Proc. Natl. Acad. Sci. USA
Vol. 91, pp. 4864-4866, May 1994
Cell Biology

Posttranscriptional mRNA processing as a mechanism for
regulation of human A; adenosine receptor expression
(alternative splicing/translational regulation/receptor regulation)

HoNGzu REN AND GARY L. STILEs*

Departments of Medicine and Pharmacology, Duke University Medical Center, Durham, NC 27710

Communicated by Robert J. Lefkowitz, February 18, 1994 (received for review January 10, 1994)

ABSTRACT The human A, adenosine receptor gene con-
tains six exons with exons 1, 2, 3, 4, and part of 5 representing
5’ untranslated regions. Reverse transcription-PCR with exon-
specific primers showed two distinct transcripts containing
either exons 3, 5, and 6 or exons 4, S, and 6, with exons 3 and
4 being mutually exclusive. No mature mRNAs containing
exons 1 and 2 have been detected. All human tissues that
express any A, receptors contain mRNA with exons 4, 5, and
6. Tissues which express high levels of A, receptors contain
mRNA with exons 3, 5, and 6. Exon 4 contains two upstream
ATG codons whereas exon 3 contains none. COS cells trans-
fected with expression vectors containing exon 4 (exons 1-6,
3-6, or Ex4-6) express much lower levels of A; receptors than
vectors without exon 4 (exoms 3, 5, and 6). Mutation of
upstream ATG codons in exon 4 leads to 3- to 7-fold increased
A, receptor expression, up to the level seen with the construct
containing exons 3, 5, and 6. Thus, in human tissues ‘‘basal’’
levels of A; receptors can be expressed by use of mRNA
containing exons 4, 5, and 6, but when high levels are needed,
alternative transcripts with exons 3, 5, and 6 are produced.

A, adenosine receptors mediate a wide range of physiological
effects including inhibition of neurotransmitter release, sup-
pression of heart rate and contractility, inhibition of lipolysis,
and regulation of smooth muscle tone (1). Activation of A;
receptors may produce a dramatic cardioprotective effect
against ischemic heart damage (2). Factors which regulate A;
receptor expression in tissues thus become critically impor-
tant in understanding physiologic and therapeutic processes.
We have recently cloned the human A, receptor gene and
found it to contain six exons in which exons 1-4 and part of
exon 5 represent 5’ untranslated regions, while the 3’ end of
exon 5 and exon 6 represent coding and 3’ untranslated
sequence (3). Although exons 1 and 2 are not expressed in
mature transcripts in any human tissue studied thus far, they
have been detected in a human brain cDNA library (3). Exons
3 and 4 are mutually exclusive, giving rise to two classes of
mRNA containing either exons 3, 5, and 6 or exons 4, 5, and
6 (3). All human tissues known to express even low levels of
A, adenosine receptors contain mRNA with exons 4, §, and
6, whereas tissues such as brain, kidney, or testis, which
express high levels of A, receptors, also contain mRNAs with
exons 3, 5, and 6 (3). Thus, tissue-selective expression of
exons 3, 5, and 6 may be the mechanism whereby high levels
of A, receptors are produced. In this report, we document
that exon 4 specifically inhibits the expression of the human
A receptor by use of two upstream ATG codons in exon 4.
Mutation of these two ATG codons leads to relief of inhibi-
tion such that A; receptor expression equals that seen with
mRNAs containing exon 3, which contains no ATG codons
3).
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MATERIALS AND METHODS

Construction of Plasmids Used for Transfection. PCR clon-
ing was used to construct a series of plasmids for transient
transfection of COS-7 cells. The vector used was pCMV5
digested with EcoRI and Xba I (3). Plasmids were named
according to the exons of the A, receptor gene that were
included in the inserts; for example, the Ex356 insert includes
exons 3, 5, and 6.

