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The p,-adrenergic receptor from mouse 3T3-L1 cells is up-regulated through genetic mechanisms by
glucocorticoids and butyrate. To study the genetic regulation of these receptors, we sequenced a 5 kb region
of genomic DNA from 3T3-L1 cells, containing the g-adrenergic receptor gene and approx. 1.5 kb of both
5" and 3’ flanking sequences. The sequence contained one copy of an 8 bp consensus sequence which can
confer phorbol ester-responsiveness to genes. Phorbol esters attenuated the up-regulation of g,-adrenergic
receptors by glucocorticoids but not by butyrate. This effect was probably due to a phorbol ester-induced
decrease in glucocorticoid receptor number. Using methylation-sensitive restriction enzymes, we examined
the methylation of a CG-rich region occurring 5’ to the gene and did not detect any changes in methylation
of this region upon dexamethasone or butyrate treatment. A total of 16 putative glucocorticoid response
elements were found which may mediate the glucocorticoid-induced increase in f,-adrenergic receptors. A
comparison of the regulatory sequences of the two g-adrenergic receptor subtypes from human and mouse
confirms the observed physiological controls of receptor subtype expression and offers an explanation as

to why the subtypes differ in genetic regulation.

INTRODUCTION

The g-adrenergic receptor has proved to be a useful
model system with which to study the processes of
receptor regulation. S-Adrenergic receptors have been
divided into two subtypes based on their responses
to the agonists adrenaline and noradrenaline (Lands
et al., 1967). At B,-adrenergic receptors, adrenaline and
noradrenaline are equally potent, whereas at pf,-
adrenergic receptors adrenaline is much more potent
than noradrenaline. The development of p-adrenergic
receptor subtype-selective antagonists has helped to
characterize the receptor subtypes. The genes for each of
the p-adrenergic receptor subtypes have recently been
cloned showing that they are indeed the products of
separate genes (Dixon et al., 1986; Frielle et al., 1987,
Kobilka et al., 1987; Allen et al., 1988). Both S-adrenergic
receptor subtypes can be regulated by epigenetic
and genetic mechanisms. The most extensively studied
mechanism of p-adrenergic receptor regulation is de-
sensitization, which occurs upon prolonged exposure of
certain tissues or cultured cells to g-adrenergic agonists
or phorbol esters. These treatments result in decreased
responsiveness to subsequent challenge by g-adrenergic
agonists. The attenuated responsiveness is associated
with phosphorylation of the g-adrenergic receptor by
intracellular protein kinases (Benovic et al., 1987).

Regulation of p-adrenergic receptors by genetic
mechanisms has only recently been investigated. Gene-
activating hormones such as glucocorticoids and thyroid
hormone have been shown to modulate adrenergic re-
sponsiveness and S-adrenergic receptor number in tissues

and cultured cells (O’Donnell & Wanstall, 1987). In
addition, butyrate, another gene-activating compound,
induces #-adrenergic receptor up-regulation in a number
of cell types (Nambi et al., 1986; Stadel et al., 1987). The
3T3-L1 cell line expresses both p-adrenergic receptor
subtypes and therefore provides a system with which to
study the regulation of the two subtypes in a clonal cell
line. Glucocorticoids, as well as butyrate, promote an
increase in f,-adrenergic receptor expression in 3T3-L1
cells without causing a concomitant increase in f,-
adrenergic receptors (Lai et al., 1982; Nakada et al.,
1987; Stadel et al., 1987). These results are consistent
with previous observations in tissues indicating that
[B-adrenergic receptor subtypes are independently
regulated.

The regulation of p-adrenergic receptor gene
expression could involve a variety of mechanisms.
Glucocorticoids and phorbol esters are known to
associate with specific DNA sequences termed gluco-
corticoid-response elements (GRE) (Cato et al., 1984)
and TPA-responsive elements (TRE) (Angel et al.,
1987; Chiu et al., 1987) respectively. These consensus
sequences, which bind steroid receptors or trans-acting
proteins, have been identified by mutational analyses of
genes regulated by these agents. Butyrate is postulated to
bring about its effect through histone hyperacetylation
(Boffa et al, 1981) or hypomethylation of DNA
(Christman et al., 1980; Szyf et al., 1985). Methylation of
DNA changes its ability to interact with proteins
(Doerfler, 1983). In eukaryotic cells, methylation occurs
primarily at cytosine residues which are followed by

Abbreviations used : GRE, glucocorticoid-response elements; TPA, 12-O-tetradecanoylphorbol 13-acetate; TRE, TPA-responsive elements; SSC,

0.15 M-NaCl/0.015 M-sodium citrate; ‘**ICYP, ['**I}iodocyanopindolol.

1 To whom correspondence should be sent, at the following address: Smith Kline and French Laboratories, P.O. Box 1539, Mail Code L-108,

King of Prussia, PA 19406, U.S.A.

Vol. 260



54

guanosines. This CG sequence is statistically under-
represented in total DNA, but can be found over-
represented in the promoter regions of certain genes.
Restriction enzymes which contain the CG dinucleotide
within their recognition sequence can be used to compare
the methylation state of the promoter regions of specific
genes. Using this technique, a correlation between
hypomethylation of GC-rich promoter regions and the
activation of certain genes has been reported (Doerfler,
1983; Saluz et al., 1986).

To begin to understand the genetic regulation of g-
adrenergic receptors, we cloned and sequenced the fg,-
adrenergic receptor gene from 3T3-L1 cells and have
examined the structure of the gene and its flanking
regulatory elements. We have compared the functional
regulation of the two #-adrenergic receptor subtypes and
their genomic sequences to help in understanding how
and why the regulation of the two receptor subtypes
diverged.

MATERIALS AND METHODS

Cell culture

3T3-L1 cells, kindly provided by Dr. Charles Rubin
(Albert Einstein College of Medicine, Bronx, NY,
U.S.A.) were cultured at 37 °C in 10 %, CO,, in complete
media consisting of Dulbecco’s modification of Eagle’s
medium with 4.5 g of glucose/litre (Gibco, Grand Island,
NY, U.S.A.), supplemented with 10 9, fetal bovine serum
(Hyclone, Logan, UT, U.S.A.) and nonessential amino
acids (Gibco). Immediately upon reaching confluence,
cells were treated with the appropriate compound in
complete media. Phorbol dibutyrate, dexamethasone and
sodium butyrate used to treat the cells were obtained
from Sigma (St. Louis, MO, U.S.A.).

