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SUMMARY

Five distinct cDNA clones encoding four different isoforms of
human prostaglandin (PG) E receptor EP, subtype were iso-
lated from a human kidney cDNA library. Two cDNA clones
differed only in their 3’'-untranslated regions. The four isoforms,
tentatively named EP,_,, EP5_,, EP,_y,, and EP5_,,, which were
generated by alternative mRNA splicing, had identical amino
acid sequences except for their different carboxyl-terminal
tails. Transfection experiments revealed that all the four iso-

forms show high binding affinites to PGE,, PGE,, and

M&B28767, an EP,-specific agonist, whereas their down-
stream signaling pathways are divergent. M&B28767 increased
cAMP concentrations in cells expressing EP,, and EP;_,,
whereas it inhibited forskolin-induced cAMP accumulations in

cells expressing all EP; isoforms. M&B28767 also stimulated

phosphoinositide tumover in cells expressing EP;_, and EP .

‘Northem blot analysis revealed that the EP, gene is expressed

in a wide variety of human tissues. The human EP; mRNA was
present most abundantly in the kidney, pancreas, and uterus. A
substantial expression was also detected in the heart, liver,
skeletal muscle, small intestine, colon, prostate, ovary, and
testis. Furthermore, reverse transcription-polymerase chain re-
action analysis demonstrated tissue-specific expressions of the
five different EP; mRNA species. The present study suggests
the presence of the multiple systems of PGE,/EP, isoforms and
leads to the better understanding of its physiological and
pathophysiological implications in humans.

The prostaglandins are oxygenated metabolites of arachi-
donic acid and exert various physiological functions as local
mediators in the body (1). Among them, PGE, has a wide
variety of biological actions that include contraction and re-
laxation of smooth muscle, modulation of neurotransmitter
release, inhibition of gastric acid secretion, and inhibition of
water reabsorption in renal collecting tubules (2). These ac-
tions of PGE, are believed to be mediated by multiple recep-
tors that elicit cellular responses by activating G proteins.
PGE receptors have been pharmacologically classified into at
least four subtypes: EP,, EP,, EP,, and EP, (2, 3).

We have succeeded in the isolation of mouse EP,, EP;, and
EP, and bovine EPg subtype cDNAs (4-7) and demonstrated
that they belong to the G protein-coupled receptor superfam-
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ily with seven transmembrane domains. The cDNA sequence
of human EP, subtype has been recently reported by Regan
et al. (8). Our subsequent studies revealed that previously
designated “EP,” subtype is sensitive to AH23848, a specific
antagonist of EP,, and insensitive to butaprost, a specific
agonist of EP, (8a). Therefore, in the present report, we call
the “EP,” subtype originally cloned by Honda et al. and
Bastien et al. (5, 9) “EP,.”

Of particular notice is the presence of multiple EPg iso-
forms, i.e., mouse EPg,, EP;g5, and EP;, and bovine EPy,,
EPgg, EP5, and EPgp,, which differ only in their carboxyl-
terminal tails (7, 10, 11). Furthermore, rabbit and rat EPg
subtypes also have multiple isoforms with divergent carbox-
yl-terminal tails (12, 13). These isoforms are believed to be
generated by alternative mRNA splicing. We previously dem-
onstrated that mouse EPg, and EPgg show different agonist-
induced desensitization in coupling to G; protein (14) and

ABBREVIATIONS: bp, basepair(s); kb, kilobase(s); MES, 4-morpholineethanesulfoic acid; PG, prostaglandin; RT-PCR, reverse transcription-
polymerase chain reaction; SSC, standard saline citrate; IP;, inositol 1,4,5-trisphosphate; CHO, Chinese hamster ovary; SDS, sodium dedocyl

sulfate; M&B28767, .
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A -234 CGGACCAGAGGTTTCCCAGAGAGGAAGGCGTGGCTCCCTCCCGGGCCAGTGAGC

CCTGGCGCCOCCGECGECCGECOETCCCAG GCCGAGTAGCGGCGECEECTCCGCCCCE . ceeeee e SC RCCGCCAG

AAACGCCGACCTCCGCCGCCGCCCGCRCCGCETCTGCCCCCTCCCGCTECGGCTCTCTEGACGCCATCCCCTCCTCACCTCGAAGCCARC

ATGAAGGAGACCCGGGGCTACGGAGGGGATGCCCCCTTC TGCACCCGCCTCAACCAC TCCTACACAGGCATCTGGGRCGCCCGAGCETTCC
M KETRGYGGDAPPCTRTLNUBESTYTGMWATPTETRS
+
GCCGAGGCGCGGGGCAACCTCACGCGCCCTCCAGGGTCTGGCGAGGATTCCGGATCGEGTGTCCCGTGGCCTTCCCGATCACCATGCTGCTC
A EARGNTULTRPPGSGEDT CG G SVSVAPFTPTITMTLIL
+ I
ACTGGTTTCGTGGGCAACGCACTCGCCATGCTCC TCGTETCGCGCAGC TACCGCCGCCGOGAGAGCAAGCGCAAGAAGTCCTTCCTGCTG
T G ¥F VGNALAMLTLTVYVS SRS YRRRES ST KRIKTI KT STETILIL
# # b5 S
TGCATCGGCTGGCTCGCGCTCACCGACCTECTCGGECAGC TTCTCACCACCCCGETCETCATCGTCGTGTACCTCTCCAAGCAGCGTTGG
C I GWILALTUDILVG QLTULTTZ®PVVIVVYVYLSTE KU QTR RHVW

GAGCACATCGACCCGTCGGGGCGGCTCTGCACCTTTTTCGGGC TGACCATGACTGTTTTCOAGCTCTCCTCGTTGTTCATCGCCAGCGCC
EHIDUPSGRILUCTUPFUPFGILTMTVUPFGULSSULUFTIASA
III
ATGGCCGTCGAGCGGGCGC TGGCCATCAGGGCGCCGCACTGGTATGCGAGCCACATGAAGACGCGTGCCACCCGCGCTGTGCTGCTCGGC
M A VERALATIRAPHWY YA ASHMIEKTRATRAVLILG
v

GTGTGGCTGGECCECTECTCGCCTTCGCCCTGCTGCCGETECTCEGACCTCGRGCCACTACACCCTCCACTGGCCCGRGACCTGCTGCTTCATC
VWULAVLAPFALILUZPVLG GV GGQ Y TV QWPGTUWOCGCT FI

