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INTRODUCTION

     Prostaglandin (PG) E2 is a major metabolite of arachidonic acid

liberated from phospholipids in plasma membranes. PGE2 is

synthesized from arachidonic acid through oxygenation and reduction

by prostaglandin H synthase (cyclooxygenase) and isomerization by PGE

synthase (Fig. O-1). PGE2 produces a broad range of biological actions

in diverse tissues through binding to specific receptors on plasma

membranes (Samuelsson et al., 1978; Moncada et al., 1985).

Pharmacological studies have suggested that there are four subtypes of

PGE receptors, EPI, EP2, EP3 and EP4, which are thought to differ in

their signal transduction mechanisms; these receptors are coupled to

Ca2+ mobilization (EPI), or the stimulation (EP2 and EP4) or inhibition

(EP3) of adenylate cyclase (Coleman et al., 1990; Negishi et al., 1993;

Coleman et al., 1994). Various pharmacological actions of PGE2 via

these receptor subtypes have been characterized (Table 1).

 arachidonic acid

Fig. O-1. Biosynthesis of PGE2.

prostaglandin H synthase (cyclooxygenase) and PGE synthase.
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Table 1. Prostaglandin E receptor subtypes and their functions.

Subtype
Signaling

Pathway

Expression

  Sites
Functions

EPi [Ca2']i t    Kidney

Smooth Muscle

Inhibition of Water Reabsorption

Contraction

EP3 [cAMP]l Kidney

Uterus

Stomach

Neurons

Inhibition of Na+ Transport

Contraction

Inhibition of Gastric Acid Secretion

Inhibition of Neurotransmitter Release

EP2/EP4 [cAMP] r   Trachea

   Ileum

  Thymus

Blood Vessels

Relaxation

Relaxation, Secretion

Negative Regulation of the Immune System

Vasodilation

     The receptor subtype EP2, which is coupled to the stimulation of

adenylate cyclase, is known to be involved in PGE2-induced relaxation

of the trachea and ileal smooth muscle (Gardiner, 1986; Botella et al.,

1993). In addition, PGE2 has been shown to increase the cAMP level in

many tissues and cells (Samuelsson et al., 1978; Coleman et al., 1990),

suggesting that EP2 is widely distributed and mediates various actions of

PGE2. This idea however, is not conclusive because most

pharmacological studies have been performed using PGE2 as an agomst,

but not with ligands selective to EP2. PGE2 has been reported to

increase the cAMP level through its interaction with EP2 and/or EP4

(Honda et al., 1993; Coleman et al., 1994; Nishigaki et al., 1995).

Therefore, it is necessary to clarify the functions of EP2 at the

molecular level, and to elucidate which subtype is involved in each

cAMP-mediated action of PGE2.
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     The author at first isolated a cDNA encoding the mouse EP2, and

then using this cDNA, characterized its structural, binding and signaling

properties and its tissue distribution (Katsuyama et al., 1995). The

author also found that the mRNAs for the EP2 as well as other EP

subtypes show distinct cellular localizations in pseudopregnant mouse

uteri, and that the EP2 mRNA is specifically expressed on day 5 and its

expression is confined to the luminal epithelium (Katsuyama et al.,

1997). Furthermore, the author found tissue specific initiation of

transcription of the EP2 gene in the macrophage and the uterus

(Katsuyama et al., 1998).

     The results obtained are described in the following, divided into

three chapters.

The abbreviations used in the text are as fbllows;

bp

C-

cAMP

cDNA

CHO

cpm

cRNA

CTP

dCTP

EDTA

Gi

hCG

HEPES

kb

base pair(s)

carboxy-

adenosine 3',5'-cyclic monophosphate

complementary DNA

Chinese hamster ovary

counts per rmnute

complementary RNA

cytidine triphosphate

deoxy cytidine triphosphate

ethylenediamine-N,N,N',N'-tetraacetic acid

inhibitory guanine nucleotide-binding protein

human chorionic gonadotropin

2-[4-(2-hydroxyethyl)-1-piperazinyl] ethanesulfonic acid

kilobase(s)
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LPS

mRNA

N-

PBS

PCR

PG

PIPES

PMSG

5'-RACE

RNase

RT-PCR

SDS

SSC

rlM

TX

UTP

[Ca2']i

lipopolysaccharide

messenger RNA

amino-

phosphate buffered saline

polymerase chain reaction

prostaglandin

piperazine-N,N'-bis(2-ethanesulfonic acid)

pregnant mare serum gonadotropin

5'- rapid amplification of cDNA ends

ribonuclease

reverse transcriptase-polymerase chain reaction

sodium dodecyl sulfate

standard saline citrate

transmembrane

thromboxane

uridine triphosphate

intracellular Ca2+ concentration

Fig.

 Subtype-specific

O-2.

PGE analogues used in this study are shown in
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Agonists

           ..,vAvvCOOCH3 ""X, =ZVXcooH
               OH

           Butaprost 19(R)OH PGE2

          ."NvAv.x COOCH3 ""×=ZVXCONHS02CH3
       osH iH oSH 96H O-<{;)

          Misoprostol Sulprostone

          ･."Nv.vvCOOH ."X.A.zx OH
           i7 6, O-<{;}> ,si,1 '6,

          M&B 28767 1-OH PGEI

          .."twCOOH ･'"enCOOH
                                    1.

         11-deoxy PGEi 16,16･rdimethyl PGE2

Antagonists

           7Y -     te/{it{ii{llLiil=i"iiiihcoo" ({[)i(lil,,ONilli.lll},.ci

          AH 23848B SC-19220

        Fig. O-2. Structures of PGE ligands used in this study.
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1.The Mouse Prostaglandin E Receptor EP2 Subtype:
  Cloning, Expression, and Northern Blot Analysis

ABSTRACT

     A functional cDNA clone for the mouse PGE receptor subtype

EP2 was isolated from a mouse cDNA library. The mouse EP2 consists

of 362 amino acid residues with seven putative transmembrane domains.

[3H]PGE2 bound specifically to the membrane of Chinese hamster ovary

(CHO) cells stably expressing the cloned receptor. This binding was

displaced by unlabeled prostanoids, in the order of efficiency of PGE2 =

PGEI >> iloprost, a stable PGI2 agonist > PGF2ct > PGD2. Binding

was also inhibited by butaprost (an EP2 agonist) and to a lesser extent by

M&B 28767 (an EP3 agonist), but not by sulprostone (an EPI and EP3

agonist) or SC-19220 (an EPI antagonist). PGE2 and butaprost

increased the cAMP level in the CHO cells in a concentration-dependent

manner. Northern blot analysis revealed that EP2 mRNA is expressed

most abundantly in the uterus, fol}owed by the spleen, lung, thymus,

ileum, liver, and stomach.
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RESULTS

Structure of the Mouse EP2 Receptor

     A mouse cDNA clone, ML202, was isolated by PCR and

subsequent screening of a mouse lung cDNA library. Figure 1-1 shows

the nucleotide sequence and deduced amino acid sequence of ML202.

ML202 contains a 1.7 kb insert which has an open reading frame of

1,086 bp. The deduced amino acid sequence showed that it encodes a

protein of 362 amino acid residues with an estimated molecular weight

of 40,478. The ATG assigned as the initiation codon matched well to

the Kozak consensus sequence for translation initiation (Kozak, 1989).

Analysis of the predicted amino acid sequence indicated that it possesses

seven hydrophobic segments typical of guanine nucleotide-binding

protein-coupled rhodopsin-type receptors, and is 86% identical to that

of the human EP2 (Regan et al., 1994). A potential N-glycosylation site

(Bause, 1983) was found in both the N-terminal and the first

extracellular loop regions. Five potential sites of phosphorylation by

protein kinase C (Woodgett et al., 1986) were found in the second and

third intracellular Ioops and the C-terminal regions.
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                                                                                       -145 GTGCGAG[VTGGGGGCCGGAAGGGAG
CTCTGGA7crTIVCGGTCCCTCCCCrmCCCTGCTCTGTCTI]GGAGCCCTGGGGCCATCAGACCC[VCCGAcTGI?cTGGTACTI?GCCTGGAAGAGATATCATCTCTCCTCCACACCCTCCACC

ATGGAcAArmclr[eAA[vGACTCCAAGCTAATGGAGGACTGCAAGAGTCGTCAG[[XIGCTCCTHrrcGGGGGAIvt(}cccAGcrcATcAGCTCGGTGATGTTcTcG(}cCGGG(TTCTGGGGAAT

M D N F L N D S K L M E DC K S RQ W L L S G E
CTCATCGCAC[VGGCAC[VG[rrGGCGCGCCGCTGGCGTGGGGACACCGGGTGTAGCGCCGGCAGCAGGACCncTAncTCCTTGIE"rTCACGTGCTGGTAACGGAATTGGTGC7eCACTGACCTG

Lm--LA-Lt RRWRGDTGCSAGSRTSIs                                                                     ･II
CTGGGAACCTGCCTCATCAGCCCGGTGGTGCTGGCT"l]CATATTCAAGAAACCAGACCCTGGTGGCCCTGGCTCCCGAAAGTCACGCGTGTACCTA7Vtl"]]CGC[PTurI]CACTATGACC[V7VCTHrH]]