Cloning and sequencing

A Agtl0 library was constructed using size-selected
EcoR1-restricted 3T3-L1 DNA. Phage were lifted on to
duplicate nitrocellulose fiters which were baked at
80 °C under a vacuum and prehybridized overnight.
Hybridization and prehybridization buffer consisted of
5 x SSC, 50 mM-Na,HPO,, 10 x Denhardt’s, 0.1%, SDS,
and 20 ug of denatured salmon sperm DNA/ml. The
filters were hybridized for at least 24 h with a 3*P-labelled
probe consisting of the reading frame of a hamster f3,-
adrenergic receptor cDNA clone which was kindly pro-
vided by Dr. R. A. Dixon (Merck, Sharp and Dohme,
West Point, PA, U.S.A.). The probe was 3?P-labelled
with random primers using the Pharmacia Prime Time
System (Stockholm, Sweden). After hybridization, the
blots were washed at 68 °C with 5xSSC/0.19% SDS
for 15min; 2xSSC/0.1% SDS for 2x15min; and
1xSSC/0.1% SDS for 2x 15 min, and exposed over-
night at — 70 °C. Two positive clones were isolated from
200000 plaques. Sequencing of single-stranded DNA
was performed by the dideoxy chain termination method
of Sanger (Sanger et al., 1977) using **S-labelled dCTP
(New England Nuclear, Boston, MA, U.S.A)).

Southern blotting

DNA in agarose gels was transferred on to nitro-
cellulose filters which were prehybridized and hybridized
as described in ‘Cloning and sequencing’ except that a
1.4kb Kpnl fragment of the 3T3-L1 B,-adrenergic re-
ceptor genomic clone which began 850 bp 5 to the gene
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and ended 500 bp into the coding region was used as
probe. After washing, Southern blots were exposed at
—70 °C for 3 days.

[***1]lodocyanopindolol (12°ICYP) binding

IZICYP (New England Nuclear) binding to cell
membranes was performed as described in Nakada et al.
(1987). Incubations were carried out at 37 °C for 60 min.
Receptor subtype was determined by computer modelling
of competition binding data using the p,-adrenergic
receptor-selective antagonist ICI 118.551 (a gift of
Imperial Chemical Industries, Macclesfield, U.K.) to
inhibit ***ICYP binding.

[*H]Dexamethasone binding to intact cells

Saturation binding of [*H]dexamethasone (New
England Nuclear) was carried out using concentrations
of [*H]dexamethasone from 0.1 nM—10nM using the
method described in Nakada et al. (1987). Incubations
were at 37 °C for 2 h.

RESULTS

To study the mechanisms of g,-adrenergic receptor
regulation in 3T3-L1 cells, we cloned and sequenced the
gene from these cells. Because the genes for the g-
adrenergic receptors are intronless, we were able to clone
the gene using a cDNA probe. Southern analysis of
EcoR1-digested 3T3-L1 DNA using a full length hamster
f.-adrenergic receptor cDNA clone as probe revealed a
single 6.3 kb band. Nuclear 3T3-L1 genomic DNA was
cut with EcoR1 and fractionated on an 0.8 9, agarose gel.
DNA ranging in size from 6.0-6.5kb was cut out and
eluted from the gel. This enriched DNA was used to
construct a Agtl0 library. Two positive clones were
identified out of 2 x 10° recombinants. These clones had
identical restriction maps. Fig. 1 shows the sequence of
the 3T3-L1 B,-adrenergic receptor gene with 2212 bp of
5’ flanking sequence and 1463 bp of 3’ flanking sequence.
The sequence contains sites which are necessary for the
proper regulation of a gene, such as a Kozak consensus
sequence for efficient initiaton, a CAAT box, a TATA
box, an SPI transcription factor binding site, and poly-
adenylation sites. These sites are conserved in the other
fr-adrenergic receptor sequences reported (Emorine
et al., 1987; Kobilka et al., 1987; Allen et al., 1988). The
reading frame and flanking regions of the f,-adrenergic
receptor gene from mouse 3T3-L1 cells were 99 %, similar
to the mouse f,-adrenergic receptor sequence previously
published (Allen er al., 1988).

The sequencing of the 3T3-L1 mouse f,-adrenergic
receptor gene allowed a comparison with the corre-
sponding coding and flanking regions of the human g,-
adrenergic receptor gene. The University of Wisconsin
computer program BESTFIT was used to optimally
align pairs of sequences and calculate similarity values.
These calculations (Smith & Waterman, 1981) exclude
gaps which were assigned a penalty of 5. Fig. 2(a) is a dot-
matrix comparison of the mouse 3T3-L1 and human g,-
adrenergic receptor sequences. The line of identity in the
coding region indicates that the 3T3-L1 g,-adrenergic
receptor gene is homologous to the human f,-adrenergic
receptor gene previously reported (Emorine et al.,
1987).The degree of similarity in this region was 85%.
Moreover, the 5" and 3’ flanking sequences from mouse
and human genes [shown in Fig. 2(a) to the left and right,
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Fig. 1.