AGCACCGGGCGAGGGGGCAACGGGAC TAGC TCTTCGCATAAC TGGGGCAACCTTTTCTTCGCCTCTGCCTTTGCCTTCCTGGGGCTCTIG
S T GR GG NG T S 8 S HNWGNULTPFUPFASATPFATFTULGTULL
+ v
GCGCTGACAGTCACCTTTTCCTGCAACCTGGCCACCATTAAGGCCCTGGTCTCCCECTGCCGGGCCAAGGCCACGGCATCTCAGTCCAGT
A L TVTUPFSCNILATTIIZKALVS SR RUCRAKATASU QS s
' #
GCCCAGTGGGGCCGCATCACGACCGAGACGGCCATTCAGC TTATGGCGATCATCTCCGCTGC TGTCGETCTGCTGGTCTCCGCTCCTGATA
A Q WGRITTUETAI QLMGTIMCVLSVCWSU?PULULI
VI
ATGATGTTGAAAATGATC TTCAATCAGACATCAGTTGAGCACTGCAAGACACACACGGAGAAGCAGAAAGAATGCAACTTCTTCTTAATA
M ML K M I FP NQTSVEHBTCIKTU HTEI KU QI KTET CNUPFPUPFTILTI
vir —
GCTGTTCGCCTGGCTTCACTGAACCAGATC TTGGATCCTTGGGTTTACCTGC TGTTAAGAAAGATCCTTCTTCGAAAGTTTTGCCAG
A VRLASILNGQITLUDUPWVYLULULRIEKTITLTILTR RIEKIEFTCDO Q

pEPR-Ia (EP, )

TCCACCTCCTTACCCTOCCAGTGTTICCTCAACCTTGATCTGGAGCGACCATTTGGAR
I RYHTNNZYASSS ST STLTPCAQCSSTTLMWSTDEHTELE
AGATAATGAAAGAACGGAGTTGGACATTTTATTGCAATTCCTGCTTCCCTGAATTTGCATATTTC TICCCACC TGAGAAGGATAATTATA

PEPR-Ib (EP, )
ATCAGGTACCACACAAACAACTATGCATCCAGCTCCACCTCCTTACCCTGCCAGTGTTCCTCAACCTTGATGTGGAGCGACCATTTGGAA
I RYHTNNTYASSSTSLPCOQCSSTTLMWSTDTEHTLE
AGATGAGAAAAAGAAGAC TCAGAGAGCAAGAGGAATTTTGGGGAAATTAAAACC TGCCTTTCTGCCAGGATCACATCACTGGAAGCTCCA
R *

TGACTCTCTTTTTGTAAAAGAAAAAAAAATCA

PEPR-II (EP, )
GTAGCAAATGCTGTC TCCAGCTGCTCTAATGATGGACAGAAAGGGCAGCCTATC TCATTATC TAATGAAATAATACAGACAGARGCATGA
VANAVSSCSNDGO QKGO QPTISTLSNTETITIQTEA*
AAGAAAACACTTAACTTGCATGTGCACAGCTTCTOGTAACAAATATCGCTAAACCTTACTGTGAATTTAGGCATCTCTGGCATGCCACTG
TTTATGCATTGAAGTGGAATTTTTGGTATAAAGCTAAATGGTCTTAGAAGCATAGAAAATCCCTATCTGCCAAAAGTAGTGAAACACARA
CAAAGGAAAATATATTAATAACAGTCTAGTGTTTTTGTTGAGTCTGCCATTCGTAGCTGAATATGTGATTAATTATGTGATGAAAA
PEPR-III (EP, )

TGCCTTTCTGCCAGGATCACATCACTGGAAGCTCCATGACTCTCTTTTTGTAA
EEF WGN *

PEPR-IV (EP, )
ATGAGAAAAAGAAGACTCAGAGAGCAAGAGGAATTTTGGGGAAATTAAAACCTGCCTTTCTGCCAGGATCACATCACTGGAAGCTCCATG
M RKRRLURTEG QTETETETWGN *

ACTCTCTTTTTGTAAAAGAAAAAAAAAT
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Human Prostaglandin E Receptor EP, Subtype 871

- P-2

P-1 >»——160 bp—< P4

pEPR-II

W

P-1>—133 bp—< P4

P-1>> 394 bp < P-3

Fig. 1. Comparison of nucleotide and deduced amino acid sequences and cDNA structures of pEPR-Ia, -Ib, -Ii, -lll, and -IV and positions of PCR
primers for RT-PCR. A (opposite), Nucleotide sequences are shown in smaller letters, and deduced amino acid sequences are shown in larger
letters. Nucleotides are numbered with + 1, referring to the first nucleotide of the methionine initiation codon. The putative transmembrane domains
(1 through VII) are underlined. *, Potential N-glycosylation sites. #, Potential protein kinase C phosphorylation sites. The 5’ untranslated nucleotide
sequence is of p-EPR-la containing the furthest nucleotide sequence upstream from the initiation codon among the representative five cDNA
clones. B (above), Representation of pEPR-la, -Ib, -lI, -lll, and -IV and positions of PCR primers used for RT-PCR analyses in Fig. 9. Wide areas,
coding region of each clone. Narrow areas, 5’ and 3' noncoding regions. Open and filled areas, nucleotide sequences of the five cDNAs from the
5'-untranslated regions to the 1077th guanine nucleotide. Filled areas, putative transmembrane domain regions. Checkered, shaded, and diagonal
striped areas, regions of pEPR-Ib: positions +1078 to +1169, +1170 to +1196, and +1197 to +1274, respectively. Vertical and horizontal striped
areas, regions of pEPR-la (position +1078 to +1660) and pEPR-II ( position +1078 to +1433), respectively. Arrows, positions of PCR primers and

expected sizes of PCR products.

that mouse EPy, is coupled not only to G; protein but also to
Gg (11), suggesting that different carboxyl-terminal tails are
involved in different second messenger systems. We also
demonstrated that carboxyl-terminal tails of four bovine EP,
isoforms determined their second messenger systems (7).
Very recently, three isoforms of human EPg subtype have
been isolated (15—18). (During the preparation of this manu-
script, Adam et al. (15) and Regan et al. (16) reported the
isolation of three human EP; isoforms, EPg;, EPg,, and
EPg ;y; (15), and the latter group demonstrated that these
isoforms have inhibitory effects on adenylate cyclase path-
way (16), whereas other possible second messenger systems

of EP; isoforms have been unknown.)