                                               A III
AGTCTGGCCACGATGCTCA7crGCTCTTCGCTATGGCCCTGGAACGCTACCTCTCCATCGGGTACCCTTACTVI]CTACAGGCGCCAC7D[DATCGCGCCGCGCsc]GGTCT(]GCGGTGCTGCCTGTC

                                                                                     XIV
ATCTATGG(]GCCTCCI:tl]GCTCTTCTGI"]]CCCTGCCGCTGCTCAACTACGGGGAGTACGTCCAGTACTGTCCT(K]GACATGGTGCTTTATCCGGCACGGGAGGACTGCATACCTTCAGCTG

                                                  E Y V Q Y C P G T W C F I R H G R T A Y L QL
                                                                                                                  v
TACGCCACGATGCTCCTGCTGCTVrATCGT(X}CTGTGCTCGCCTGCAACATCAGCGIMrATCCTCAACCTCATTCGCATGCACCGTCGGAGCAGAAGAAG(CGCTGCGGAT"lrGTCTGGCAGT

                                                                      R M H R R S R R S R C G L S G S
                                                                                     #
AGCCTAAGAGGCCCTGGATCTCGCAGGAGAGGAGAGAGGACTTCGATGGCAGAGGAGACGGACCACCTCATTCTCCTGGCCATTATGACCATCACCTTCGCCATATGCTCCT"I]GCCTTTC
S L R G P G S R R R G E R T S M A E E T D H
ACAATCTTrrGCCTACATGGATGAIVLCCTC[["]]CCCTAAAGGAAIVLGTGGGACCTCCGAGCTC[MeCGGTrmATCAGTHrAACTCTATAATTGACCCTTGGGTC7VlrrVGCCATACTTAGGCCA

                                                       VII
CCGGTCCTGA(}GTIrAATGCGCTCAGTCCTCTG[r[I]GTCGGACTTCACTGAGAACACAAGAAGCTCAGCAAACATCCTGTirCTACCCAGTCCAGTGCCAGTAAACAGACTGACCTTTGTGGA

-RLMRSVLCCRTSLRTQEAQQTSCSTQSSASKQTDLCG                                         #
CAGIVI]GTGAGGATGCGC7EVrCACGAGG(AACCTCTGAAGAAGTCTT[DAAATGGCCTCATErGGAGAAGTGTAAGGGGCTGGAATATAAACAGAATAACCTTGCCCTGAGAAGCAGATGAAAC

AGACTH]rTATGAGG[VTIDGGGCTGCAGATGTGATGACAGAGCCCTTTGTGGAAAGTGTCAGAGGATATAAAGTnylrCACAIM]ATGTGACCT7XrGAAGGAeAATCTGCTGCGTCGAAGACCCAGT
T<]AI"I]TAAGC[[trM]CCTG7EWrGAGTGAeAAAGCATGTGG[reVIPTGTAAT7[HI]Glr[VT"rAAAA7DGCTACATG(}TTAC7?(][D7["rTAArmGATGTCACTGCTG!en7ATAAATGCAGTCAGACCAAATG

AAATTCA[DTCTCTAGGAAGTCAACTCATGCAAGCGATGAAocAACCAGAGCAGACAAGTUI]GCTGTCTCGTGAmxM]AATGGACTCTTI]AT7Vre]](KACCATGAAGIVK]]GAATGCCATTGGC
CCCTTTTAAAAAAAAA

-121
  -1

 120
  40

 240
  80

 360
 120

 480
 160

 600
 200

 720
 240

 840
 280

 960
 320

1080
 360

1200
 362

1320
1440
1560
1576

Fig. 1-1. Nucleotide sequence and deduced amino acid sequence of ML202. The

deduced amino acid sequence is shown beneath the nucleotide sequence using the

single-letter code. The positions of the putative transmembrane segments, I-VII, are

underlined. Triangles, potential N-glycosylation sites. Parallel crosses, potential sites

of phosphorylation by protein kinase C.

8



Ligand Binding 5Pecijicity qf the Mouse EP2 Receptor

     Membranes of CHO cells expressing the cloned receptor showed

specific binding of [3H]PGE2. Scatchard analysis of this binding yielded

a dissociation constant of 26.7 nM and maximal binding of 822 frnol/mg

protein. Figure 1-2 shows the specificity of this binding. As shown in

Fig. 1-2a, specific [3H]PGE2 binding was displaced by unlabeled

prostanoids, in the order of efficiency of PGE2 = PGEI >> iloprost, a

stable PGI2 agonist > PGF2ct > PGD2. This result indicates that ML202

encodes a specific PGE receptor. As shown in Fig. 1-2b, further

analyses using several ligands selective to PGE receptor subtypes

demonstrated that the binding was also inhibited by butaprost (an EP2

agonist) and to a lesser extent by M&B 28767 (an EP3 agonist), but not

by sulprostone (an EPI and EP3 agonist) or SC-19220 (an EPI

antagonist). These results indicate that ML202 encodes the mouse EP2.

The binding specificity of the mouse EP2 was further characterized

using various additional ligands, including additional EP2 agonists. As

shown in Fig. 1-2c, specific [3H]PGE2 binding was also inhibited by

several additional ligands, in the order of efficiency of 16,16-dimethyl

PGE2 (a nonselective EP agonist) (Nishigaki et al., 1995; Regan et al.,

1994) > 11-deoxy PGEI (an EP2, EP3, and EP4 agonist) (Nishigaki et

al., 1995; Regan et al., 1994) > misoprostol (an EP2, EP3, and EP4

agonist) (Honda et al., 1993; Coleman et al., 1988; Reeves et al., 1988)

> 1-OH-PGEI (an EP4 partial agonist) (Nishigaki et al., 1995) >

19(R)OH-PGE2 (an EP2 agonist) (Regan et al., 1994; Woodward et al.,

1993). These binding characteristics were in good agreement with those

of the human EP2 (Regan et al., 1994), except for poor reactivity of

19(R)OH-PGE2 to the mouse receptor. This may at least in part be due

to species differences between the two receptors.
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Fig, 1-2. Binding of [3H]PGE2 to ML202-expressing CHO cell membranes. ' a,

Displacement of [3H]PGE2 binding by various prostanoids. Membranes of CHO cells

expressing ML202 were incubated with 4 nM [3H]PGE2 and various unlabeled

prostanoids at the concentrations indicated. O, PGE2; e, PGEI; M, iloprost; N,

PGF2od A, PGD2. b, Displacement of [3H]PGE2 binding by ligands for PGE

receptor subtypes. Q butaprost; M, M&B 28767; - sulprostone; A, SC-19220. c,

Displacement of [3H]PGE2 binding by other EP agonists. e, 16,16-dimethyl PGE2;

M, 11-deoxy PGEI; - misoprostol; A, 19(R)OH-PGE2; A, 1-OH--PGEI. The

same data fbr PGE2 as shown in "a" are displayed in ''b" and "c".
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Signal Transduction Pathway of the MOuse EP2 Receptor

     Next, the signal transduction pathway of the mouse EP2 was

examined. As shown in Fig. 1-3, PGE2 generated cAMP in a

concentration-dependent manner in CHO cells expressing EP2. In

addition, butaprost and 11-deoxy PGEI were also effective in

stimulating cAMP formation in the cells, although their half-maximal

concentrations for this effect were about 10-fold higher than that of

PGE2. 19(R)OH-PGE2 and 1-OH-PGEI were less effective than the

ligands described above. It was also examined whether PGE2 induces

accumulation of inositol phosphates, but PGE2 did not evoke

phosphatidylinositol hydrolysis in the cells (data not shown), as is the

case in EP4 (Honda et al., 1993).

Am
=o
o
mo
Vm,

>o
E
.s!i

8
E
,,o..

a
E
q
o

15

10

5

o

Ligand concentration (-log M)

Fig. 1-3. Effects of PGE2 and several ligands on the cAMP Ievel in ML202-

expressing CHO cells. CHO cells were incubated with the indicated concentrations of

each ligand, and the cAMP level was determined as described in "EXPERI?lfEN7AL

PROCEDURES. " O, PGE2; e, butaprost; ", 11-deoxy PGEI; - 19(R)OH-PGE2;

A, 1-OH-PGEI.
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Tiss"e Distribution of the mRAIA for the Mouse EP2 Receptor

     PGE2 has been shown to increase the cAMP level m many tissues

and cells (Samuelsson et al., 1978) through its interaction with EP2

and/or EP4. To elucidate which PGE receptor subtype is involved in

cAMP-mediating actions of PGE2 in each tissue, the expression patterns

of EP2 and EP4 were compared by Northern hybridization. As shown

in Fig. 1-4a, the level of EP2 expression was much lower than that of

EP4 in most of the tissues examined. In a previous report, usmg

standard hybridization analysis, Regan et al. detected EP2 mRNA only

in the mRNA from the human placenta and lung, and not in the other

tissues (Rggan et al., 1994). Therefore, highly purified poly(A)+ RNAs

were utilized for more sensitive detection (Fig. 1-4b). As a result, a

positive band at 2.2 kb was detected in a number of tissues in which EP2

had been identified in pharmacological studies (Coleman et al., 1990);

the tissues include the uterus, lung, ileum, liver, stomach, thymus and

spleen. Another hybridizing band was also seen at 2.8 kb in the uterus.