The template for inserts of Ex1-6, Ex3-6, Ex4-6, and
Ex56 was human A, receptor cDNA clone 7A (3). The
template for insert of Ex356 was the first-strand cDNA
reverse transcribed from human testis total RNA. The down-
stream primer used in PCR for all five plasmid inserts was
3UTXb (5'-ACCCCICTAGATGTGGGCTGGTGGGA-3'),
which had an artificial Xba I site (underlined) for cloning and
in which the remaining sequence was complementary to the
human A, receptor cDNA sequence 1406-1431.

The upstream primers used in PCR were as follows: For
Ex1-6, primer KS (5'-CGAGGTCGACGGTATCG-3’)
(Stratagene); for Ex3-6 and Ex356, Ex3Eco (5'-TGGAAG-
GAATTCCTGGAGCTAGCGGCTGCTGAA-3'); for
Ex4-6, Ex4Eco (5'-TTGGTGAGAATTCGCCGGGCTGG-
GAGCGCTGCG-3'); for Ex56, ExSEco (5'-GCCTGTG-
GAATTCATGCCGCCCTCCATCTCAGCTT-3'). All of
those above primers except KS have an artificial EcoRlI site
(underlined) for cloning after PCR. The PCR product of
Ex1-6 has an original EcoRI cloning site. The PCR was
performed in 100 ul with 2 units of Vent DNA polymerase
(New England Biolabs) in a Perkin—-Elmer 480 thermal cycler.
The cycle program used was 95°C for 1 min and 70°C for 2 min
for 45 cycles.

The PCR fragments were purified with a Qiaex DNA
purification kit (Qiagen, Chatsworth, CA) after separation in
1% agarose gel. Then they were digested with EcoRI and Xba
I and again purified with Qiaex. The digested inserts and
vector were ligated and used to transform Escherichia coli
XL1-Blue cells (Stratagene). The isolated colonies contained
the expected recombinant plasmids, which were confirmed
by DNA sequencing.

Construction of Mutant Plasmids. To study the effect of
upstream AUG codons in exon 4 on expression of human A,
receptors, three mutant plasmids were constructed with PCR
cloning. The mutant ATG1 has the first AUG codon in exon
4 (bases 237-239) mutated to GGG. The mutant ATG2 has the
second AUG codon in exon 4 (bases 351-353) mutated to
GGG. The mutant ATG12 has both of those AUG codons
mutated to GGG. The primers used in PCR were as follows:
For ATG1, the upstream primer was Ex4MUT (5'-
CTGGGAGCGCTGCGGCGGGAGCCGGAGGACTGG-
GAGCTGC-3’) and the downstream primer was 3UTXb; for
ATG?2, the upstream primer was Ex4Eco and the downstream

Abbreviation: DPCPX, 8-cyclopentyl-1,3-dipropylxanthine.
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primer was Ex54 (5'-GGGCACCAAGGGGCACGAG-
GCAAGCACCCCCCTGCCTGCT-3'), which is complemen-
tary to cDNA sequence 341-380; for ATG12, the upstream
primer was Ex4MUT and the downstream primer was Ex54.
The template used in PCR was the plasmid Ex4—6 described
above, and PCR conditions were as above except that 35
cycles were programed.

The PCR fragment ATG1 was digested with Eco471II and
Xba 1, purified with Qiaex, and ligated to plasmid Ex4—6 that
had been digested with the same enzymes. The PCR fragment
ATG2 was digested with EcoRI and Sty I, purified with
Qiaex, and ligated to pCMYVS5 digested with EcoRI and Xba
I and a fragment (=1 kb) isolated from the Sty I/Xba I
digestion of Ex4-6. The PCR fragment ATG12 was digested
with Eco47111 and Sty I, purified with Qiaex, and ligated with
a fragment isolated from the Sty I/Xba I digestion of plasmid
Ex4-6 (same as for ATG2), and the same plasmid used for
ATG1 ligation. The sequences of PCR-generated fragments
in all three mutant plasmids were confirmed with DNA
sequencing.

Transfection of COS-7 Cells. In all experiments, 15 ug of
plasmid DNA was transfected into COS-7 cells as described
).