In the present study, we isolated five distinct cDNA clones
encoding four different EP; isoforms, designated EPg,,
EPg 5, EP; ypp, and EPg 1y, which are generated by alterna-
tive mRNA splicing. EPg;, EP; 11, and EPg ;;; correspond to
those reported by Adam et al.; however, EP; 1, was a novel
isoform. Transfection experiments showed that the four EP,

isoforms were coupled to multiple second messenger systems,
stimulation and/or inhibition of adenylate cyclase pathway,
and/or stimulation of phosphoinositide turnover. Further-
more, to elucidate the tissue distribution of EP isoforms in
humans, we performed Northern blot and RT-PCR analyses.
The present study will help elucidate the functions of PGE,
and EPg isoforms in humans.

Materials and Methods

Molecular cloning. Approximately 3.0 X 10° plaques from
a human kidney Agtl0 cDNA library (Clontech Laboratories,

Palo Alto, CA) were transferred onto nitrocellulose membranes
(Schleicher & Schuell, Keene, NH) and screened with the 32P-labeled
EcoRVHindIIl mouse EP;, cDNA fragment as a probe (6). Prehy-
bridization and hybridization were performed as described (19) in 5§
SSC containing 25% formamide, 1X Denhardt’s solution, 0.1% SDS,
and 100 pg/ml salmon sperm DNA at 37°. The membranes were
washed in 2X SSC, 0.1% SDS at 37°. Eighteen positive phage clones
were isolated, and their DNAs were purified by the plate lysate
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method (20). Inserts of 1.0-1.9 kb were subcloned into the EcoRlI site
of pBluescript KS(—) vector (Stratagene, La Jolla, CA), which were
sequenced using DyeDeoxy Terminator Cycle Sequencing Kit (Ap-
plied Biosystems, Foster City, CA). These plasmid clones were clas-
sified into five groups based on their nucleotide sequences and re-
striction maps, and the representative clones were designated as
pEPR-Ia, pEPR-Ib, pEPR-II, pEPR-III, and pEPR-IV (Fig. 1).

Genomic Southern blot analysis. Approximately 10 ug of hu-
man genomic DNA isolated from blood leukocytes was digested with
restriction enzymes EcoRI, HindlIll, BamHI, and BglII; electropho-
resed on a 0.7% agarose gel; and transferred onto a Biodyne A nylon
membrane (Pall, Glen Cove, NY) (20). Southern blot analysis was
performed as described previously (21) using the 32P-labeled EcoRl/
BgllI fragment of pEPR-Ia (position —234 to +1016 in Fig. 1A) as a
probe.

Plasmid constructions and transfection experiments. The
HindIIUXbal fragments of pEPR-la, pEPR-II, pEPR-III, and
pEPR-IV were subcloned into a eukaryotic expression vector, pRe/
RSV (Invitrogen, San Diego, CA) and were designated as pRec-
pEPR-1, pRc-pEPR-II, pRc-pEPR-III, and pRc-pEPR-IV, respec-
tively. These plasmids or pRc/RSV alone (mock-transfected as a
control) were transfected transiently into COS-7 cells or CHO cells
by the DEAE-dextran method (22).

Construction of stable CHO cell line. The CHO cells trans-
fected with pRc-pEPR-I, pRc-pEPR-II, pRec-pEPR-III, or pRe-
PEPR-IV were cultured for 72 hr in Ham’s F-12 medium (ICN Bio-
medicals, Tokyo, Japan). Then, CHO cells were reseeded and
cultured in Ham’s F-12 containing 800 ug/ml of the antibiotic G418
(GIBCO-BRL, Grand Island, NY) (23). A CHO cell line was isolated
by a colony, and the expressions of transfected cDNA in several cell
lines were assessed by their specific *HIPGE, binding.

Crude membrane preparation and ligand binding assay.
Seventy-two hours after transfection with pRe-pEPR-Ia, -1I, -III, or
-IV, COS-7 cells were harvested, and crude membranes were pre-
pared as described previously (19). The crude membranes of stable
CHO cells were prepared by the same method. For saturation exper-
iments, 40 ug of crude membrane protein was incubated with 1-32
nM of [5,6,8,11,12,14,15-°HIPGE, (154 Ci/mmol) (Du Pont-New En-
gland Nuclear, Boston, MA) in 100 ul of a solution containing 20 mM
MES/NaOH (pH6.0), 10 mM MgCl,, and 1 mm EDTA at 30° for 1 hr.
For displacement experiments, 40 ug of membrane protein was in-
cubated with 4 nM of [PHIPGE, and unlabeled PGE,, PGE,, and
PGF,, (Nacalai Tesque, Kyoto, Japan), PGD, (Sigma Chemical Co.,
St. Louis, MO), or the EP; receptor agonist M&B28767 (a generous
gift from Dr. M. P. L. Caton, Rhone-Poulenc Ltd.) (19). The incuba-
tion mixture was filtered through a GF/C filter (Whatman Interna-
tional Ltd., Maidstone, UK), and bound radioactivity was deter-
mined with a liquid scintillation counter.

cAMP measurements. COS-7 cells at 24 hr after transfection or
stable CHO cells were plated into 24-well plates (1 x 10° cells/well)
and cultured at 37° for 24 hr. Cells were washed with phosphate-
buffered saline and incubated in 500 ul of Dulbecco’s modified Ea-
gle’s medium (Biomedicals, Tokyo, Japan) or in Ham’s F-12 contain-
ing 0.1% bovine serum albumin and 1 mM of 3-isobutyl-1-
methylxanthine (Nacalai Tesque) at 37° for 10 min. Then, various
concentrations of M&B28767 (see Figs. 4 and 5) and 1 uM of forskolin
or vehicle were added, and cells were incubated for 30 min at 37°.
The reactions were terminated by the addition of an equal volume of
12% trichloroacetic acid. The cAMP levels were measured with a
commercially available radioimmunoassay kit (Yamasa Corp.,
Tokyo, Japan) (24).

IP; measurements. COS-7 cells at 48 hr after transfection or
stable CHO cells were scraped off from the plates and suspended in
Dulbecco’s modified Eagle’s medium or Ham’s F-12. COS-7 cells were
stimulated with the vehicle or 1 uM of M&B28767 for 30 sec at 37°.
CHO cells were stimulated with the vehicle or 100 pM, 10 nM, and 1
uM of M&B28767. The IPg levels were measured with a radioreceptor
assay kit (New England Nuclear) (25).

Total RNA extraction and poly(A)* RNA purification. Hu-
man tissues were obtained at autopsy, and tRNA was extracted by
the guanidinium thiocyanate/cesium chloride method (20). Poly(A)*
RNA was isolated with the use of a biotinylated oligo(dT) primer
(Poly A Tract, Promega Corp., Madison, WI). The present study was
conducted with informed consent and approved by the Ethical Com-
mittee on Human Research of Kyoto University (No. 61-98).