These data demonstrate that EP2 is widely distributed throughout the

mouse tlssues.
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Fig. 1-4. Northern blot analysis of RNAs isolated from various mouse tissues. a,

Comparison of the levels of expression of the mouse EP2 receptor (top) and EP4

receptor (bottom). Poly(A)+-rich RNA (5 pg) was applied to each lane. b, Tissue

distribution of the mouse EP2 receptor. Highly purified poly(A)+ RNA (5 pg) was

applied to each lane. Hybridization analysis was carried out as described in

"EXPER]Ql4EN7AL PROCEDURES. " Lane 1, brain; lane 2, thymus; lane 3, lung;

lane 4, heart; lane 5, liver; lane 6, stomach; lane 7, spleen; lane 8, ileum; lane 9,

kidney; lane 10, testis; lane 11, uterus.
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DISCUSSION

Structural Similarities between the Mouse EP2 Receptor and Other

Prostanoid Recep to rs

     Figure 1-5 shows the comparison of the amino acid sequences

among the cloned mouse prostanoid receptors (Sugimoto et al., 1992;

Namba et al., 1992; Honda et al., 1993; Watabe et al., 1993; Sugimoto et

al., 1994a; Namba et al., 1994; Hirata et al., 1994). EP2 showed a

higher degree of homology to DP, IP, and EP4 than to the other

prostanoid receptors (Table 2). It is understandable from the viewpoint

of phylogeny that EP2, DP, IP, and EP4 are all coupled to stimulation of

adenylate cyclase. Among these receptors, EP2 possesses higher

sequence homology with DP and IP than with EP4; EP2 shares 44, 39,

and 31% overall amino acid identity with DP, IP, and EP4, respectively.

This indicates that the divergence between EP2 and EP4 occurred before

the derivation of DP and IP from EP2 (Toh et al., 1995).

Table 2. Homology between the mouse EP2 and other prostanoid receptors.

amino acid sequence

homology with EP2
signal transduction pathway

   IP 39% [cAMP] r, PI turnover

-t-e--------e-----tl----tt-el------le--------t-le-t----------"---t--t"-t-t--t"tl-e--Ii-#t-or"------nl---t

  EP3 30% [cAMP]l, [cAMP]t (splicevariant)
"-t---e-ldle---------t-t"tl-P---e---ee----g-t--lt-e-"-----"hpte"---t-e-----l----------p--t"---l-----th--e
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rnEP2
rnDP

mlP
mEP4
mEP3a
mEPI
mFP
mTP

                                          I II
                   MDNFLNDSK[MEDCKSRQWLLSGES?-ArSSVMESA-GV!.GNLIALAZ,LARRWRGDTGCSAGSRTSISLEHVLvr
                          MNESYRCQTStrwVERGSSA-[[["CGAVLEGA-GLLGNr,Z,IUJVr,r.ARSGLGSCRPGPLHPPP-SVFYVZ,VC
mmSDGHPGPPSV[VPGSPLSAGGREWQGMAGGCWNITYVQDSVGP-ATST[MFVVA-GVVGNGLALGIL------GARRRSH-PS--A-FAVLV]]
 MAEVGGTIPRSNRELQRCVLLTTTIMSIPGVNASFSSTPERLN-SPvrIPAVMFIF-GVVGNLVILIVVri------CKSRKEQKET--T-FYTZiVC
                MASM[diAPEHSAEAHSblLS-STTDDCGSVSV-AFPImm-GFVGNAZAM-LLVSRSY--RRRESKRKK----ELLCIG
        MSPCGLNLSLADEAATCATPRLPM]SVVLPTGDNGTSP-ALPI-FSMTLGAVSNVLALAr,LAQVAGRMRRRRSAA----T-ELLFVA
                MSMNSSKQPVSPAAGLIAN[PTCQTENRLSV-FFSI-IEMTVGILSNS:,AIAIZiMKAYQRF-RQKSKA--･--S-ELLLAS
                MWPNGTSLGACFRPVNIT--LQERRAIASP-WFAA-SFCIU.aLGSNLI,ALSVLAGA-----RPGAGPRS--S-ELALLC

73
65
84
84
70
se
71
67

mEP2
Ini]P

mlP
rnEP4

mEP3a
rnEPI

mFP
mTP

                                    III IVELVLEVDLZ,(TCLISPV-VLASYSRNQTLVALAPES---HACTYFAi'TM]]EFSZ,ATmmLFA)tALERYLSIGYPYEYRRHLSR-RGGLAVLPVIYGAS
GLTVIFDLLGKCLISPM-VLAAYAQNQSLKELLPASGNQZ,CETEAF'LMSEEGLASVLQLLAMItVE¢WLSLGHPFEYQRHVrlrL-RRGVLVAPVVAAFC
GrLAVTDLI,GTCFLSPA-VFVLAY--G-LAHGGT-M----ncDTFDEnnEEDLASTLILFAMAVERCLALSHPYLYAQLDGP-PCARFALPSIYAFC
GLAumbLGTZkVSPV-TIATYMKG-QWPGDQ-A----bCDYSTFILLT?GLSGLSIICAMSIERYLArNHAYEYSHYVDK-R!AGLTLFAIYASN
umTDLVGQLLTSPV--VILVIrLSQRRWEQLDP-SGR-X,CTFFGL[[rMTVFGLSSLLVASAnatVERAkArRAPHWYASHMKT-R-ATPVLLGVWLSV
SLLAIDLAGHVIPGAL-VLRLIrTAGRA-PAGG-A-----CHFLGCK]uaFGLCPLLLGCGMILVERCVGVTQPLIHAARVSVAR-ARLAZAmm
GLVIVDFFGHLINGGIAVFV-YASDKDWIRFD-QSNI-Z,CSIEGiSMVrSGLCPLFLGSAblAIERCIGVTNPIEHSTKITSKH-VKMILSGVCMFA
GLVLrr)F:tGLLVI]GAI-VASQHAALLDWRATDP-SCR-I.CYFMGVAMVEFGLCPLLLGAA)asLSERFVG:TRPFSRPTATSR-R-AWATVGLVWVAA

165
159
177
172
161
167
163
158

mEP2
rnDP
rnIP

mEP4
rnEP3a
rnEPI

mFP
mTP

                                      v
LLECSLPLZiNYGEY-VQYCPGTWCFrRHGR-----------L-TIYYLQLYAMLLLIVILVLACNISVIL-NLIRMHRRSRRSRCGLSGSSI,R---
Z,AFCALPFAGFGKF--VQYCPGfEi"CFIQMIHKERS------FSVIGESVLYSSumLVUtTVVCNLGAMY-Nr,YDMHRRHRHYPHRCSRDRAQ---
CLTCSLPLZ,GLGEHQ--QYCPGSWCFrRbff-R--SAP-------GGCAFSLAYASIiMALLVI]SIFFCNGSVI]L-SLnmRQQRRHHGSFVP-------
VLrCALPN)(GLGRSERQY-PG[rVleE:DW7VT--NVT------AYAAFSYMYAGFSSFLILATVL(N-VLVCGALLRrlHRQFMRRTSLGTEQHHAAAA
ULrALL?VZ,GVGRYSVQW-PGTWCFrSTGPAGNETDPAREPGSVAFASAFACZ,GLLALVLny]]FACbl-I.ATIKALVSR---------------------
Z,AVALLPLVHVGRYELQY-PG[VWCFrSLGPRG------GWR-QALLAGLEAGZ,(Z.AALLAAI,VCM]LSGL-ALLRPL-RWRRRRSRRFRKTAGPDDR
VFVAVLPIr,GHRDYQIQA--SRTWeEYNTEHIE--------DWE-DRFYLLFFSFr,GLIALGVSFSCNILXnrGV-TLLRV-KF--RSQ-------------
GALGLbPLZKLGRYSVQY-PGSWCELTLGT---------QRGDVVEGLIEAL:,GSASVGLSLLLNrVSVA-Tl-----------------------

243
244
255
258
235
253
235
220

rnEP2
rnDP

mlP
mEP4
mEP3a
mEPI
mFP
mTP

                                        VI VII
-------------------------- GPGSRRRGERTSMAEETDHL:-LL-A:MITFAICSLPFTIFAYMDETSSL------------･KEKW-DL
-･--------･------------------- SGSDYRHGSLHPLEELDHFV-LL-･umFTb6CSL?ZIYRAYYGiLFKLENKAEG--D----SE---DL
---･-------------------------------･-- TSRAREDEVYHL:-LL-nmI)(AVCSLP=bCIRGFTQAIAPDS-----------REMG-DL
AAVASVACRGHAGASPALQRLSDF-----RRRRSFRRIAGAEIQbEVr-LblATS-LWLICSrPilVVRVFINQLYQPNVV----KDIS----RNPDL
---------CRAKAAVSQS-----------------SAQWGRI-TTETAZQZiM-GTM-CVLSVCWSPU:,ImmKMIFNQMSVEQCKTQMGKEKECNSFL
RRWGSRGPRLASASSASSITSATATLRSSRGGGSARRVHAH]]VEMVGQLV-G:M-VVSCICWSPZ`LVLW-LAIGGWNSNSL--Q----RPL--FL
---------------------------------- QHRQGRSHHLEMflrQLL-1[[M--ovSCVCWSPFLmmIAINGNNSPV7rC--------E--TTL
------- CRVYHT------------------R--EATQRPRDCEwwQLV-GrM-VVAI['VCWMPLr,VFIMQTLLQTPPV)(SFSGQLLRATEHQ-LL