TTCCAGé}CAGCTGGGGCTCCACGAGAGAAACCCTGCCTCCCCCCCAAAAATGGCCCAAAGYTCACYGACAAACTCACATTTGTCTGATATTTAGCTATGTAACAQCACTTACG
GTAGCAATAGAATTTGATTCTCACTCATCACAATGAAAATGGCTGGCGCTCTCTCTCTCCCTCTCTCCCCATTTCAAATCTGCAAGCACACCCCTTAGAGATGGAGAGAATTTG
ATCCATTGGAGAATCGAGCTAAAAATACCACCATGGAATTGTGGGAAGGATTAAATGCAATAATGCACAAAAGGCACATAGCAGAATGTGCCCTAAATGTCAGCCATTGTTATG
GTATTATGTAATCTACAAAGTATGTTTGCTTACTCCGTGTGAAAGACTTTCAGTCTATCAAACATAATACATGTGAAATCAAACCTTGAAAATTAATTTTTTTCCCAACAGTCA
AGACATTTGCCAGCTGCAGAGATTAGCATTTCATGAATCTTAGTCTTGTCTGATTTTTTTAATGGGAAGGAACAACTATCCTCAACTATCCTTTTTTTTTTTCTGTAGTTTTAA
AATGAACTCCACAAAACATGTTTTTAATATAGGGAATTATATGAAATTGTGGGGTGGGCAGCGAGGTTAAAGGCAGAAATAGCCCAATGGTGGCACATTCACTGACACAGCCTA
AAAGATTAGCAAATTACCCAGCCAACACATACAATTAATACAATTAATATTTTTATAGTTAAAACAGAGTTACTAAAGAAATTGTTTGAAAAGAAAATTATGAAGACTGGAAAG
ACGGCTCAGTGCTTAAGAGCYTTGGCTAGTCTTCCAGAGAACCAGGGTCATCCAGCACTCACAAGGCAGCTTGTGAGCTGATACYATCYGTATATTCAG%%CTAGGGAATCTGA
TGCTTTG#%CTGACCTCCAAAACAGGCACAAATGTGGTGCACAGGCAAATQTAGAGAYAAGACTCCCATGCACAG:{CATAAATAACGTAGTTTAATTTTTTAAATYGTAAAAC
TGAAAATGGTTGCACTTGCATTTTTATTTTCAGCACATCCCCAGATATCCGCCATATAACAAGAAAATGATGCCACACTCCCAAGAATTAAGAATTACACCTCCCAACCCTACC
CAAATGTGTATACTCTAGGTCTAAAGAAATGCAAAGGATGAAGTTACTGCCTTGTGCGGTTCTCAAGGAGGGAGGATGCCAAAAAAATATTTTTTCACAAAGTGTGCTGAGAAA
CTCTGTAGCTGTTGGAGTCATCTCCTGTGCTCTTGCCAAATAACTGAAAGGGGATACACTGGATGTCTGTGAATGGGGTGTCACTTATGAGTGCTAGAAGCGGGTACCTGGATG
TGGACACGGTGTCTGAGTGGTCCGCACTCCATGTCTCCACAGGAGCGCTTATGTGTGTTTCTTTCCTCCTGCTTCTGGGTGTTCCTGGGTTTGTTTACAGCCACCTCTCTGTTG
GACCAGGAGACAGCTGTCGTCTCCAGAATGAGCGGGCACGGGTGTGTCTCGGTGGCTGYGGCTGYGGTTCGGCATAAGTCYCAGCATG%%CTGGTCGTCAOGGYGCGTYTGTGC
TGTGTGTGCGTGTCCGGGTGAGCTTGCTCTTTCTGTTCCTAAAAGAAAATGCACCCTGCGCTACCGGCGTCCAGAGACTCTCAGCCCGCAGAGGTGACCTGAACGGACAGGTAG
CACCTCCAGACAGCGCCTGGTTGGCGGGTTGCACAGCAGCCCCAGATTTCTCTCTCTGGTGCCCCAGCTAGGGTAGC TGGAAGGGAGCGGTGGCCTGGCCTCCGGGGAGCCGCT
GGGCCCCGCCGGGCTAACCCAGGAGGAGGCCGGCTAGGCTGGGAGGGTTAGCCCTTGGTGCCCTACGCCTGCCCGGGCCAGTCGCGGCCGCCGGCCATTGGCCCAAAGAATTGT
TGCACGTCACTGGCAATTCCCCTAGAAGTCTGTGCACATAACGGGCAGGGCGCACTGCAAGGCTGCTTCTCCCGCATTTAGGCTGCGGCTGCAGGCACCGCGAGCCCGGAGCAC
CCACGAGCTTAGTGTGCAGGACGCACCCCAGCACAGCCACCTACGGCCGCTGAATGAAGCTTCCAGGAGTCCGCCCCCGGCCGTCGCCCCGTCGEAGGTGCACCCGCTGAGAGC

GCCTGGACCGAAAGGCCGGTGCGCTCACCTGCTAACCTGCCAGCCATGGGGCCACACGGGAACGACAGCGACTTCTTGCTGGCACCCAACGGAAGCCGAGCGCCACACCACGAC
MetGlyProHisGlyAsnAspSerAspPheLeuLeuAlaProAsnGlySerArgAlaProAspHisAsp

GTCACTCAGGAACGGGACGAAGCGTGGGTTGTGGGCATGGCCATCCTCATGTCGGTTATCGTCCTGGCCATCGTGTTTGGCAACGTGCTGGTCATCACAGCCATTGCCAAGTTC
ValThrGinGluArgAspGluAlaTrpValValGlyMetAlalleLeuMetServVallleValLeuAlalleValPheGiyAsnValLeuVallleThrAlalleAlaLysPhe

GAGCGACTACAAACCGTCACCAACTACTTCATAATCTCCTTGGCGTGTGCTGATCTAGTCATGGGCCTAGCGGTGGTGCCGTTTGGGGCCAGTCACACCTCTATGAAAATGTGG
GluArgLeuGInThrValThrAsnTyrPhellelleSerLeuAlaCysAlaAspleuVaiMetGlyLeuAlaValValProPheGlyAlaSerHisThrSerMetLysMetTrp

(o
AATTTTGGCAACTTCTGGTGCGAGTTCTGGACTTCCATTGATGTGTTGTGCGTCACAGCCAGCATCGAGACCCTGTGCGTGATTGCAGTGGATCGCTATGTTGCTATCACATCG
AsnPheGlyAsnPheTrpCysGluPheTrpThrSerIleAspValLeuCysValThrAlaSerIleGluThrLeuCysValiIleAlaValAspArgTyrValAlalleThrSer