Northern Blot analysis. Northern blot analysis were performed
with the Human MTN Blot (Clontech) or blots with 2 ug each of
poly(A)* RNA extracted from the human uterus, adrenal, and thy-
roid. These blots were hybridized with the 32P-labeled EcoRI/BglII
pEPR-1a ¢cDNA fragment as a probe.

RT-PCR. To examine differential expressions of the five EPg
subtype mRNA species in human tissues, RT-PCR analyses were
performed. Two hundred nanograms of tRNA extracted from the
human tissues were reverse-transcribed with the use of an oligo(dT)
primer (SuperScript II, GIBCO-BRL). The positions of four primers
for RT-PCR are shown in Fig. 1B: sense primer common to all the
isoforms, P-1 (position +1009 to +1028); antisense primers for cDNA
tail, P-2 (position +1576 to +1595) for pEPR-Ia; P-3 ( position +1383
to +1402) for pEPR-II; and P-4 (position +1241 to +1260) for pEPR-
Ib, pEPR-III and pEPR-IV, as described. The reaction profile was as
follows: denaturation at 94° for 30 sec, annealing at 55° for 30 sec,
and extension at 72° for 60 sec, for 35 cycles. The RT-PCR for human
B-actin was also performed with a sense primer, 5'-ATCATGTTT-
GAGACCTTCAACACCCC-3’, and an antisense primer, 5'-CTT-
GATCTTCATTGTGCTGGGTGCCA-3’ (26), and was used as an in-
ternal control. Five microliters of the reaction mixture were loaded
on a 3% agarose gel (NuSieve 3:1 Agarose, FMC BioProducts, Rock-
land, ME) and transferred onto a nylon membrane. The membrane
was hybridized with a 3?P-end-labeled internal oligo DNA probe
(position +1038 to +1057) or a 32P-labeled human B-actin genomic
DNA fragment (Wako Pure Chemical, Osaka, Japan) (25) in a solu-
tion containing 6X SSC, 0.1% SDS, and 100 pg/ml salmon sperm
DNA at 37°. The membrane was washed in 6x SSC, 0.1% SDS at 50°
and exposed to a film with intensifiers for 6 hr.

Statistical analysis. Statistical analyses were performed with
analysis of variance, and a value of p < 0.05 was considered statis-
tically significant.

Results

Molecular cloning. Approximately 3 X 10° recombinants
were screened, and 18 clones were obtained, 12 of which
contained the entire coding sequences in the inserts of 1.3—
1.9 kb. These clones were classified into five groups according
to their nucleotide sequences and restriction mappings. The
representative clones were designated as pEPR-Ia, pEPR-Ib,
pEPR-II, pEPR-III, and pEPR-IV (Fig. 1).!

Nucleotide sequence analysis. Fig. 1A shows the nucle-
otide and deduced amino acid sequences of the five represen-
tative cDNA clones (pEPR-Ia, pEPR-Ib, pEPR-II, pEPR-III,
and pEPR-IV), and their structures are schematically illus-
trated in Fig. 1B. The common initiation codon of the five
clones was proceeded by in-frame termination codons, and
the surrounding nucleotide sequences agreed well with the
consensus sequences (27). pEPR-Ia, -Ib, -II, -III, and -IV
contained open reading frames of 1170, 1170, 1164, 1095, and
1122 bp, respectively. All the clones shared the common
nucleotide sequences from the 5'- untranslated portions up to
the 1077th guanine nucleotide (Fig. 1B, open and closed
areas) but differed further downstream in the 3’ tail portions.

! The nucleotide sequences reported in this article have been submitted to
the GenBank/EMBL Data Bank with accession numbers D38297 through
D38301.
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pEPR-Ia and pEPR-Ib had identical open reading frames and
differed only in their 3'- untranslated regions. pEPR-IV was
identical to pEPR-Ib except for a deletion of a 92-bp nucle-
otide sequence (Fig. 1B, checkered area), which resulted in a
frame shift to give rise to another open reading frame of 45 bp
in pEPR-IV. pEPR-III was shorter than pEPR-IV by 27 bp
(Fig. 1B, shaded area), with no frame shift. Downstream of
the 5' common nucleotide sequence, pEPR-II was unrelated
to other clones and contained a unique nucleotide sequence
(Fig. 1B, horizontal striped area).

Amino acid sequence analysis. pEPR-Ia, -Ib, -II, -III,
and -IV encoded 390, 390, 388, 365, and 374 amino acid
proteins, respectively. Among them, pEPR-Ia and pEPR-Ib
encoded identical amino acid sequences. The five distinct
cDNA clones therefore encoded four different amino acid
sequences, all of which shared the common 359-amino acid
sequence up to Glu-359 residue (Fig. 1A) and differed further
downstream in the carboxyl-terminal tails. The hydropathic-
ity profile determined by the Kyte and Doolittle method (28)
reveals that all the cDNA clones have seven hydrophobic
segments in the 5’ common sequences, which suggests that
the five cDNA clones all encode human EP; isoforms in the G
protein-coupled receptor superfamily. Thus, we isolated five
distinct cDNA clones encoding four different human EPg
isoforms and designated the receptor encoded by pEPR-Ia
and pEPR-Ib as EPg, the receptor encoded by pEPR-II as
EPg_;;, the receptor encoded by pEPR-III as EPg ;;;, and the
receptor encoded by pEPR-IV as EPg 1y, respectively. Down-
stream of the common 359-amino acid sequence, EPg ; con-
tained a 31-amino acid sequence, which was replaced by
another 15-amino acid sequence in EPg . EPg;; had an
identical amino acid sequence with EPg 1y, except for a dele-
tion of 9 amino acid residues, which was encoded by the 27-bp
nucleotide sequence in EPg ;. EP3;; had a unique amino
acid sequence downstream of the common 359-amino acid
sequence. These EPg isoforms have three potential N-glyco-
sylation sites (Asn-18, Asn-36, and Asn-217) and three po-
tential protein kinase C phosphorylation sites (Ser-76,Ser-
82, and Ser-258) in the common 359-amino acid sequences
(29).

The homologies in the amino acid sequences between the
common amino acid sequence of the four human EP; isoforms
and those of mouse EP3 and bovine EPg isoforms were 80.8%
and 85.8%, respectively. The homologies between the four
EP; isoforms and other human prostanoid receptors (EP,,
EP,, EP,, IP, TP, and FP) were <60% at the amino acid level
(8, 9, 30-33). The amino acid sequences of EPg ;, EPg 11, and
EPg y; revealed in the present study were identical to those
of three human EPjg isoforms, which Adam et al. (15) and
Regan et al. (16) have recently reported. In contrast, EPg 1y,
was a novel isoform, being unique in the insertion of extra 9
amino acid residues in the carboxyl-terminal tail of EPg ;1.
Homologues of EPg ; have never been reported in any other
species.