298
302
303
340
305
338
287
288

mEP2
rTa)P

mrp
InEP4

mEP3a
mEPI
mFP
rnMVP

RAZ,RFLSVNSTIDPWVFAILRPmm-)CRSVLCCRTSLRTQEAQQTSCSTQSSASKQTDLCGQL
QAr`RFLSVIS:VDPWIFZIFRIVSVFRbt[-LFHKVFTRPLIYRNWSSHSQQSNVESTL
LAFRFNAFNPIriDPWVF:LFRKAVFQR-LKFWLCCLCARSVHGDLQAPLSRPASGRRDPPAPTSLQAKEGSamLSSWGrcQVA(30)
QAIRIILSVNP:LDPWIYILT.RKTVr,SKAIEKIKCLFCRIGGSGRDSSAQHCSESRRTSSAMSGHSRSFLARELKEISSTSQTL(90}
IAVRLAS]NQIrDrm:,:,RICILLRK-FCQIRDHT[NYASSSTSLPCPGSSAIMWSDQLER
-AVRLASWNQ:Z,DPWVIe:Lr.RQAbCIiRQ-Lr,RLLPLRVSAKGGP[VELGLTKSAWEASSLRSSRHSGFSHL
FmmTWNQXZDPWVYrLZ,RKAV=RN-LYKLASRCCGVNIISLHIWELSS!KNSLKVAAISESPAAEKESQQASSEAGL
IYZ.RVIL[VWNQ::iDPWVIr:LFRRSVLRR-Z,HPRFSSQLQAVSLRRPPAQAM[,SGP

362
357
416
513
365
405
366
341

Fig. 1-5. Comparison of the amino acid sequences of mouse prostanoid receptors.

The deduced amino acid sequences of the mouse EP2 (mEP2), mouse PGD receptor

(mDP), mouse PGI receptor (mlP), mouse EP4 (mEP4), mouse EP3a (mEP3a),

mouse EPI (mEPI), mouse PGF receptor (mFP), and mouse TXA2 receptor (mTP)

are aligned to optimize homology. Identical amino acid residues in four or more

sequences are indicated by bold characters. The approximate positions of the putative

transmembrane regions are indicated above the amino acid sequences.
f
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Physiological Function of the EP2 Receptor

     Tissue distribution of the mRNA for the mouse EP2, together

with those for other PGE receptor subtypes, are shown in Fig. 1-6. The

highest level of EP2 mRNA expression is seen in the uterus, in which

EP3 and EP4 are a}so expressed. Cellular distributions of these PGE

receptor subtypes in the uterus were investigated and their physiological

functions are discussed in Chapter 2. Both EP2 and EP4 are expressed

in the ileum and thymus. PGE2 and butaprost have been reported to

cause relaxation of the ileal smooth muscle (Botella et al., 1993), while

PGE2 also stimulates intestinal secretion via the elevation of mucosal

cAMP leyels (Musch et al., 1987; Bunce et al., 1987; Homaidan et al.,

1995). It is likely that EP2 and EP4 are involved in relaxation of the

intestinal smooth muscle and stimulation of intestinal secretion,

respectively. The EP2 transcript was detected in the liver, in which no

signals for the EP4 transcript were detected. PGE2 has been reported to

be involved in liver regeneration (Tsujii et al., 1993), and PGE2 and

other cAMP-elevating agents can induce the expression of hepatocyte

growth factor (Matsunaga et al., 1994). EP2 might be involved in these

actions of PGE2. EP2 was also expressed in the spleen, lung, and

stomach. Although other PGE receptor subtypes are also expressed in

the lung (Sugimoto et al., 1992; Watabe et al., 1993), EP2 may be partly

involved in the PGE2-induced relaxation of the trachea (Gardiner,

1986).
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2.Distinct Cellular Localization of the
  Ribonucleic Acid for Prostaglandin E Receptor

  the Mouse Uterus during Pseudepregnancy

Messenger
Subtypes in

ABSTRACT

     As an initial step to clarify the mechanisms of various uterine

actions of PGE2, expression patterns of the mRNAs fog four subtypes of

PGE receptors, EPI, EP2, EP3, and EP4, were investigated in the mouse

uterus during pseudopregnancy. Relative expression Ievels were

investigated by Northern blot analysis of mRNA levels in uteri obtained

on days'O, 1, 3, 5, 7, and 9 of pseudopregnancy (day O = 48 h after

PMSG iajection), and cellular localization was determined by in situ

hybridization in uteri obtained on days O and 5. EP2 mRNA was

specifically expressed on day 5, and its expression was confined to the

luminal epithelium. On the other hand, the level of the EP3 mRNA

expression progressively increased until day 5. Cell populations

expressing the EP3 mRNA were confined to the longitudinal smooth

muscle on day O, but they changed to the circular smooth muscle on day

5. The expression level of EP4 mRNA was low on days O and 1, but

became high on days 3 and 5. 0n day O, EP4 mRNA was localized to

the luminal epithelium. On day 5, EP4 expression was observed over

the endometrial stroma and epithelium. This expression was diffuse, but

still significant. No EPI mRNA signals were observed. Transient

expression of EP2 on day 5 of pseudopregnancy in the luminal

epithelium suggests its involvement in blastocyst implantation signaling.

EP4 in the endometrial stroma is suggested to be involved in decidual

transformation of stromal cells, whereas EP3 in the myometrium is

believed to be involved in regulation of myometrial activity.
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RESULTS

Changes in the expression levels of the PGE receptor mRALAs in the

uterus during pseudopregnancy

     In the uteri from pseudopregnant mice, the mRNAs encoding the

three PGE receptor subtypes, EP2, EP3, and EP4, were detected by

Northern blot analyses (Fig. 2-la); the major transcripts were 2.8, 2.3,

and 3.9 kb for EP2, EP3, and EP4, respectively. Minor bands for the

EP2 and EP3 mRNAs were also observed, as reported previously

(Sugimoto et al., 1992; Katsuyama et al., 1995). No expression of the

EPI transcript was detected (data not shown). The level of expression

of the EP2 transcript showed marked variations during the period

examined. The transcript was barely detectable on days O and 1 of

pseudopregnancy. On day 3, EP2 mRNA was detected at a very Iow

level, and the increase was evident on day 5: the mRNA level was 11-

fold the level on day 3. The EP2 mRNA thereafter sharply decreased to

that seen on day 3. EP3 mRNA was hardly detected on day O.

Beginning on day 1, the transcript progressively increased in abundance

to reach the maximum on day 5, which was about 13-fold the level

observed on day 1 (Fig. 2-lb). On days 7 and 9, expression decreased

to lower Ievels than those on day 3. The expression of EP4 mRNA,

which was low on days O and 1, progressively increased and was

maintained at a high level after day 5, which was approximately 10- to

15-fold the level on day O (Fig. 2-lb).
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Fig. 2-1. a, Time-dependent expression of the mRNAs fbr PGE receptor subtypes in

the mouse uterus during pseudopregnancy. Uteri were collected from three mice fbr

each day of pseudopregnancy studied, and total RNAs were isolated. mRNA values

were deterrnined by Northern blot analysis using 32P-labeled antisense riboprobes as

described in "EXPERLIlfE7VTAL PROCEDURES. " The same blots were rehybridized

with 32P-labeled DNA probe for GAPDH, and tfie representative results are shown.

The day of pseudopregnancy is shown at the top. Day O represents 48 h after PMSG

injection. The positions of the major bands are indicated by arrowheads. b,

Quantitation of the signals for the PGE receptor (EP) mRNAs in a. The

autoradiograms were subjected to densitometric scanning, and EP mRNA levels were

normalized to GAPDH mRNA levels. The increase in EP rnRNA levels is expressed

as the fold increase over the level on the contol day (days 3, 1, and, O for EP2, EP3,

and EP4, respectively). Northern blot analyses were independently repeated three

times, and similar results were obtained. Representative results are shown.
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Cellular localization of PGE receptor mRAZAs in the pseudopregnant

uterus

     To define the cell populations expressing the PGE receptor

subtype mRNAs, in situ hybridization analysis was performed on uteri

on days O and 5 of pseudopregnancy. In situ hybridization using 35S-

labeled riboprobes revealed distinct regional distributions of EP2, EP3,

and EP4 mRNAs in the uterus. No signals for the EPI mRNA were

detected in uteri on days O and 5 (Fig. 2-4b for day 5).

     On day O of pseudopregnancy, EP3 and EP4 mRNAs were

detected in the uteri (Fig. 2-2, c and d), but no significant signals for

EP2 were seen (Fig. 2-2b). Hybridization signals for the EP3 mRNA

were found in the myometrium (Fig. 2-2c). Microscopic examination

of the myometrium exhibited weak, but significant, labeling of the

longitudinal smooth muscle cells, but the circular smooth muscle cells

were hardly labeled with the EP3 probe (Fig. 2-3, a and b). As shown

in Fig. 2-3, c and d, signals for the EP4 mRNA were localized in the

luminal epithelium.