CCCTTCAAGTACCAGAGCCTGCTGACCAAGAATAAGGCCCGAGTGGTCATCCTGATGGTATGGATTGTATCTGGCCTTACCTCCTTTTTGCCTATCCAGATGCACTGGTACCGT
ProPheLysTyrGinSerLeuLeuThrLysAsnLysAlaArgValValIleLeuMetValTrpIieValSerGlyLeuThrSerPheLeuProlieGinMetHisTrpTyrArg

GCCACCCACAAGAAAGCTATCGATTGTTACACCGAGGAGACTTGCTGTGACTTCTTCACGAACCAGGCCTACGCCATCGCGTCCTCGATTGTGTCTTTCTACGTGCCCCTGGTG
AlaThrHisLysLysAlalleAspCysTyrThrGluGiuThrCysCysAspPhePheThrAsnGinAlaTyrAlalleAlaSerSerIleValSerPheTyrValProLeuVal

GTGATGGTCTTTGTCTATTCCCGGGTCTTCCAGGTGGCCAAAAGGCAGCTGCAGAAGATAGACAAATCTGAAGGAAGATTCCACGCCCAAAACCTCAGCCAGGTGGAGCAGGAT
ValMetValPheValTyrSerArgValPheGinValAlalLysArgGinLeuGinLysIleAspLysSerGluGlvArgPheHisAlaGlinAsnLeuSerGIinValGluGlinAsp

[ ]
GGGCGGACGGGCCACGGACTCCGAAGGTCCTCCAAGTTCTGCTTGAAAGAGCACAAAGCCCTCAAGACTTTAGGCATCATCATGGGCACATTCACCCTCTGCTGGCTGCCCTTC
GlyArgThrGlyHisGlyLeuArgArgSerSerLysPheCysLeulysGluHisLysAlaLeulysThrLeuGlyIleileMetGlyThrPheThrLeuCysTrpLeuFroPhe

TTCATTGTCAATATCGTGCACGTTATCAGGGACAACCTCATCCCTAAGGAAGTTTACATTCTCCTTAACTGGTTGGGL T ACCTCAACTCTGCCTTCAATCCTCTTATCTACTGT
PheIleValAsnIleValHisVallleArgAspAsnLeulleProLysGluValTyrIleLeuleu?snTrpleuGly 'yrValAsnSerAlaPheAsnProleulleTyrCys

CGGAGTCCAGATTTCAGGATTGCCTTTCAAGAGCTTCTGTGCCTTCGCAGGTCTTCCTTCGAAACCTATGGGAACGGCTACTCTAGCAATAGCAACGGCAGAACGGACTACACA
ArgSerProAspPheArgIieAlaPheGinGlulLeuLeuCysLeuArgArgSerSerPheGluThrTyrGlyAsnGlyTyrSerSerAsnSerAsnGlyArgThrAspTyrThr

GGGGAGCCAAACACTTGTCAGCTGGGGCAGGAGAGAG}%CAGGAACTcCTGTGTGAGGATCCCCCAGGCATGGAAGGCTTTGTGAACTGTCAAGGTACTGTGCCYAQCCTTAGC
GlyGluProAsnThrCysGlinLeuGlyGInGluArgGluGinGluLeuleuCysGluAspProProGlyMetGiuGlyPheValAsnCysGinGlyThrValProSerLeuSer

9
GTTGACTCCCAAGGAAGGAACTGTAGTACAAATGACTCGCCACTGTAATACAGGCTTTCTACTCTCTAAGACCCCTCCTTGACAGGACACTAACCAGACTATTTAACTTGAGTG
ValAspSerGinGlyArgAsnCysSerThrAsnAspSerProlLeu

TAATAACTTTAGAATAAAATTGTAYAGAGATTTGCAGAAGGGGGGGCACATCCTTCTCGCCYTTTTTTAATTTTTAYTTTATTTTTTAGCTGCAAACAAGAQAGAQE&CTGTAT
TTGAGTGCTTATTG?#CTTGTATAGTTCAGTTCCTCTTGTATGGAACTTAAAGGTTTCTGTCTGAAGAGTGTTCGTTCTGAGGACTGAGTCTGTCTGTCTGTCTGTCTGTCTGY
CTGTCTGGATGATGTTTTCATGTATCTACCTCACTGGTCAAGTATTAAGAATGATATATATTGCTGCTGGAAATCCATATCTAAAGGAGAGAGTTTTCTTCCTGTACCCTTGGA
CTTGAAATATCCTGTGTCTTGGACCTTTCTGCTGTGACAATGGGCCCTTTCTCTCTCACTCCACTTATTTACTCAAATGGATTCGAGGCAGGGATTTGAGGGACAACACTAGTT
GTTTTGTTTTTGTTTTTGTTTTITTTGTTTGTTTGGTTCGTTTTTGGTTTGTTGTTGTTTTTTGGGGTTTGTTTTTGTTTTTIGTTTTITTTGGGTTTTTTTTTTTTGCTGAGAAAA
GYCTAAAGTTTACAGTAAATAAATTGTTTAACCATGACTTCATTGCACCCGTTTCYYCAAAACCTCTTGACTCTGGAGYG%%CTTGTCTCTCCCACTGGAAACCACAGGTAAAC
TATGTGTCGTGACCGATGAGTGGCTTAATGTGTAAGAGTACCAGAATGGCATGCTTGCATGCACCGTGCCTAGCCCTTCCGTGTGTGTCTTCAGAGCTCCAGATGCAAACCTGT
GCCTTCCCTAACTTCACTCGTGTCCCAAAGCAG#%CTGCCTGYTCACAGCATAACCCAGTATG$%CTACACTTGCTCTTCTGYGCTGTCACTCCAGAAACCCTGACTCACGGAA
ACAGAGTTATGGACATATGTTTTTGTCCCCATATGCTCTGACACCACCTTCAGCCTTACTTGCTTAATAACTGTGTATATTTACATCACTGCGTCTCTTACAGTAGTGCCTTTG
TACTGCATCAGGGCTYGGTGTGTTCAGGATGAGCAAGATG%#CTGTGTAATAGCTGTTCAAGCATCTAGAAATTCTGAGGGAAATCAAAGGCCTCGGTCAGAGAGAGAGAQAGA
GAGCAAAGCTTTAAAAAACATAGCTGGTGAATGCTTCACGCCCTTCAGCCTCTCCTCGCTCCGTCTGCTGTCCCGTGTCTTCTGTTCCCAATTCTCTGCACTTCTGTGTAAACC
AGGCTTCCCATGTCTGGCATTCCGTGCATTATATGATATTTGGCGGCACGTCTGTACCAGTAAATTCTGGTAGCACCCCCTAGTTACAATAATTGCAGACACTCAGCGCGTACG
ACCCCCTAGTTACATATGCAGACACT