Genomic Southern blot analysis. Southern blot analy-
sis of human genomic DNA using the 32P-labeled EcoRI/BglII
fragment of pEPR-Ia (position —234 to +1016 in Fig. 1A)
identified a single hybridizing band on digestion with restric-
tion enzymes EcoRlI, HindIll, Bglll, and BamHI (5.8, 6.9, 6.2,
and 3.5 kb, respectively) (Fig. 2).

Ligand binding assays. To confirm that the cDNA clones
isolated in the present study encode receptors specific for

Human Prostaglandin E Receptor EP; Subtype 873
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Fig. 2. Human genomic Southemn blot analysis. Samples of human
genomic DNA (approximately 10 ug/lane) digested with restriction en-
zymes EcoRl, Hindlll, Bgll, and BamHI were analyzed by 0.7% agarose
gel electrophoresis, blotted, and hybridized with the 32P-labeled EcoRV/
Bglll cDNA fragment of pEPR-la. The EcoT14| fragments of IDNA are
used as size markers.

PGE, we performed saturation and displacement experi-
ments of the transiently expressed receptors in COS-7 cells
and CHO cells, which stably express EPg 1. [PHIPGE, spe-
cifically bound to the crude membranes prepared from cells
expressing EP; ;, EPg 11, EPg 11, or EPg .. With the crude
membranes prepared from EPg;-, EP; -, and EPg ;;-ex-
pressing cells, specific *HJPGE, bindings were displaced by
unlabeled PGE,, PGE,, and M&B28767 (data not shown),
which was consistent with previous reports (15). Table 1
shows the K; values for PGE,, PGE,, and M&B28767 against
EPg ,, EP3,, EPg 11, and EPg . Fig. 3 shows the result of
displacement experiments with various prostaglandins and
M&B28767, saturation plot, and Scatchard analysis for
EPg , isoform using COS-7 cell membranes (Fig. 3, A
through C) or CHO cell membranes (Fig. 3A). As shown in
Fig. 3A, PGE, and PGE, were almost equipotent in inhibit-
ing specific [P H]JPGE, binding. PGF,_ showed lower affinity
by approximately 2 orders of magnitude than PGE, and
PGE, in inhibiting specific P H]PGE, binding. PGD, showed
the lowest affinity among prostaglandins examined.
M&B28767 showed higher affinity than PGE,. The rank
order was M&B28767 > PGE, = PGE, > PGF,, = PGD,.
The binding characteristics of EP; 1, were well consistent
with those of EPg ;, EP; ;;, and EPg_;;; (15) and with those of
mouse PGE receptor EP; subtype (6). Scatchard analysis for

TABLE 1

Competition for [FH]JPGE;, specific binding to membranes of
COS-7 cells transfected with pRc-pEPR-la, -, -lil, and -IV

K
Competing ligand
EP.’H EP:Hl EP:Hll EP:S-IV
n
PGE, 1.2 1.6 1.3 1.7
PGE, 3.8 3.9 2.6 55
M&B28767 0.9 0.6 04 0.4
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Fig. 3. Competition for [PH]PGE, specific binding, saturation plot, and
Scatchard analysis of pEPR-IV-transfected COS-7 cell and CHO cell
membranes. A, Displacement of [°H]PGE, binding by various prostag-
landins and M&B28767 with COS-7 cell membranes (top) or CHO cell
membranes (top). Unlabeled prostaglandins and M&B28767 were
added to the binding assay mixture at indicated concentrations, and
[PHIPGE, binding was determined as described in Materials and Meth-
ods. The prostaglandins used were PGE, ((J), PGE, (¢), PGD,, (@),
PGF,,, (O), and M&B28767 (). B and C, Saturation plot and Scatchard
analysis of pRc-pEPR-IV transfected COS-7 cell membranes, respec-
tively.

a novel isoform EPg 1y, revealed that the dissociation constant
value is 5.0 nvM and that the maximal specific [*'H]PGE,
binding is 2.24 pmol/mg protein using COS-7 cell membranes
(Fig. 3, B and C). As shown in Fig. 3A, the binding charac-
teristics of EPg 1, with the stable cell line were consistent
with those of COS-7 cells transiently expressing EPg ;. In
the CHO cells stably expressing EP; 1, the maximal specific
[*HIPGE, binding was 4.16 pmol/mg protein. The B,
values of COS-7 cells transiently expressing EPg ;, EPg ;,
EPg 111, and EP, 1, were 4.5, 4.6, 5.7, and 3.6 fmol/10° cells,
respectively, and those of CHO cells stably expressing EP, ;,
EPg ,,, EPg ;, and EPg , were 10.2, 8.7, 12.1, and 12.3
fmol/108 cells, respectively.

cAMP Measurement. To examine the second messenger
systems of EP; isoforms, we used COS-7 cells transiently
expressing EPg isoforms. Furthermore, to confirm the results
with COS-7 cells, we repeated these experiments using CHO
cells stably expressing EP; isoforms. We compared agonist-
induced cAMP accumulations between mock-transfected
COS-7 cells and cells expressing EPg ;, EPg 1;, EPg 11, or
EPg [, (Fig. 4) and repeated these experiments with CHO
cells stably expressing EP ;, EP; ;;, EPg 1, and EPg 1, (Fig.
4). In mock-transfected COS-7 cells, up to 1 um M&B28767
did not increase basal cAMP levels compared with unstimu-
lated condition, although as much as 10 um M&B28767 in-
creased the cAMP level by ~24% (Fig. 4). The cAMP levels
were unchanged in cells expressing either EPg; or EPg
compared with mock-transfected cells (Fig. 4). In contrast,
M&B28767 significantly increased the cAMP levels in cells
expressing EPg ;; compared with mock-transfected cells in a

| EP,,

ohy
9 8 7 6 S5

EP3

x

cAMP concentrations (% of basal)
28 -8 g 288§

9 8 7 6 5

sz 888
o 8 3
S ¢

9 8 7 6 5

M&B 28767 concentrations (-log M)