     On day 5 of pseudopregnancy, strong hybridization signals for

EP2 mRNA were observed in the luminal epithelial cells (Figs. 2-4c and

2-5, a and b). As shown in Fig. 2-4d, strong hybridization signals for

EP3 mRNA were seen in the myometrium. Microscopic examination of

the myometrium exhibited intense labeling of the circular smooth

muscle cells, but the longitudinal smooth muscle cells were not labeled

(Fig. 2-5, c and d). Diffuse, but significant, EP4 expression was

observed in the endometrium (Fig. 2-4e). Microscopic examination of

the endometrium revealed significant labeling of the luminal epithelial

cells like that on day O of pseudopregnancy. In addition, endometrial

stromal cells and the glandular epithelium were also labeled (Fig. 2-5, e

and b･
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Fig. 2-2. Regional disuibution of the mRNAs for PGE receptor subtypes in the mouse

uterus on day O of pseudopregnancy (48 h after PMSG iajection). a, Brightfield

transverse section through the uterus. b-d, Darkfield photomicrographs of transverse

sections hybridized with 35S-labeled antisense riboprobes for EP2 (b), EP3 (c), and

EP4 mRNA (d). Scate bar = 3oo pm.
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Fig. 2-3. Cellular 1ocalization of the mRNAs for PGE receptor subtypes in the mouse

uterus on day O of pseudopregnancy. a and b, Bright- and darkfield photomicrographs

of the myometrium, respectively, showing hybridization signals for EP3 mRNA. c and

d, Bright- and darkfield photomicrographs of the luminal epithelium, respectively,

showing hybridization signals for EP4 mRNA. Arrowheads, Cells labeled with each

probe. CM, circular smooth muscle; LM, longitudinal smooth muscle; L, uterine

lumen; LE, luminal epnhelium; S, stroma. Scale bar = 50 pm.
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Fig. 2-4. Regional distribution of the mRNAs fbr PGE receptor subtypes in the mouse

uterus on day 5 of pseudopregnancy. a, Brightfield transverse section through the

uterus. b-e, Darkfield photomicrographs of transverse sections hybridized with 35S-

labeled antisense riboprobes for EPI (b), EP2 (c), EP3 (d), and EP4 mRNA (e).

Hybridization signals for EP3 shown in d were abolished in the presence of excess

unlabeled probe (fi. Scale bar = 300 pm.
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Fig. 2-5. Cellular localization of the mRNAs for PGE receptor subtypes in the mouse

uterus on day 5 of pseudopregnancy. a and b, Bright- and darkfield photomicrographs

of the luminal epithelium, respectively, showing hybridization signals for EP2 mRNA.

c and d, Bright- and darkfield photomicrographs of the myometrium, respectively,

showing hybridization signals for EP3 mRNA. e and f, Bright- and darkfield

photomicrographs of the endometrium, respectively, showing hybridization signals for

EP4 mRNA. Arrowheads, Cells labeled with each probe. L, uterine lumen; LE,

luminal epithelium; S, stroma; G, glandular epithelium; CM, circular smooth muscle;

LM, longitudinal smooth muscle. Scale bar = 50 pm.
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DISCUSSION

     PGE2 is a major metabolite of arachidonic acid synthesized by

cyclooxygenase pathways in the uterus, and has been demonstrated to be

produced at implantation sites and the amnion and decidua at the onset

of labor (Parr and Parr, 1989; Soloff, 1989). PGE2 regulates various

uterine functions, such as contraction and relaxation of the uterine

smooth muscles, cervical ripening and labor induction, elevation of

endometrial vascular permeability, and induction of decidualization

(Weitlauf, 1988; Parr and Parr, 1989; Soloff, 1989; Huszar and Walsh,

1989; .Coleman et al., 1990). PGE2-binding activity has been

determined in the myometrium in various species (Coleman et al., 1990;

Senior et al., 1991; Goureau et al., 1992; Senior et al., 1993), and

changes in the number of binding sites, depending on the state of

pseudopregnancy or the estrous cycle, have been reported regarding the

endometrium (Kennedy et al., 1983a; Hoftnann et al., 1985; Kennedy et

al., 1986). However, the contributions of the four receptor subtypes to

PGE2-induced uterine actions have not yet been well established, except

for the contractile action on the myometrium, which is probably

mediated by EP3 (Senior et al., 1991; Goureau et al., 1992; Senior et

al., 1993). Using isolated cDNAs encoding four PGE receptor subtypes

(Sugimoto et al., 1992; Honda et al., 1993; Watabe et al., 1993;

Nishigaki et al., 1995; Katsuyama et al., 1995), their cellular

distribution in pseudopregnant mouse uteri was investigated by

Northern blot and in situ hybridization analyses.

     The present study demonstrated time-dependent changes in

expression levels and distinct cellular localizations of the mRNAs

encoding the three subtypes of PGE receptors, EP2, EP3, and EP4, in

the mouse uterus during pseudopregnancy. Such time-dependent
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fluctuation of PGE receptor mRNAs has not been identified in other

tissues or systems other than the uterus. In this study, mice were

administered PMSG; on day O, defined as 48 h after iajection, mice

were regarded as being in the proestrous stage by analysis of vaginal

smears or by confirmation of ovulation on the fbllowing morning. On

the other hand, day 5 was regarded as the time of maximal uterine

sensitivity to the presence of blastocysts (Moulton and Koenig, 1986;

Markoff et al., 1995). In the present study, superovulation of immature

mice and induction of pseudopregnancy were used as a model system to

examine the changes in PGE receptor expression. Although this system

is known to include nonphysiological hormonal stimuli, preliminary in

situ hybridization was performed on pseudopregnant day 5 mice that

were generated from mature and cycling females, and conseqpently

almost the same results as achieved using superovulated day 5 mice were

obtained (data not shown).

     The mRNA encoding EP2, which is coupled to the stimulation of

adenylate cyclase, was expressed almost exclusively on day 5 of

pseudopregnancy, and its expression was confined to the Iuminal

epithelium. This observation is inconsistent with the previous report

that no [3H]PGE2-binding sites were detected in the luminal epithelium

(Kennedy et al., 1983b). In this previous study, however, binding

experiments were performed using the uterine epithelium of

progesterone-treated ovariectomized rats, not that of rats on day 5 of

pseudopregnancy. The high level selective expression of EP2 on day 5

suggests the involvement of PGE2 in blastocyst implantation, which

occurs during days 4 and 5 of pregnancy in the mouse (Markoff et al.,

1995; Das et al., 1992; Schiff et al., 1993). It has been noted that

cyclooxygenase-2 (COX-2) is transiently expressed on day 4.5 of

pregnancy in the luminal epithelium (Jacobs et al., 1994). Considering
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the similarity in fluctuation between EP2 and COX-2 expression, PGE2

synthesized in the luminal epithelium may exert its effect through EP2

in an autocrine manner. EP2 might mediate signals for morphological

changes in the luminal epithelium essential for blastocyst implantation

(Parr and Parr, 1989). In fact, treatment with indomethacin, a COX-

inhibitor, has been shown to elicit ultrastructural changes in the luminal

epithelium and to inhibit blastocyst implantation (Lundkvist and Nilsson,

1980). Thus, EP2 expressed in the luminal epithelium might be

involved in transmission of the signal from the blastocyst to the

underlying stromal cells.

     The expression of EP4, which is also positively coupled to

       'adenylate cyclase, sharply increased on day 3 of pseudopregnancy. This

increase may be reflecting the change in stromal cells; EP4 mRNA was

expressed in the stroma on day 5, but not on day O. As the serum

progesterone level was reported to rise and reach its maximum on day 5

of pseudopregnancy in the rat (Pepe and Rothchild, 1974), it is possible

that EP4 expression in stromal cells is induced by progesterone, as

reported previously (Kennedy et al., 1983b). PGE2 was reported to

cause an increase in alkaline phosphatase activity in the stromal cells

during decidualization via elevation of the cAMP level (Yee and

Kennedy, 1991). This effect may be mediated by EP4. Thus, EP4 may

mediate signals for decidualization of stromal cells.

     The mRNA encoding EP3, which is coupled to the inhibition of

adenylate cyclase, was specifically localized to the myometrium.

Previous pharmacological studies demonstrated that PGE2 causes uterine

contraction through elevation of the intracellular Ca2+ concentration

(Goureau et al., 1992). Mouse EP3 expressed in CHO cells is coupled

not only to the inhibition of adenylate cyclase, but also to Ca2+

mobilization via Gi (Irie et al., 1994). Therefore, PGE2-induced
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uterine contraction may be mediated by an EP3-mediated Ca2+ signal in

the myometrium.

     As in the cases of EP2 and EP4, the level of EP3 expression also

changed during pseudopregnancy; EP3 expression was low on day O, but

increased to reach a maximal level on day 5. The temporal changes in

EP3 expression coincided well with the change in myometrial activity in

pregnant and pseudopregnant rats; the myometrial activity was reported

to increase after mating and reached a maximal level on day 5 (Crane

and Martin, 1991a). Therefore, the level of EP3 expression might

affect myometrial activity. The cell populations expressing EP3 also

changed in a temporally specific manner; EP3 transcripts were localized

to the Iongitudinal smooth muscle on day O, but expression was confined

to the circular smooth muscle on day 5. To date, there have been no

reports concerning changes in PGE2-induced myometrial contractility in

these two distinct types of smooth muscle during pregnancy or

pseudopregnancy. However, EP3 expressed in the longitudinal smooth

muscle on day O might be involved in longitudinal contraction observed

during the periovulatory period (Crane and Martin, 1991b). EP3-

mediated longitudinal contraction might contribute to sperm transport

(Chalubinski et al., 1993). On the other hand, EP3 highly expressed in

the circular smooth muscle on day 5 might be involved in circular

contraction necessary for retention and spacing of embryos (Crane et

al., 1991a). At present, there is no information regarding the

mechanism underlying such time-dependent changes in the expression of

EP3 mRNA in two distinct types of smooth muscle cells. More detailed

analyses are therefore required.