Genomic sequence of the 3T3-L1 f,-adrenergic receptor
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The reading frame of the gene is translated and shown below the sequence. Glucocorticoid response elements, defined by a
‘consensus sequence, are marked above the sequence by circles. The filled circles indicate glucocorticoid response elements
whose orientation and position are conserved in the human g,-adrenergic receptor gene. An exact match to the reverse of an
8 bp TRE consensus sequence is underlined.

respectively, of the region bounded by the arrows] were
also very similar. The 1263 bp of the 5" region which were
analysed were 73 ¢, similar and the 921 bp of the 3’ region
were 799, similar. Because of the differences in phar-
macology between f,- and f,-adrenergic receptors, and
because the similarity at the protein level is only 549, it
was not surprising that there was less similarity (36 °,) in
the coding regions of the mouse f,-adrenergic receptor
and the human g,-adrenergic receptor genes. This is
represented in the dot-matrix comparison of the 3T3-L1
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mouse f,-adrenergic receptor sequence with the human
B,-adrenergic receptor sequence (Fig. 2b). Sequence simi-
larity in the coding regions between these two receptors
can only be seen in the putative transmembrane spanning
regions as previously reported (Frielle et al., 1987). There
is little similarity between the f,- and pg,-adrenergic
receptor genes in any of the flanking sequences (Fig. 2b).
Although we have only compared the 87 bp of 3" and
206 bp of 5" flanking sequence which were reported with
the g,-adrenergic receptor sequence, a line of identity in
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Fig. 2. Dot-matrix comparison of the mouse 3T3-L1 g,-
adrenergic receptor gene and human g, - and f,-adrenergic
receptor genes

Sequences were compared using the University of
Wisconsin program COMPARE. This program compares
21 bp at a time from the x and y axes and generates a dot
on the matrix when 14 of the 21 bases are identical in both
sequences. (¢) The 3T3-L1 p,-adrenergic receptor gene is
compared with the human f,-adrenergic receptor gene
(Emorine et al., 1987). (b) The 3T3-L1 f,-adrenergic
receptor gene is compared with the human #,-adrenergic
receptor gene (Frielle er al., 1987). The reading frames of
the genes are located between the arrows.

the corresponding short stretch of sequence can be seen
in the dot-matrix comparison of f,-adrenergic receptor
sequences shown in Fig. 2(a). Computer-assisted optimal
alignment did not reveal any similarity in the 5" and 3’
flanking regions of the mouse 3T3-L1 f,-adrenergic
receptor and human f,-adrenergic receptor genes. Com-
parison of the flanking regions of the human f,- and ;-
adrenergic receptor genes also did not reveal any simi-
larity in the 5" and 3’ regions.

Analysis of the 3T3-L1 p,-adrenergic receptor gene
sequence revealed 16 GREs using the consensus sequence
ZGTZCT (Cato et al., 1984). GRE sites are marked by
open and filled circles in Fig. 1. Some of these sites are in
the reverse orientation. Previous studies have determined
that GREs can function in both possible orientations
(Ponta et al., 1985). Five of the GRE sites are conserved
in the same location (within 50 bp) and orientation in the
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human g,-adrenergic receptor sequence. These sites are
identified by filled circles in Fig. 1. One or more of these
conserved GRE sites may be necessary for the regulation
of these receptors by glucocorticoids. Our studies with
the mouse 3T3-L1 cell line show that g,-adrenergic
receptors are not dramatically affected by glucocorticoid
treatment (Nakada et al., 1987). This is reflected by the
absence of numerous GREs in the 3,-adrenergic receptor
sequence reported (Frielle et al., 1987). In the reported
sequence for the pg,-adrenergic receptor gene, which
includes the reading frame and 87 bp upstream and
206 bp downstream, only one exact match with the GRE
consensus sequence was found, approximately halfway
into the reading frame. In contrast, in the comparable
sequence for the 3T3-L1 mouse f,-adrenergic receptor
sequence which is regulated by glucocorticoids, 5 GRE
sites are present, none of which correspond in location to
the site found in the B,-adrenergic receptor sequence.

We searched the f,-adrenergic receptor gene for TREs,
which mediate the enhancement of gene expression by
phorbol esters. Previous studies have shown that phorbol
esters can regulate receptor activity epigenetically
through the activation of protein kinase C (Kelleher
et al., 1984, Sibley et al., 1984), but there have been no
studies on the effects of phorbol esters on f-adrenergic
receptors at the genetic level. An identical match to
the reverse of an 8bp TRE consensus sequence
(TGAGTCAG) (Angel et al., 1987; Chiu et al., 1987)
was found in the 3T3-L1 sequence (Fig. 1) 1 kb 3’ to the
coding region of the gene.

Radioligand binding studies were used to determine
what effect phorbol esters might have on g-adrenergic
receptor number and subtype and on the regulation by
dexamethasone and butyrate. Cells were treated for 48 h
with or without dexamethasone, which caused an increase
in #,-adrenergic receptor expression. At this time phorbol
ester was added to the cultures. After 48 h, membranes
were prepared from the cells and assayed for g-adrenergic
receptor subtype and number by radioligand binding.
These treatments had no effect on cell viability as assessed
by Trypan Blue dye exclusion by the cells. Control levels
of p,-adrenergic receptors were not affected (P < 0.25)
by phorbol dibutyrate treatment. However, phorbol
esters prevented the level of pg,-adrenergic receptors
from remaining high in the continued presence of
dexamethasone (Fig. 3a). Cells which were exposed only
to dexamethasone continued to express high levels of f,-
adrenergic receptors, but cells which were treated with
dexamethasone and subsequently with phorbol ester had
reduced levels (P < 0.0025) of fg,-adrenergic receptors
compared with those treated with dexamethasone alone.
When the same experiment was performed using butyrate
to induce f,-adrenergic receptor expression, phorbol
ester had no effect (P < 0.25) on the regulation of receptor
number or subtype.