Radioligand Binding of Transfected COS-7 Cell Mem-
branes. About 72 hr after transfection, the cell membranes
were prepared for radioligand binding (4). The procedure
used was essentially the same as in ref. 4 except that the
radioligand used was the 3H-labeled A, receptor antagonist
8-cyclopentyl-1,3-dipropylxanthine (PH]JDPCPX) instead of
the 125]-labeled agonist N-[2-(4-aminophenyl)ethyl]adeno-
sine (1ZI-APNEA).

Northern Blot Analysis. Total RNA was isolated from the
transfected COS-7 cells 48-72 hr after transfection by using
TriZOL reagent (GIBCO/BRL) according to the manufac-
turer’s instructions. Poly(A)* RNA was isolated according to
Celano et al. (5) and was loaded onto a 1% agarose/form-
aldehyde gel (6). After electrophoresis, RNA was transferred
to a Zeta-Probe membrane (Bio-Rad) (7). The membrane was
then prehybridized and hybridized as described (4). The
hybridization probe, labeled by random priming, was the
entire coding sequence of the human A; receptor. After
overnight hybridization, the membrane was washed in 15 mM
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FiGg. 1. A, receptor expression, measured as maximal [3H]-
DPCPX binding capacity in membrane preparations from cells trans-
fected with pCMVS vectors. The exons (Ex) represented in the
pCMYVS5 expression vectors transfected into COS-7 cells are shown
under each bar representing the calculated receptor expression level
relative to that of Ex356 (100%). Radioligand binding was assessed
as described (4). The standard error (n = 4) is indicated above each
bar except for Ex356, which is expressed as 100%.
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Fi1G. 2. Northern blot analysis of the poly(A)* RNAs isolated
from COS-7 cells transfected with expression vectors with or without
exon 4. RNA samples were harvested 4872 hr after transfection and
mRNA was prepared as described (4). The upper transcripts were
visualized with 32P-labeled human S-adenosylhomocysteine hydro-
lase cDNA and the lower transcripts were visualized with 32P-labeled
human A; receptor coding sequence cDNA. The order of samples
loaded is, from left to right, untransfected COS-7 cells as negative
control and cells transfected with Ex1-6, Ex3—-6, Ex4-6, Ex56, or
Ex356. This experiment was replicated several times.

NaCl/1.5 mM trisodium citrate, pH 7/0.1% SDS at 60°C
twice for 10 min and once for 30 min. The blot was later
reprobed with random-priming-labeled human S-adenosyl-
homocysteine hydrolase cDNA (8) and washed in 150 mM
NaCl/15 mM trisodium citrate, pH 7/0.1% SDS at 55°C twice
for 10 min.

RESULTS AND DISCUSSION

pCMYVS constructs containing various combinations of 5’
untranslated regions along with coding sequence were tested
for translatability in COS-7 cells. The ‘‘natural’’ constructs
containing exons 3, 5, and 6 or exons 4-6 were compared
with constructs containing only coding sequence—exons 5
and 6—or exons 1-6 or exons 3—6. These latter motifs are not
found in human tissues but allow analysis of the effect exons
3 and 4 in tandem. As seen in Fig. 1, constructs without exon
4 (i.e., Ex56 and Ex356) expressed higher levels of A;
adenosine receptors than any construct with exon 4. Ex356
expressed A, receptors at 37 times the level seen with other
constructs. There are no ATG codons in exon 3. Exons 3 and
4 contain 100 and 154 bases, respectively, so that overall
length is not likely to be a critical factor.

The levels of mRNA observed with the five constructs
were essentially the same (Fig. 2), indicating that the differ-
ence in receptor expression was not a consequence of dif-
ferences in mRNA quantity or half-life. S-Adenosylhomo-
cysteine hydrolase mRNA served as a control.