    'In summary, the results presented here indicate distinct cellular

localizations and time-dependent changes in the expression levels of

PGE receptor subtypes in mouse uteri during pseudopregnancy. It is
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also suggested that PGE2 modulates uterine functions through at least

three receptors; EP2 is involved in biastocyst implantation signaling,

EP4 is involved in decidual transformation of stromal cells, and EP3 is

involved in regulation of myometrial contractility (Table 3).

Table 3. Summary of the distribution of three PGE receptor subtypes in pseudopregnant

mouse uterl.

EP2 EP3 EP4

DayO
,

ii(lllllll]

longitudinal smooth muscle

llSlllllll

luminal epithelium

Day5

luminal epithelium

(:li)

circular smooth muscle
     stroma
luminal epithelium

glandular epithelium

Function
 blastocyst

implantation

 signaling

regulation of

myometrial

contractility

  decidual

transformation

of stromal cells
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3. Characterization of the Gene for the

  E Receptor Subtype EP2; Tissue
  Transcription in the Macrophage and

 Mouse Prostaglandin
Specific Initiation of

the Uterus

ABSTRACT

     Genomic DNA clones for the mouse PGE receptor subtype EP2

were isolated and characterized. The mouse EP2 gene is composed of 2

exons and 1 intron, and spans 16 kb. The intron which is approximately

12 kb in length is located at the end of the sixth transmembrane domain,

as with other prostanoid receptor genes. Based on this structure,

transcripts were analyzed in endotoxin-treated macrophages and

pseudopregnant mouse uteri, in which abundant expression of EP2

mRNA was observed. Sequence analysis of cDNA clones from these

origins and Northern hybridization of these RNAs revealed that the

uterine EP2 mRNA (U-type) has a longer 5'-untranslated region than

the macrophage EP2 transcript (M-type). The major transcription

initiation sites for M-type and U-type EP2 are located 124 bp and 769

bp upstream of the translation start site, respectively. The M-type was

expressed in various tissues, whereas the U-type was found only in the

uterus. The 2 kb segment containing the immediate 5'-flanking and 5'-

noncoding regions contain three consensus sequences for the NF-IL6

binding site, one consensus sequence for the NF-KB binding site, four

AP-2 consensus sequences, one AP-4 consensus sequence, one potential

cAMP response element, and one potential progesterone response

element. These results suggest that EP2 gene expression in the

macrophage and uterus is .under the control of distinct mechanisms

involving alternative promoters.
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RESULTS

Structure of the mouse EP2 gene

     Structural analysis of isolated clones revealed that the mouse EP2

gene spans 16 kb in length and contains 2 exons (Fig. 3-1). Exon 1 is

composed of the 5'-untranslated region and the coding region from

ATG to the putative sixth transmembrane domain of the receptor. Exon

2 encodes the residual part of the coding region and the 3'-untranslated

region. The sequences of the exons were in complete agreement with

that of the cDNA. The exon/intron boundaries conform perfectly with

the GTAAG rule (Table 4) (Breathnach and Chambon, 1981; Mount,

1982). In Southern blot analysis of mouse genomic DNA, digestion by

BamHI, Ncol, Ndel, or Scal yielded a single hybridization band,

suggesting that the EP2 is specified by a single gene (data not shown).

Using the genomic DNA structure as a basis, the mRNA species from

the macrophage and uterus were further characterized.

Table 4. Exon-intron organization of the mouse EP2 gene.

Exon size (bp) Exon Intron Exon

l macrophage; 966
       uterus; 1611

2 916 (3'-short fbrm)

  1976 (3'-Iong form)

TTCACA g!;aagtcacc..(12kba)..cttctttcag
PheThr

ATCTTT
IIePhe

Exon sequences are in upper case letters; intron sequences are in lower case letters.

The deduced amino acids are shown below the nucleotide sequence.

aThe length of the intron was determined by PCR.
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Fig. 3-1. Schematic diagram of the mouse EP2 mRNA and gene. a, Structure of the

mouse EP2 mRNA. The noncoding regions are represented by open boxes, the

putative transmembrane regions are indicated by hatched boxes and numbered, and the

other coding regions are shown by closed boxes. The translation initiation site, AUG,

the translation termination site, UGA, and two polyadenylation sites are indicated.

Positions of probes used in the Northern blot analysis are depicted by bold bars and

lahelled. b, A diagram of the mouse EP2 gene. The restriction sites are indicated as

follows: Aatl (A), EcoRI (E), Kpnl (K), Smal (S). Exons are represented by open

boxes.
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Characterization of cDIVAs from a mouse uterus library

     As described in Chapter 1, the 2.2 kb species of EP2 mRNA was

distributed in various tissues, whereas the 2.8 kb transcript was

abundantly expressed only in the uterus, and hence appeared to be

uterus-specific (Katsuyama et al., 1995). To obtain structural

information on the uterus-derived EP2 transcript, EP2 cDNA clones

were isolated from a mouse uterus cDNA library. Thirteen positive

clones were isolated, and 9 clones contained the fuII-length of the coding

region. Restriction analysis of these clones revealed that the sequence of

the coding region was the same as that of ML202, a representative EP2

cDNA clone derived from the lung (Katsuyama et al., 1995). However,

       i5 out of 9 uterine clones contained an additional upstream genomic

sequence (640 - 545 bp in length) at their 5'-ends compared with the

lung cDNAs (Figs. 3-1 and 2). Due to these findings, it was further

examined whether the additional sequence observed only in the uterine

EP2 cDNA corresponds to the extra sequence in the uterine-specific 2.8

kb transcript.
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                   NF-KB
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GGGAGAGTCCACI[XI'TGGGTTGGCTGIVGTGGAGGACGCTACTGGCCTGCAGTTTACAGCCTGAAAG(]AAACTAGAGGAGTTTGACACCCAC[VGCATCCArcC

CCTACAAACTTAGCAATGGAGTGGATAGCIWS]eCAglocIGZGGG/ AAATGAGCCTGTAGGCCTCCCAAATG(]ATTCTGC[Vtl]CCCGTATTTTGCTAGAAAACCCC
                                AP-4
                                                                                             'TCCAG:!g;org;AGGgCAGAAGCATGGTGAGCTAAGTCATGAGAAGCIVXGGrcTACTCCATAAATAATCTTTCCATTGCTCTTTCTTTTTACTCCTGGGCAA

ACCTTTCTTTCTCAGCACACTCTCTrtI]TCTCTGCATGAAATACACTTTTTCTAGTAGTATACCCTTGCCTACGT[VGTC[VGTCAGGCT<]GACTGAGAAAACC

AGAAACACTGCTGCAIV]]TTTAACTACTCTGTAACTATGGCAACAAATGATAAATAACI[LATTTATGCCAGCTTCATTGTGAAACTGGCCAATTACCAAAAC
                                                                               CCAAT-box
ACTCCGGGAATAAATCCTTCGAATGGTTAACTGACTGTGGAGAGACGAATGTGAACAATGTATTAACAGATTC[[#I]CAAGATTGAGCCTCAATAGAGAACA

CTIPAAGTGCCATTTGTVI]TTCCATCTGGGGCCACAAACATGACTCCrllG,ilGGATTACAAGAACAGTTCCTGTTTTGTTTTGTTAGGATTGCTTIVLGCAAGTC
                                                                                  '                                         Xbal PRE ･ NF-IL6
GTTGTTATAG(]Al5,GGCAAA(!K]CCACTC[E<]TG

                             .{UL=IM2Ct
                         -769 GTGTGCACGGTTCCATTTCTTGGATGGATAG(];TTTGCTT7[T7]CAGTTCCTIDCCAGT[I7T7V[rGTCCCACC7]T

                                                     ------.---- t2 r
IK]TTGG(!;TATCTI[V]]C[r<]GATGTTT[[K]lrGTTTTGTTT[[t[]TTTTAAAGGAAAACAACAACCTCTCTCATATTCTTACTTCAAGTTGTCTTGATGTTTTTGTG

CCTCCTCCACACCTCACAGGGCTGGACTCTCTTAACCTCAGTTTGGTGAGTTCCTGTTACCCCAGTCTTATTAIVtCTGTGCTGGTTCCCAGCCTTCTGCT

-AGGGCTAAAGGCTTCAGAGCmpGAGGCACTGCAACTTCCAACCCATAGGAAGGAAGACCTTATGGGCCAGCTCAGGGTGAGCGCTGGGAACGCC
                      CRE
                       v
CCCAGGTCCCT:IKZ:!lllGl!GCCCTGTCAGTGIIK]TGTCTGCCCTglg2g;I!Ggg;pe AGCAGCTCGCAAGCAATCTAAATTGCTTTCC[rGGATTCCACTAC

           XI)al AP-2
  v
.[[GGACTTGCCCCC[IK]AAGGCGCTGGAGGGAGCAGCTGCTCTGGCAAGCACCCCCTGCTAGGGCAGGTGAGGCACAGAAGCACCGAGAGCGACCGGATATT

GTAGTGAAGAGGCCACTGTACGTACAGGCAGGAGACCCAAACAAGTCTGTCCTTGG7[<]CGAGTTGGGGGCCGGAAG
                                                                        MLz=.!t;MRe
                                                                    -124 GGAGCTCTGGATTTCGGTCCCTCC

CCTTTTCCCTGCTCTGTCTTGGAGCCCTGGGGCCATCAGACCCTCCGACTGTCTGGTACTTGCCTGGAAGAGATATCATCTCTCCTCCACACCCTCCACC

ATGGACAATTTTCTTAATGACTCCAAGCTAATGGAGGACTGCAAGAGTCGTCAGTGGCTCC7[Vl]TCGGGGGAAIXGCCCAGCCATCAG( TCGGTGATG . . . .

