50-fold molar excess of unlabeled
oligonucleotides.
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expression of a particular subgroup to alter the final response
of the cell to the adrenergic agonist.
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