Dexamethasone treatment also caused a small but
significant (P < 0.05) reduction in g,-adrenergic recep-
tors (Fig. 3b). This effect on g,-adrenergic receptors
was not observed with butyrate treatment. Phorbol ester
did not change pg,-adrenergic receptor expression in
control cells (P < 0.25) or in butyrate-treated cells
(P < 0.10), but did inhibit the dexamethasone-mediated
decrease in f,-adrenergic receptors (P < 0.025).

Phorbol ester affected two glucocorticoid-mediated
processes, the increase in f,-adrenergic receptors and the
decrease in f,-adrenergic receptors, but had no effect
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Fig. 3. Effect of phorbol dibutyrate on the regulation of
p-adrenergic receptors by dexamethasone or butyrate

Cells were treated with () or without ((J) 250 nm-
dexamethasone (Dex.) or 5 mM-butyrate for 48 h. At this
time, 100 nM-phorbol dibutyrate was added to some of the
cultures. The cells were harvested 48 h later and membranes
were prepared for radioligand binding using !2ICYP as
described in the Materials and methods section. (a) Regula-
tion of p,-adrenergic receptors; (b) regulation of f,-
adrenergic receptors. The values represent the means+
s.E.M. of four experiments assayed in duplicate. Asterisks
signify P < 0.05.

on control or butyrate-treated cells. We examined the
possibility that phorbol esters reduced the number of
glucocorticoid receptors, since this phenomenon has
previously been observed (Davidson & Slaga, 1982; Salo
& Oikarinen, 1985). Saturation binding of [*H]dexa-
methasone to whole cells revealed that phorbol ester
treatment of cells for 48 h caused a 43, decrease in the
total number of [*H]dexamethasone-binding sites from
61000 + 8400 sites per cell in controls to 34800+ 8400
sites per cell in phorbol ester-treated cells (n = 4). This
difference was significant, with P < 0.05.

We investigated a possible mechanism by which
glucocorticoids and butyrate might act to regulate f,-
adrenergic receptor gene expression. A CG-rich region
exists 5’ to the coding region of the f,-adrenergic receptor
gene, beginning 700 bp upstream from the start of the
gene and ending approx. 200 bp into the gene. We used
methylation-sensitive restriction enzymes to determine if
changes in methylation of this promoter region occurred
upon treatment with dexamethasone or butyrate.
Genomic 3T3-L1 DNA was isolated from control cells or
cells treated for 24 h with 250 nM-dexamethasone,
5 mM-sodium butyrate, 1 uM-phorbol dibutyrate, or a
combination. This DNA was digested with Hpall or
Mspl, separated on an agarose gel, blotted on to nitro-
cellulose and probed with a radioactively labelled 1.4 kb
Kpnl fragment from the 3T3-L1 fg,-adrenergic receptor
gene which began 850 bp 5 to the gene and ended
500 bp into the coding region. These Southern blots
revealed bands which contained a portion of the CG-
rich 5" region of the f,-adrenergic receptor gene (Fig. 4).

The enzymes Hpall and Mspl are isoschizmers which
recognize the same CCGG site but differ in their ability
to cut when cytosine residues within their recognition site
are methylated. Hpall does not cut when the internal
cytosine is methylated whereas Mspl cuts regardless of
the methylation status of the internal cytosine (Razin &
Szyf, 1984). Mapping of Hpall/Mspl sites in the region
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Fig. 4. Effects of dexamethasone and butyrate treatment of
3T3-L1 cells on DNA methylation as determined by
restriction enzyme digestion

DNA was isolated from cells after treatment with medium
alone (C), 5 mM-butyrate (B), 250 nM-dexamethasone (D),
I uM-phorbol dibutyrate (P), or a combination for 24 h.
DNA was digested with Hpall (left) or Mspl (right) and
25 ug was loaded per lane in an 0.89, agarose gel. After
electrophoresis, Southern blotting was performed as
described in the Materials and methods section. The
numbers on the left mark the positions of DNA standards,
whose sizes are given in kb.

of DNA which we cloned predicts fragments of the
following sizes (from 5" to 3"): > 1611 bp, 50 bp, 152 bp,
21 bp, 21 bp, 43 bp, 18 bp, 129 bp, 85 bp, 53 bp, 689 bp,
> 3428 bp. The sizes of the first and last fragments cannot
be accurately determined because, for each, one site lies
beyond the region which was sequenced. Fragments
smaller than 200 bp, under the conditions employed,
were not detected. The fragment of > 3.4 kb does not
overlap with the probe used. This leaves two fragments,
> 1.6 kb and 0.7 kb, which were observed after digestion
with Mspl (Fig. 4). This same digestion pattern was
observed for all the cell treatments. If all Hpall sites were
unmethylated, then the banding pattern for Hpall should
appear identical to that of Mspl. Instead, these expected
bands were not observed upon Hpall digestion (Fig. 4),
suggesting that most, or all, of the sites studied were
methylated and remained methylated upon dexa-
methasone or butyrate treatment. '

DISCUSSION

Sequencing of the 3T3-L1 mouse pg,-adrenergic
receptor gene and its flanking regions allowed us to
compare the regulatory regions of this gene with those of
other f-adrenergic receptor sequences. A similar com-
parison of the flanking regions of the pg,-adrenergic
receptor genes from hamster and human has previously
been reported (Kobilka ef al., 1987). The high degree of
conservation (approx. 75 %) of large stretches (1 kb) of
3’ and 5’ flanking regions from species to species suggests
that important regulatory elements are necessary for
proper control of receptor expression, and have there-
fore been preserved. Humans and rodents diverged
approximately 75 million years ago. Using the rate of
accumulation of mutations during evolution (about 19,
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per million years) to calculate the expected similarity of
human and rodent sequences under no selective pressure,
a value of 52°, has been derived (Yaffe er al., 1985).
Since the similarities of the #,-adrenergic receptor 5" and
3’ flanking regions from mouse and human (73°, and
79°, respectively) are significantly greater than this
calculated value, these regions probably contain genetic
elements which are required to regulate receptor ex-
pression and have therefore been subject to selective
pressure to preserve their sequences.