M D N F L N D S K L M E D C K S R Q W L L S G E S P A I S S V M

Fig. 3-2. Nucleotide sequence of the 5'-flanking and 5'-noncoding regions of the

                      'mouse EP2 gene. Numbers on the left are relative to the adenosine in the ATG start

                                                                           'codon. Representative cDNA clones ML202 and MU14 start at positions -145 and

-743 , respectively. The major transcription initiation sites for macrophage (M-type)

and uterine (U-type) transcripts are indicated. Two other potential transcription start

sites fbr macrophage transcripts are shown by open triangles. Potential binding sites

for the indicated transcription factors are underlined. The two Xbal restriction sites are

                                                                                'italicized and underlined. Locations of the primers used in primer extension analysis

are shown by lines above the sequence.
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AIOrthern hybridization with region-specijicprobes

     The preliminary investigation showed that the expression of the

2.2 kb EP2 transcript was higher in LPS-treated J774.1 cells, a

macrophage-like cell line, than in the lung. To examine whether the

uterus-specific 2.8 kb transcript is derived due to a difference in the

length of the 5'-noncoding sequence, Northern blot analysis was

performed on the J774.1 cells and uteri using a probe specific for the

additional sequence. First a Hincll fragment covering the seventh

transmembrane and C-terminal regions of EP2 was used as a probe (Fig.

3-1). As shown in Fig. 3-3a, a major band was observed at 2.2 kb and

2.8 kb in LPS-treated J774.1 cells and pseudopregnant day 5 uteri,

       ,respectively. In J774.1 cells, a minor band was also observed at 4.0 kb.

0n the other hand, when a Xbal fragment specific for uterine EP2

cDNA was used as a probe (Fig. 3-1), the 2.2 kb transcript from the

J774.1 cells was not detected (Fig. 3-3b). These results showed that

only the uterine EP2 transcript has an additional 5'-untranslated region,

suggesting that the transcription of the uterine EP2 mRNA starts

approximately 600 bp upstream of that in the lung.
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Fig. 3-3. Northern blot analysis of RNAs isolated from LPS-treated J774.1 cells and

pseudopregnant day 5 mouse uteri. LPS-treatment ofJ774.1 cells and achievement of

pseudopregnancy in virgin mice were perfbrmed as described in "EXPERlltdrEN7AL

PROCEDURES. " Total RNA (10 pg) was applied to each lane. a, EP2 mRNAs were

detected by a 543 bp-Hincll fragment covering the seventh transmembrane and C-

terminal regions. A major band was detected at 2.2 kb and 2.8 kb in J774.1 cells and

uteri, respectively. b, A 469 bp-Xbal fragment from the 5'-noncoding region of

uterine EP2 cDNA was used as a probe. Only the 2.8 kb transcript was detected. J,

LPS-treated J774.1 cells; U, pseudopregnant day 5 uteri.
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Determination of the transcription start site

     In order to confirm uterus-specific transcription initiation, the

transcription initiation sites for the macrophage (M-type) and uterus (U-

type) EP2 transcripts were investigated. Primer extension analysis was

first performed with two antisense oligonucleotides, EP2NR

(corresponding to position +27 - -3) and EP2UR (position -610 - -644)

(Fig. 3-2). When EP2NR was used as a primer, an extended product

was detected in RNA from J774.1 cells, which started at the guanine

nucleotide at position -124 (Fig. 3-4a). The product was not detected in

RNA from the uterus. As shown in Fig. 3-4b, when EP2UR was used as

a primer, an extended product was detected in RNA from the uterus,

       iwhich started at the guanine nucleotide at position -769. This product

was barely detected in RNA from J774.1 cells. Thus, the major

transcription initiation sites for M-type and U-type EP2 were identified

as positions -124 and -769, respectively. Two additional minor

transcription initiation sites for the M-type were further identified by

the 5'-RACE experiment (Fig. 3-2). From these results it is concluded

that the transcription start site of uterine EP2 mRNA is approximately

600 bp upstream of that in the other tissues.
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Fig. 3-4. Determination of the transcription start sites of the mouse EP2 gene by

primer extension analysis. 32P-labeled antisense oligonucleotides were annealed to

poly (A)+ RNAs as described in "EXPERIMENTAL PROCEDURES." a and b,

Extension by EP2NR and EP2UR primers, respectively. Arrowheads indicate the

extended products. J, LPS-treated J774.1 cells; U, pseudopregnant day 5 uteri.
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Diversity of the EP2 transcripts in their 3Lnoncoding region

     Heterogeneity was also found in the length of the 3'-noncoding

sequence in EP2 cDNA (Figs. 3-1 and 5). When cloning the EP2 cDNA

from a mouse lung library, isolated clones were subdivided into three

groups, represented by ML202, ML203, and ML204, according to their

3'-terminal lengths. Eleven out of 12 clones from the uterus library had

the same 3'-tail as ML203, suggesting that this type of 3'-terminal

structure is the dominant form in the uterus (Fig. 3-5, 3'-short form).

The other clone, MU6, had the same 3'-tail structure as ML204 (Fig. 3-

5, 3'-long form). This mRNA species contained not only three

polyadenylation signals, AATAAA (Manley et al., 1985), but also five

        i
mRNA destabilizing motifs, ATTTA (Malter, 1989). To examine

whether the 4.0 kb minor band detected in J774.1 cells corresponds to

the 3'-long form, Northern hybridization was performed with a probe

specific for the 3'-long form. However, significant levels of transcripts

were not detected with this probe (data not shown), suggesting that the

3'-long form was expressed at a very low leVel, or was susceptible to

degradation. The 4.0 kb minor band detected in J774.1 cells might be

an immature form of the 2.2 kb mRNA.
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  1 ATCTTTGCCTACATGGATGAAACCTCTTCCCTAAAG(]AAAAGTGGGACCTCCGAGCTCTTCGGTTTTTATCAGTTAACTCTATAATTGAC

282IFAYMDE [P SSLKEKWDLRALRFLSVNSIID
 91 CCTIrGGGTCTTTGCCATACO[V]]AGGCCACCGGTCCTGAGGTTAArcCGCTCAGTCCTCTGTTGTCG(]AC[[ttI]CACTGAGAACACAAGAAGCT

181
342

271
361
451
541
631
721
811
901

 991
1081
1171
1261
1351
1441
1531
1621
1711
1801
1891

CAGCAAACATCCTGTTCTACCCAGTCCAGTGCCAGTAAACAGACTGACCTTTGTGGACAGTTGTGAGGATGCGCTTCACGIK]GGAACCTC

QQ [V SCSTQSSASKQTDLCGQL
TGAAGAAGTCTTTAAATGGCCTCATTGGAGAAGTGTAAGGGGC[VG(]AATATAAACAGAATAACCT7]GCCCTGAGAAGCAGATGAAACAGA
CTTTATGAGGTTTGGGCTGCAGATGTGATGACAGAGCCCTTTGrcGAAAGTGTCAGAGGATATAAAGTTCACATTATGTGACCTTTGAAG
GACAATCrcCTGCGTCGAAGACCCAGTTGATI[V]]AAGCTTTCCTGTTGAGTGACAAAGCATGTGGTTT7]GTAATTTGTTTTAIVVtTGCTAC
ATGGTTACTGTTTTAATTT[DGATGTCACTGC[PGTTATAAATGCAGTCAGACCAAATGAAATTCATTCTCTAGGAAGTCAACTCATGCAAG
CGATGAAGCAACCAGAGCAGACAAGTTGCTGTCTCGTGATTGCTTAATGGACTCTTTATTTG(]ACCA[DGIVXGTTGAATGCCATTGGCCCC
TTTTACTGTGCGTGTTCATGTGGGAGTCCTCTCTGGTAACGAAAGGATGCACTGAT[Vtl7GGTTAATGCTAGTTAATCCTTTAGGAGCTCTG
TCATGT[DGTCAGATTATTTATTCTGTCTTGTCTATTGTGATAAGACTACTGAAGAAAACTTCAGAAAT[rSI]GTGTCTCACAAAGGAATAAT
TAAAAAAATCAATTTT (3t-short form poly A site)