Fig. 4. Comparison of the effect of M&B28767 on the cCAMP level in
COS-7 cells and CHO cells expressing EP, isoforms. COS-7 cells (®) or
CHO cells (O) expressing EP; isoforms, mock-transfected COS-7 cells
(W), and untransfected CHO cells ((J) were incubated at 37° for 30 min
with the vehicle or M&B28767 at the indicated concentrations. Then,
cAMP formation was determined as described in Materials and Meth-
ods. Each point represents the mean + standard error of two sets of
triplicated determinations in COS-7 cells or the mean + standard error
of one set of quadruplicated determinations in CHO cells. The cAMP
concentrations in COS-7 cells expressing EP;,, EP,,, EP,,, and
EP;,, and in mock-transfected COS-7 cells without M&B28767
amounted to 1.38 + 0.03, 1.44 = 0.05, 1.90 + 0.06, 1.52 + 0.04, and
1.50 + 0.05 pmol/10° cells, respectively, and the CAMP concentrations
in CHO Cells expfessing EP3.|, EP3_||, Epa_m, and EP3.|V and in Untfans-
fected CHO cells without M&B28767 amounted to 1.20 * 0.05, 1.42 *
0.08, 1.05 + 0.05, 1.25 * 0.04, and 0.95 + 0.02 pmol/10° cells,
respectively. *, Significant increases in cAMP levels compared with
mock-transfected cells incubated with the same concentrations of
M&B28767 (p < 0.05).

concentration-dependent manner within the range from 100
nM to 10 puM. Similarly, the cAMP level was increased signif-
icantly in cells expressing EPg 1, when >1 um M&B28767
was added, and it reached a ~1.7-fold higher level than in
mock-transfected cells at 10 uM. In CHO cells expressing
EPg; or EPg ;;;, cCAMP levels were not changed compared
with untransfected CHO cells (Fig. 4). In CHO cells express-
ing EPg;;, cCAMP levels were significantly increased within
the range of 1 uM to 10 uM compared with those of untrans-
fected cells. In CHO cells expressing EP; 1y, the cAMP levels
were also significantly increased when >100 nM of
M&B28767 was added. We also examined the effects of
M&B28767 on forskolin-induced cAMP accumulation in cells
expressing EPg ;, EPg 1, EPy 1y, or EP, ;. As reported re-
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cently (16), forskolin-induced cAMP accumulation was sup-
pressed in COS-7 cells and CHO cells expressing EPg,,
EP; ;;, and EPg ;;; (data not shown). As shown in Fig. 5, the
cAMP concentrations of COS-7 cells expressing EPg 1y, were
significantly decreased within the range of from 1 nM to 100
nM of M&B28767 compared with those of COS-7 cells stim-
ulated by forskolin alone (Fig. 5). As shown in Fig. 5, in CHO
cells stably expressing EP; 1/, the cAMP concentrations were
significantly decreased in a dose-dependent fashion when
>10 pM of M&B 28767 was added and decreased to 38% of
those of cells stimulated by forskolin alone (Fig. 5).

IP; measurement. To examine EP; isoform-mediated
changes in phosphoinositide turnover, IP; concentrations
were determined in COS-7 cells expressing EPg;, EPg,
EPg 11, or EPg 1y and in mock-transfected cells with or with-
out 1 uM M&B28767 (Fig. 6). Furthermore, in CHO cell lines,
IP, concentrations were measured with or without 100 pm, 10
nM, and 1 pM of M&B28767 (Fig. 6). M&B28767 induced a
~55% and ~45% increase in IP; level in COS-7 cells express-
ing EPg; and EPg;, respectively, whereas no significant
changes were observed in cells expressing EPg ;; or EPg y, or
in mock-transfected cells (Fig. 6). In CHO cells expressing
EPg; and EPg;, IP; concentrations were increased in a
concentration-dependent manner when >10 nM of
M&B28767 was added and reached ~296% and ~180% of
concentrations of unstimulated cells at 1 uM, respectively
(Fig. 6).

Northern blot analysis. Northern blot analysis identi-
fied five distinct hybridizing mRNA species in a wide variety

] Control
' hyyr————r— I
1 10 9 7 1 10 9 8 7
M&B 28767 concentrations (-log M)

Fig. 5. Inhibition of forskolin-induced cAMP accumulation in COS-7
cells and CHO cells expressing EP;_,, by M&B28767. COS-7 cells (@) or
CHO cells (O) expressing EP;_,, isoform, mock-transfected COS-7 cells
(W), and untransfected CHO cells ((J) were incubated at 37° for 30 min
with 1 um forskolin in the presence of M&B28767 at the indicated
concentrations, and cAMP levels were determined as described in
Materials and Methods. Each point represents the mean + standard
error of two sets of triplicated determinations in COS-7 cells or the
mean * standard error of one set of quadruplicated determinations in
CHO cells. The cAMP concentrations in COS-7 cells expressing EP;_,,
and in mock-transfected COS-7 cells without M&B28767 amounted to
23.20 + 0.26 and 21.05 + 0.80 pmol/10°® cells, respectively, and the
cAMP concentrations in CHO cells expressing EP,_, and in untrans-
fected CHO cells without M&B28767 amounted to 15.76 + 0.28 and
12.78 + 0.45 pmol/10° cells, respectively. », Significant decreases in
cAMP levels compared with cells expressing EP,_,, that were stimu-
lated by forskolin alone (p < 0.05).

Human Prostagiandin E Receptor EP, Subtype 875

of human tissues (Fig. 7). The sizes of the bands were ~7.5,
5.0, 4.5, 2.5, and 1.9 kb, respectively. The 4.5-kb mRNA was
expressed most widely in human tissues examined. Two
mRNA species of 2.5 and 1.9 kb were also widely expressed
with largely overlapping distributions. In contrast, the 7.5-kb
mRNA species showed a sparse distribution, and the 5.0-kb
mRNA species was detected only in the kidney. These results
revealed tissue-specific distributions of the five EP; mRNA
species. As a whole, the human EP; receptor gene was ex-
pressed abundantly in the kidney, pancreas, and uterus. A
substantial expression was also observed in the heart, liver,
skeletal muscle, testis, ovary, small intestine, and colon.
Little but significant expression was observed in the pla-
centa, lung, thymus, prostate, thyroid, and adrenal.

RT-PCR. To further differentiate the five EP; isoform
mRNA expressions in human tissues, we performed RT-PCR
analyses using isoform-specific antisense primers (Fig. 8).
RT-PCR analyses revealed the existence of the five EPg4
mRNA species at the expected sizes. The EPg ;; mRNA was
detected throughout the tissues examined. The EPg;; and
EP, , mRNAs were also detected in a wide range of human
tissues. However, the EPg ;;; mRNA was not detected in
either the lung or liver, and the EP; ;, mRNA was not de-
tected in the lung. The EP;; mRNA was rather sparsely
distributed. One of the two EP3 ; mRNAs (which corresponds
to pEPR-Ia) was detected in the brain, renal cortex and
medulla, pancreas, uterus, and placenta, whereas the other
(corresponding to pEPR-Ib) was detected in the brain, renal
cortex and medulla, small intestine, pancreas, aorta, and
uterus. On the whole, all the five EP; mRNAs were detected
in the renal cortex and medulla, pancreas, brain, and uterus.
Relatively high expressions of the five EP; mRNA species
were observed in the kidney, pancreas, and uterus on the
basis of B-actin expression in each tissue.