The g,- and p,-adrenergic receptors differ significantly
both in their coding sequences and in their 3' and 5’
flanking sequences. This difference is reflected in the
abilities of gene-activating agents such as glucocorticoids
and butyrate to independently regulate the two g-
adrenergic receptor subtypes. It has been proposed that
the S-adrenergic receptor evolved from an ancestral gene
which also gave rise to a number of other G-protein-
coupled receptors (Ohno, 1987). From the parental -
adrenergic receptor, at least two subtypes were generated.
The p,-adrenergic receptor may have lost the ability to
be regulated by gene-regulating compounds such as
glucocorticoids or butyrate, or alternatively, the f,-
adrenergic receptor subtype may have acquired this
ability. The purpose for this difference may lie in the
functions of the two receptors. The £,-adrenergic receptor
is generally considered to be a neurotransmitter receptor
(Broadley et al., 1986). An increase in the number of j3,-
adrenergic receptors on a target cell might not dra-
matically change the sensitivity of the cell to the large
quantities of neurotransmitter released at the synapse.
On the other hand, f,-adrenergic receptors respond to
very minute amounts of circulating hormone. An increase
in the number of receptors on a cell’s surface would
enhance the ability of the cell to detect circulating
catecholamines. Genetic analyses of the regulatory
sequences of the two subtypes confirm the observed
physiological controls of receptor subtype expression
and offer an explanation as to why the subtypes differ in
genetic regulation.

Only one GRE site was found in the reported fj,-
adrenergic receptor sequence (Frielle et al., 1987), while
five GRE sites were found in a comparable region of
3T3-L1 B,-adrenergic receptor sequence. This reflects the
receptor regulation observed with glucocorticoid treat-
ment of 3T3-L1 cells. £,-Adrenergic receptors doubled in
number whereas there was only a small, but significant,
decrease in $,-adrenergic receptors (Nakada et al., 1987).
It is possible that the GRE site which was found in the
B,-adrenergic receptor sequence may act to mediate this
inhibition. GRE sites are known to mediate both gene
activation (Evans et al., 1982) and suppression (Adler
et al., 1988).

An exact match to the reverse of an 8 bp TRE
consensus sequence was found 1 kb 3’ to the mouse f,-
adrenergic receptor gene. Phorbol ester induction of
genes has been proposed to occur through genetic
elements analogous to those used by glucocorticoids
(Angel et al., 1987). Enhancer sequences similar to GREs
can exist in both orientations and be located either 5" or
3’ to the gene. A specific 8 bp sequence will occur
randomly only once in every 65 kb. The close proximity
of this site to the p,-adrenergic receptor gene, the
proposed similarity of action of TRE and GRE sites, and
the discovery of an identical sequence located at a similar
distance from. the human g,-adrenergic receptor gene,

M. T. Nakada and others

led us to investigate whether phorbol esters may play a
role in the genetic regulation of f,-adrenergic receptors.
We found that phorbol esters partially inhibited the
increase in f,-adrenergic receptors elicited by dexa-
methasone treatment, but did not affect the increase in
p,-adrenergic receptors caused by butyrate (Fig. 3a). The
effects of phorbol esters were specific to dexamethasone-
mediated changes in receptor expression.

Phorbol esters did not affect control levels of g,- or j,-
adrenergic receptors, suggesting that they did not play a
direct role in the activation of the receptor genes. A
possible mechanism for the actions of phorbol esters on
glucocorticoid-mediated effects was.inactivation of the
glucocorticoid receptor. [*PH]Dexamethasone binding
sites were reduced in cells treated with phorbol esters. It
has been previously demonstrated that glucocorticoid
receptor levels can be reduced by prolonged treatment
with phorbol esters (Davidson & Slaga, 1982; Salo &
Oikarinen, 1985). Phorbol esters do not seem to regulate
f,-adrenergic receptor expression through a TRE site,
but instead down-regulate glucocorticoid receptor levels
through an unknown mechanism.

The studies addressing the methylation status of the
CGe-rich promoter region of the 3T3-L1 f,-adrenergic
receptor gene do not support a proposed role for
methylation in the regulation of f,-adrenergic receptor
gene expression by dexamethasone or butyrate. Because
Hpall digestion did not generate any of the smaller
fragments seen with digestion by Mspl, we conclude that
the sites which generated the Mspl fragments were
methylated, and remained methylated while the cells
were treated with dexamethasone or butyrate. The
inability of Hpall to cut the DNA was not due to
inactivation of the restriction enzymes by contaminants
in the genomic DNA, since plasmid DNA containing the
p.-adrenergic receptor gene was completely cut by the
enzymes in the presence of 3T3-L1 DNA (results not
shown). v

Previous studies using a similar methodology have
been able to detect changes in' methylation (Compere
& Palmiter, 1981). Because < 159, of the total CG
dinucleotides in the DNA are recognized with this
technique, it is possible that specific sites at which
methylation plays an important role in gene activation
were not detected in this study.

We have previously characterized the effects of two
gene-regulating agents, glucocorticoids and butyrate,
on p-adrenergic receptor expression in 3T3-L1 cells.
Sequencing of the 3T3-L1 g,-adrenergic receptor revealed
GRE sites which may function to mediate glucocorticoid-
induced increases in receptor number. A phorbol ester-
responsive element was also found which does not appear
to play a role in receptor regulation at the genetic level.
Surrounding the promoter region of the gene lies a CG-
rich region which is generally methylated. Regulation of
f,-adrenergic receptor expression does not appear to be
correlated with changes in the methylation of this region,
but may instead be correlated with other changes such as
DNA unwinding or histone modification. The inde-
pendent regulation of the two pg-adrenergic receptor
subtypes is parallelled by the difference in their flanking
sequences.