The locations of upstream ATG codons in exon 4 are
shown in Fig. 3. The upstream ATG codons in exon 4 code
for open reading frames of 50 and 12 amino acid residues,
6
T

6
6CCE666CTE66AECE6CTECE66CE666A6CC66A66ACTATESE

AGCTE6CCE6CE6CETTETCCAGAGBCCCAGCCCAGCCCTACSC
6C6C66CCCE66AGCTCTETTCCCTE66AACTTTE66CACTEC

66
CTCT666ACCCCTECCE66CCAGCAGE6CAG6ATGE66TECTTEC
EXON 4 } EXON S

CTC6TECCCCTTE6TECCCETCTECTE6ATETECCCAGBCCTET

6CCC6CCATBECCECCCTCCATCTCAGBCTTTCCABGECCGECC
—g Coding sequence

Fic. 3. Complete sequence of exon 4 and partial sequence of
exon 5 of human A; receptor cDNA, showing the locations of point
mutations. All four ATG codons including the A; receptor initiation
codon are underlined. The first and the second upstream ATG
codons in exon 4 were mutated to GGG as indicated (7). The vertical
arrow indicates the border between exon 4 and exon 5. The hori-
zontal arrow indicates the beginning of coding sequence. The se-
quence starting at the top represents the beginning of exon 4 (3).
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respectively, which are in frame with the receptor open
reading frame, and the stop codon shared by the two up-
stream open reading frames is located 21 bases upstream of
the A, receptor start codon. Therefore, there is no possibility
of creating A; receptors with extended amino-terminal tails.
Also shown is an ATG codon upstream.of the ATG initiation
codon in exon 5 which has none of the typical Kozak
consensus sequence (9) and appears to have no dramatic
effect on expression as shown in Fig. 1, since its removal in
construct Ex56 did not enhance A; receptor expression
compared with that from construct Ex356. When the ATG
codons in exon 4 were mutated to GGG individually and
concurrently the expression of the A, adenosine receptor
increased dramatically (Fig. 4). ATG1 is the most 5’ ATG and
ATG?2 is at the junction of exons 4 and 5. The effects of the
mutation are additive, since the construct with both ATG
codons mutated demonstrated the highest expression and
closely approached the A; receptor level observed with the
construct Ex356. This suggests that both ATG codons con-
tribute to the repression of A; receptor expression. Five-
prime untranslated regions which contain G+C-rich leader
sequences have been shown to contribute to suppression of
translation in a number systems (10). Although the G+C
content of exon 4 is very high at 73%, our data show that G+C
richness is not a likely source of receptor suppression since
the ATG12 mutant was expressed equally as well as the
Ex356 construct even though it contained the G+C-rich
region. Moreover, Northern analysis of poly(A)* RNA iso-
lated from transfected COS-7 cells showed nearly equal
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FiG.4. Maximal [*BH]DPCPX binding capacity of membrane from
COS-7 cells transfected with mutant vectors. The exons or the
mutations in exon 4 represented in the expression vector (pCMVS5)
transfected into COS-7 cells are listed under each individual bar.
Expression of A; receptor is shown as the percentage relative to the
expression level of Ex356. The standard error (n = 3) is indicated
above each bar except for Ex356.
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a;noun)ts of transcripts for all constructs in Fig. 4 (data not
shown).

Receptor regulation is known to occur in response to
hormonal, environmental, or developmental changes and to
provide tissue specificity (1). Regulation has been demon-
strated at the level of protein modification, transcription, and
message stability (1). These data represent an example where
alternative forms of receptor mRNA are utilized to regulate
the level of receptor in a tissue-specific manner, presumably
by translational suppression. Upstream ATG codons are well
known to be involved in the translational regulation of gene
expression (11-13). These ATG codons tend to be inhibitory
and are found in transcripts which code for critical regulatory
proteins such as protooncoproteins, transcription factors,
and inflammatory mediators (10, 14-20). Howeyver, this re-
pression is constant and is not modulated with alternative
transcripts or in a tissue-specific manner. Thus, although
inhibition of translation by upstream ATG codons, G+C-rich
secondary structure, or leader length is well documented in
yeast and some higher organisms, this specific regulation of
the human A, adenosine receptor by use of a selective
exon-induced repression of expression (most likely transla-
tion) alppeam to provide another mechanism for receptor
control.
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