Discussion

In the present study, we succeeded in the isolation of five
distinct cDNA clones encoding four different isoforms for
human PGE receptor EP; subtype. All of the clones contained
the common nucleotide sequence from the 5’-untranslated
region up to the 1077th guanine nucleotide and the specific
nucleotide sequences further downstream in the 3’ portions.
Genomic Southern blot analysis with the common nucleotide
sequence cDNA probe indicated a single hybridizing band on
digestion with various restriction enzymes, demonstrating
that these clones are derived from a single gene. These re-
sults suggest that the five mRNA species are therefore gen-
erated by alternative mRNA splicing. The mouse, bovine,
rabbit, and rat EP, isoforms are also suggested to be gener-
ated by alternative mRNA splicing. Furthermore, Ray-
chowdhury et al. (34) recently reported that alternative
mRNA splicing produces two different cytoplasmic tails in
human thromboxane A, receptor. Taken together, these ob-
servations suggest that alternative mRNA splicing mecha-
nism is the strategy to generate the variations in the 3’
portions of the prostanoid receptor family.

Based on a comparison of the amino acid sequences in the
carboxyl-terminal tails of human EPg isoforms with those of
mouse, rabbit, and bovine EP; isoforms (Fig. 9) (7, 10, 11, 13),
human EPg, is a counterpart of mouse EPg, and rabbit
EPg 744, human EP; ; is a counterpart of mouse EP,, and

2102 ‘2 Jaqwadag uo Asianiun pesewwey ye Bio'sjeuinofiadse wareydjow woly papeojumoq


http://molpharm.aspetjournals.org/

aspet.’

876 Kotani et al.

EP EP. EP EP Control
oo , * 1o EPan 30 150 T3V 50
Qr i
— 100 100. % 100, 100. 100
§ % | -4
§ = 50 ] 50. 50
é 0. 0] YT o..'r_é.&_,-fﬂ ] -
@ -25 .25 25 .25 .25
§ )10 8 6 ()10 8 6 ()10 8 6 ()10 8 6 ¢ 6
B ep EP EP
EP Control
.§- . 3-|* 45, EPs 75, EP3 75, EP3V .
s *
8 5o 50 50- 50 50-
(]
[
2 | 25 25, 2! 25,
0 0 Y o._'L! o=
28— .25 .25 .25 25—
) 6 ) 6 ) 6 ) ¢ ) 6

o
[1]
("]
£
]
£ S >9
t:ﬁuhﬂgg
33353320
k) romaJlIn¥a
- -‘...
9.5 ‘
75>
- 8
e
.
2.4-)9
135>

Thymus

Spleen

Prostate
Testis
Ovary

M&B 28767 concentrations (-logM)

Fig. 6. Comparison of the agonist-induced IP, accumulation in COS-7 cells and CHO cells expressing EP; isoforms. COS-7 cells (closed bars) or CHO
cells (open bars) expressing EP, isoforms, mock-transfected COS-7 cells and untransfected CHO cells were incubated for 30 sec at 37° with M&B28767
at the indicated concentrations. Then, IP; levels were measured as described in Materials and Methods. Each concentration represents the mean +
standard error of two sets of triplicated determinations in COS-7 cells or the mean * standard error of one set of quadruplicated determinations in CHO
cells. The IP; concentrations in COS-7 cells expressing EP,,, EP,,, EP,,, and EP,,, and in mock-transfected COS-7 cells without M&B28767
amounted to 7.40 + 0.44, 6.00 + 0.27, 6.80 * 0.37, 7.80 + 0.34, and 7.05 + 0.17 pmol/10° cells, respectively, and the IP; concentrations in CHO cells
expressing EP, ,, EP,,,, EP, ,, and EP,_,, and in untransfected CHO cells without M&B28767 amounted to 1.95 + 0.30, 2.26 + 0.35, 2.18 + 0.26, 2.08
+ 0.40, and 2.33 + 0.24 pmol/10° cells, respectively. *, Significant increases in IP; level in cells expressing the EP, isoform (p < 0.05).
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bovine EPgp, and human EPg ;; is a counterpart of rabbit
EPg ,,,. However, human EPg y; is a new isoform with a
unique carboxyl-terminal tail and an extra 9 amino acid
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Fig. 7. Northem blot analysis of
poly(A)* RNA (2 ug/lane) from
various human tissues. The blots
were hybridized with 32P-labeled
EcoRl/Bgll cDNA fragment of
pEPR-la. RNA ladders from 0.24
to 9.5 kb in size (GIBCO-BRL) are
used as size markers.

residues in the carboxyl-terminal tail of EPg ;. At present,
counterparts of human EPg ;; have never been reported in
any other species. On the other hand, we could not find a
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Fig. 8. RT-PCR for EP, isoforms and p-actin. RT-PCR analyses for
EP, isoform-specific mRNAs in various human tissues are shown. Five
microliters of the reaction mixture loaded on a 3% agarose gel were
transferred onto a nylon membrane and then hybridized with a 32P-
labeled internal oligo DNA probe for EP, isoforms or a 32P-labeled
B-actin genomic DNA fragment as described in Materials and Methods.
Each EP, isoform-specific amplification product is indicated by an
arrow. ®X174 DNA Haelll are used as size markers. One typical resuit
is shown from three reproducible results.

human counterpart of mouse EPgg in the present study. The
cDNA encoding mouse EPg; is created by a 89-bp deletion of
mouse EP;, cDNA, which is highly homologous with
pEPR-Ia (10). However, RT-PCR analysis did not detect a
deleted form of pEPR-Ia in any human tissues examined.
Variations in EPg isoforms may be species specific, but the
highly conserved structures of carboxyl-terminal tails among
species suggest the presence of other EP; isoforms in hu-
mans.

During the present study, Adam et al. (15) and Regan et al.
(16) reported the isolation of three EPg isoforms that corre-
spond to EPg,;, EPg 11, and EPg ;. In the present study, we
isolated two distinct cDNA clones for EPg; (pEPR-Ia and
pEPR-Ib) with different 3’-untranslated sequences. Regan et
al. also reported two different cDNA clones for EP; ;. One
cDNA clone (EP3,) was identical to pEPR-Ia, but another
(EP3,,) was different from pEPR-Ib downstream of the
1196th adenine nucleotide of pEPR-Ib in the 3’-untranslated
region (Fig. 1B, diagonal striped area). Taken together, these
observations indicate that at least three mRNA species en-
code EPg; isoform. As for the cDNA clones for EP; ; and
EPg ;y; isolated in the present study, they corresponded to
those reported by Adam et al. (15).