The authors would like to thank Drs. J. Balcarek, C. Grier,
P. Nambi, T. R. Butt and K. B. Tan for helpful comments.

1989



B,-Adrenergic receptor regulation in 3T3-L1 cells

REFERENCES

Adler, G. K., Smas, C. M. & Majzoub, J. A. (1988) J. Biol.
Chem. 263, 58465852

Allen, J. M., Baetge, E. E., Abrass, I. B. & Palmiter, R. D.
(1988) EMBO J. 7, 133-138

Angel, P, Imagawa, M., Chiu, R., Stein, B., Imbra, R.J.,
Rahmsdorf, H. J,, Jonat, C., Herrlich, P. & Karin, M. (1987)
Cell 49, 729-739

Benovic, J. L., Kuhn, H., Weyland, I., Codina, J., Caron,
M. G. & Lefkowitz, R.J. (1987) Proc. Natl. Acad. Sci.
U.S.A. 84, 8879-8882

Boffa, L. C., Gruss, R.J. & Allfrey, V. G. (1981) J. Biol.
Chem. 256, 9612-9621

Broadley, K. J., Chess-Williams, R. G. & Grassby, P. F. (1986)
J. Physiol. (London) 373, 367-378

Cato, A.C. B., Geisse, S., Wenz, M., Westphal, H. M. &
Beato, M. (1984) EMBO J. 3, 2771-2778

Chiu, R:, Imagawa, M., Imbra, R. J., Bockoven, J. R. & Karin,
M. (1987) Nature (London) 329, 648—651

Christman, J. K., Weich, N., Schoenbrun, B., Schneiderman,
N. & Acs, G. (1980) J. Cell Biol. 86, 366-370

Compere, S. J. & Palmiter, R. D. (1981) Cell 25, 233-240

Davidson, K. A. & Slaga, T. J. (1982) J. Invest. Dermatol. 79,
378-382

Dixon, R. A. F., Kobilka, B. K., Strader, D. J., Benovic, J. L.,
Dohlman, H. G., Frielle, T., Bolanowski, M. A., Bennett,
C. D.,Rands, E., Diehl, R. E., Mumford, R. A, Slater, E. E.,
Sigal, I. S., Caron, M. G., Lefkowitz, R. J. & Strader, C. D.
(1986) Nature (London) 321, 75-79

Doerfler, W. (1983) Annu. Rev. Biochem. 52, 93-124

Emorine, L. J., Marullo, A., Delavier-Klutchko, C., Kaveri,
S. V., Durieu-Trautmann, O. & Strosberg, A. D. (1987) Proc.
Natl. Acad. Sci. U.S.A. 84, 6995-6999

Evans, R. M., Birnberg, N. C. & Rosenfeld, M. G. (1982) Proc.
Natl. Acad. Sci. U.S.A. 79, 7659-7663

Frielle, T., Collins, S., Daniel, K. W., Caron, M. G., Lefkowitz,
R. J. & Kobilka, B. K. (1987) Proc. Natl. Acad. Sci. U.S.A.
84, 7920-7924

Received 2 August 1988/11 January 1989; accepted 18 January 1989

Vol. 260

59

Kelleher, D. J., Pessin, J. E., Ruoho, A. E. & Johnson, G. L.
(1984) Proc. Natl. Acad. Sci. U.S.A. 81, 43164320

Kobilka, B.K., Frielle, T., Dohlman, H. G., Bolanowski,
M. A., Dixon, R.A. F, Keller, P, Caron, M.G. &
Lefkowitz, R. J. (1987) J. Biol. Chem. 262, 7321-7327

Lai, E., Rosen, O. M. & Rubin, C. S. (1982) J. Biol. Chem. 257,
6691-6696

Lands, A. M., Arnold, A., McAuliff, J. P., Luduena, F.P. &
Braun, T. G. (1967) Nature (London) 214, 597-598

Nakada, M. T., Stadel, J. M., Poksay, K. S. & Crooke, S. T.
(1987) Mol. Pharmacol. 31, 377-384

Nambi, P., Whitman, M. H., Schmidt, D. B., Heckman, G. D.,
Stassen, F. L. & Crooke, S. T. (1986) Biochem. Pharmacol.
35, 3813-3820

O’Donnell, S. R. & Wanstall, J. C. (1987) Trends. Pharmacol.
Sci. 8, 265-268

Ohno, S. (1987) Proc. Natl. Acad. Sci. US.A. 84, 6486-
6490

Ponta, H., Kennedy, N., Skroch, P., Hynes, N. E. & Groner, B.
(1985) Proc. Natl. Acad. Sci. U.S.A. 82, 1020-1024

Razin, A. & Szyf, M. (1984) Biochim. Biophys. Acta 782,
331-342

Salo, T. & Oikarinen, J. (1985) Biochem. Biophys. Res.
Commun. 130, 588-595

Saluz, H. P., Jiricny, J. & Jost, J. P. (1986) Proc. Natl. Acad.
Sci. U.S.A. 83, 7167-7171

Sanger, F., Nicklen, S. & Coulson, A. R. (1977) Proc. Natl.
Acad. Sci. U.S.A. 74, 5463-5467

Sibley, D. R., Nambi, P., Peters, J. R. & Lefkowitz, R. J. (1984)
Biochem. Biophys. Res. Commun. 121, 973-979

Smith, T. F. & Waterman, M. S. (1981) Adv. Appl. Math. 2,
482-489

Stadel, J. M., Poksay, K. S., Nakada, M. T. & Crooke, S. T.
(1987) Eur. J. Pharmacol. 143, 3544

Szyf, M., Eliasson, L., Mann, V., Klein, G. & Razin, A. (1985)
Proc. Natl. Acad. Sci. U.S.A. 82, 8090-8094

Yaffe, D., Nudel, U., Mayer, Y. & Neuman, S. (1985) Nucleic
Acids Res. 13, 3723-3737