Previous pharmacological studies have suggested that EPg
subtype is coupled to at least two different second messenger
systems (2). One is the inhibition of adenylate cyclase, and
another is the mobilization of intracellular free Ca?*. So far,
inhibitory effects of EPg isoforms on adenylate cyclase path-
way have been reported only in humans (16). In the present
study, we demonstrated that EP; isoforms are coupled to at
least three different second messenger systems, which are
the stimulation of cAMP generation and IPg generation in

Human Prostaglandin E Receptor EP, Subtype 877

addition to the inhibition of cAMP generation. Although hu-
man EP,, is structurally a counterpart of mouse EP;,, hu-
man EP,; is functionally different from mouse EPg,. The
former is coupled with two different second messenger sys-
tems, the inhibition of adenylate cyclase and stimulation of
phosphoinositide turnover, whereas the latter is coupled ex-
clusively with the inhibition of adenylate cyclase via G; pro-
tein and does not stimulate phosphoinositide turnover (10).
In contrast, EP3 ;; is functionally identical to bovine EPgp,
which is shown to be coupled with G;, Gg, and G, proteins (7).

Regarding human EPg ;;; and EPg [y, the second messen-
ger systems of these homologues in other species have not
been clarified yet. Interestingly, EP; ;;; and EPg [y, are cou-
pled to different second messenger systems, although the
structural difference is the deletion or insertion of the 9
amino acid residues in the carboxyl-terminal tails. EPg yy; is
reported to be coupled to the inhibition of adenylate cyclase
pathway (16). In addition, the present study shows that
EPg ;;; does not stimulate either cAMP or IP; generation. On
the other hand, EPg 1y is capable of both stimulating cAMP
generation and inhibiting forskolin-induced cAMP accumu-
lation, whereas its stimulatory effect on IP; formation has
not been observed. There are some examples showing that G
protein-coupled receptors are produced by alternative mRNA
splicing. In two isoforms of D, dopaminergic receptor, alter-
native mRNA splicing produces an insertion or deletion of 29
amino acid residues in the third intracellular loop, which
does not affect their second messenger systems (35-37). In
contrast, five alternatively spliced variants of pituitary ad-
enylyl cyclase-activating polypeptide type-1 receptor have
different patterns of adenylate cyclase and phospholipase C
stimulation, depending on the different structures in the
third intracellular loop (38). We have reported that the car-
boxyl-terminal tails determine the specificity of coupling
with various types of G proteins in bovine EPg isoforms (7).
Furthermore, the present study demonstrates that the dele-
tion or insertion of the 9 amino acid residues in EP; ;;; and
EPg 1y influences, even if not directly, their coupling proper-
ties in stimulating adenylate cyclase pathway. These obser-
vations reveal that the carboxyl-terminal tails have an im-
portant role for the specificity of G protein association and
that the alternative mRNA splicing mechanism is able to
produce receptor isoforms with different second messenger
systems.

Although EP; subtype is reported to be present abundantly
in the kidney, uterus, and stomach and substantially in the
brain, heart, spleen, thymus, lung, and adrenal in mice and
rabbits (6, 13), little is known of the detailed distribution of
EPjg subtype in humans. Previous reports showed a restricted
distribution of EPg in human tissues, i.e., only kidney, pan-
creas, and small intestine (16). In the present study, North-
ern blot analysis revealed that five distinct EP; mRNA spe-
cies of 7.5, 5.0, 4.5, 2.5, and 1.9 kb are expressed in a variety
of human tissues in a tissue-specific manner. To identify the
size of each EPg isoform mRNA, we also performed Northern
blot analyses with isoform-specific cDNA and/or oligonucleo-
tide probes.? The results suggest that the mRNA species of
2.5 and 4.5 kb correspond to pEPR-Ia and pEPR-II tran-
scripts, respectively, and that the mRNA species of 1.8-1.9

2 M. Kotani, I. Tanaka, Y. Ogawa, T. Ushi, K. Mori, A. Ichikawa, S. Naru-
miya, T. Yoshimi, K. Nakao, unpublished observations.
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forms from various species. The
deduced amino acid sequences
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of the carboxyl-terminal tails of
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kb include pEPR-Ib, pEPR-III, and pEPR-IV. However, we
could not detect EP; mRNA species of 7.5 and 5.0 kb, which
may be due to the presence of unidentified isoforms or the low
sensitivity of Northern blot analysis using the isoform-spe-
cific probes. The precise elucidation of the tissue distribution
and size of each isoform mRNA should require the determi-
nation of the complete cDNA sequence for each isoform and
the EP3; gene organization. Furthermore, in the present
study, RT-PCR analyses using isoform-specific antisense
primers revealed tissue-specific distributions of the five EPg
mRNA species. It is remarkable that multiple EP; isoforms
coupled to different second messenger systems are present in
almost all organs examined. For example, in the small intes-
tine, aorta, and uterus, all of the four isoforms were detected.
EPg ; and EPg ;; might mediate smooth muscle contraction by
stimulating IP; formations; however, stimulating and/or in-
hibiting effects of EPg ;, EPg ;;, EPg i1y, and EPg 1y, on adeny-
late cyclase may also affect the functions of these organs.
These results also suggest that certain effects of PGE, on
smooth muscle relaxation, which are believed to be mediated
by EP, and IP receptor (2), may be partially due to EPg 1; or
EPg 1y, isoform. Furthermore, in the kidney, EPg receptor is
reported to inhibit arginine vasopressin-induced water reab-
sorption by inhibiting adenylate cyclase in renal collecting
duct (39). The presence of all of the five EP; mRNA species in
the kidney led us to speculate that there were multiple func-
tions of PGE, and EP; isoforms in this organ. In situ hybrid-
ization revealed that EP; mRNA is distributed not only in
renal medullary tubules but also in juxtaglomerular appara-
tus and cortical tubules in mice (40). Further studies are
necessary to identify the cell type with EPg isoforms and to
elucidate their functions in various tissues.

In conclusion, we succeeded in the isolation of five distinct
c¢DNAs encoding four human EPg isoforms that are gener-
ated by alternative mRNA splicing. The present study will
lead to better understanding of multiple functions of PGE, in
humans and provide further insight into the molecular mech-
anisms underlying the PGE,/EP; subtype system.
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