               AAT7]AGTGTTCTTCAGTTTTTTATAGAG(]AAGAGTTTTCACAGTTGTATCTGAGATCAGATTTTAGGATCAAAC
TCTGAAAATTCAAGTCTAT[Vl]TTCAGGTTCTCTAGAATCCTTCTAGTGTTGGTACTAGACATAACTAACATACACATACACTACAAGATG
TTTGATTGTGCCACGGCAAACGCTTTTGTCTGTATTTTTATTGAGGGAACATATTT7K]ATTCATACAACAAAAGAAATCA[[<]TAACTGTG
AGTCATATCI[V]]ATATTTCCAAACGTTTGGTACGGTATAAACTCAGCATTAAAGTATTCCAGTGAGCGTGTACAIi[l:[I71GTCAGTTATAGTG
TAAACACATCTGAAATGTTACAAGCTAAATTATAAAACAAAAAAGTAGAAGTCTTCAATTAATTCACTCCCCAAGGACAGI#]]TGCAGTTA
ATGTAGACATGGCA[VCTTTTAGGTAAAATAAAAGTTTTTAAAAAATTCAATAATATTTTGGCAAGTTTTTAAAA[VGTACAGTTGTTATAA
ATTAAAATK]]TTAAGATATCCAGTGGAGTTCTrcATATTGAAAGAGAGTTTTGCTATCAGTTTTCACTCTUI]CTGACATGGTCATTAGAATA
ATATAACCATCGTATTTGAGGGCAGATAGAATTGTAGGAIrGGC7]GTTAACT[[M]rTTAAATT[l7!GTrcTTTCTCATGCTTCATGTTTACCCA
GAGCTGTTTIV7]TATAGTTAGTTATCATT[TIAGAAAGACTCTGTGTAACTAAATATCTCrcATACAAATTATGGGAGTCAAAGCAGCTCTTA
CTTTTACAAGAATATATAAATAAGTGGTTCGTGTTTGTATAAATTTAACAGAGCAGACAAAGTTTAATTTAACTAAAATCTAGGCAGGTA
TAAATAAATGCCACCTCTTCACCCGGTGT[[<]CATGCCAAGAAATTACATTCAGGGGGAGAATGAGGCCCGTGGTArcACACTGAAGCAGA
AATTTC7I<]GTTACTTTGCACCTGGAATTTTGATTCCTTTTATCAGATGTCGT[[<]TAAAAATCTCAGAATAAAAAAAAATTAACTAC
                                                                      (3'-long form poly A site)

Fig. 3-5. Nucleotide sequence of exon 2 of the mouse EP2 gene. The deduced amino

acid sequence is shown beneath the nucleotide sequence using the single-letter code.

The positions of the putative transmembrane segments, VI and VII, are underlined.

                                                    'AATAAA polyadenylation signals are double underlined. ATTTA mRNA destabilizing

                                                 'motifs are italicized and underlined. The previously reported cDNA clone ML202

stopped at nucleotide 724 and was polyadenylated.
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7Vssue distribution analysis ofEP2 mRA(A variants

     Tissue specificity of the expression of EP2 mRNA with a long 5'-

or 3'-untranslated region was examined by RT-PCR (Fig. 3-6). As for

the 5'-end variants, when the MG2721 primer, which amplifies both the

M-type and U-type EP2 was used, a 977 bp fragment was detected in all

tissues examined. In contrast, when amplified with the MG2723 primer

specific for the U-type, a 1334 bp fragment was detected only in

pseudopregnant day 5 uteri (Fig. 3-6b). These results suggest that the

M-type was expressed in various tissues, whereas the U-type was

expressed exclusively in the uterus. As fbr the 3'-end variants, the long

form was expressed in all tissues examined (Fig. 3-6c), suggesting that

       ±tissue specificity does not exist in the expression of the EP2 mRNA with

the long 3'-untranslated region. ･
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Fig. 3-6. Tissue specificity of EP2 mRNA variants. RT-PCR was performed as

described in "EXPERIMEN7AL PROCEDURES." a, Diagram of the 1ocations of the

PCR primers and amplified products. The MG2721 primer in combination with the

EP2EXR primer amplifies both the M-type and U-type EP2 transcripts, and a 977 bp

fragment is detected. On the other hand, the MG2723 primer amplifies only the U-type

mRNA and a 1334 bp fragment is detected. As for the 3'-end variants, the EP2MJR

primer in combination with the EP2EXF primer amplifies both the 3'-short form and

the 3'-long form, and a 899 bp fragment is detected. On the other hand, the ML204R4

primer amplifies only the 3'-long form, and a 1019 bp fragment is detected. b,

Distribution of the two types of 5'-end variants. A uterine EP2 cDNA clone was used

as a control of the amplification. The M-type transcript is expressed in various tissues,

whereas the expression of U-type mRNA is restricted to the uterus. c, Distribution of

two forms of 3'-end variants. ML204 was used as a control of the amplification. The

long form is expressed in al1 tissues examined. C, control DNA; T, thymus;' Lu, lung;

Li, liver; S, spleen; I, ileum; U, pseudopregnant-day-5 uterus.
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Analysis of the promoter sequence

     The 2 kb nucleotide sequence containing the immediate 5'-

flanking and 5'-noncoding regions of the mouse EP2 gene was examined

(Fig. 3-2). No consensus TATA-box sequence was found in the

presumed promoter region of either the M-type or U-type EP2.

Although one consensus TATA-box sequence is present at position

-1603, it seems too distant to be involved in transcription. A CCAAT-

box is present 247 bp upstream of the major transcription start site for

the U-type. Consensus motifs relevant to LPS stimulation, such as NF-

IL6 and NF-KB binding sites, are found in the 5'-fianking region.

Consensus sequences for the NF-IL6 binding site are present at positions

       ,-811, -1593, and -1871. 0ne consensus sequence for the NF-KB

binding site is found at position -1982. In addition, in the promoter

region for the M-type, one putative cAMP response element (CRE) and

a cluster of three AP-2 consensus sequences were found at positions

-480 and -352, -353, and -359, respectively. On the contrary, no

apparent consensus sequence related to hormone-dependent expression

in the uterus, such as an estrogen response element (ERE) or a

progesterone response element (PRE), was found in the 5'-flanking

region. However, one potential PRE was found at position -844, 75 bp

upstream of the major transcription start site for the U-type. In

addition, one AP-2 consensus sequence and one AP-4 consensus

sequence are present at positions -1295 and -1370, respectively.

44



DISCUSSION

     Although both EP2 and EP4 are coupled to the stimulation of

adenylate cyclase, expression of EP2 mRNA is much Iower than that of

EP4 in almost all tissues. However, abundant EP2 mRNA expression

was observed in the macrophage and uterus. As described in Chapter 2,

EP2 mRNA is induced in the luminal epithelium of the mouse uterus on

day 5 of pseudopregnancy, suggesting that the EP2 gene is hormonally

regulated in the uterus (Katsuyama et al., 1997). The dominant EP2

transcript detected in the uterus was 2.8 kb in length. On the other

hand, EP2 mRNA in J774.1 cells, a macrophage-like cell line, is highly

induced by stimulation with LPS (unpublished data). In this cell line,

the major EP2 transcript detected was 2.2 kb in length, as was observed

in tissues other than the uterus. These observations lead to the

hypothesis that expression of EP2 is induced by hormonal or

pathophysiological stimuli, and that distinct activation systems of EP2

gene expression exist in these two types of stimuli. As an initial step to

clarify the mechanisms of EP2 induction, genomic DNA clones encoding

EP2 were isolated and characterized. As a result, differences were

found in transcription initiation of the EP2 gene between the

macrophage and uterus.

     The mouse EP2 gene is composed of 2 exons. Exon 1 contains the

5'-untranslated region, the translation initiation codon, and most of the

EP2 receptor coding region. Intron 1, which is approximately 12 kb in

length, divides the coding region at the putative sixth transmembrane

domain. The location of this intron in the sixth transmembrane domain

is completely conserved in the genes of eight types and subtypes of

prostanoid receptors (NUsing et al., 1993; Hirata et al., 1994; Batshake

et al., 1995; Ogawa et al., 1995; Arakawa et al., 1996; Kotani et al.,
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1997; Hasumoto et al., 1997). On the other hand, the EP2 gene does not

have an intron in the 5'-noncoding region, which was found to be

present in the genes of five types of prostanoid receptors. Among the

prostanoid receptors, the human TP receptor gene and the bovine FP

receptor gene have been reported to generate two mRNA species by

alternative promoter usage (NUsing et al., 1993; Ezashi et al., 1997).

However, these two mRNA species appeared to be co-expressed in the

same tissue. In the present study, diversity of EP2 mRNA was identified

in both the 5'- and 3'-ends. RT-PCR and Northern analyses revealed

that the 3'-end variants, the short form and the long form (Fig. 3-5), are

co-expresspd in various tissues and that the short form is dominant. On

the other hand, expression of the 5'-end variants (Fig. 3-2) is tissue-

specific; 5'-long (U-type) mRNA is expressed only in the uterus and 5'-

short (M-type) mRNA is expressed in other tissues and the macrophage.

Thus, the EP2 gene performs tissue-specific transcriptional initiation.

The significance of the long 5'-noncoding sequence of the U-type is yet

unknown, but it might be involved in the alteration of the stability or

translation efllciency of the transcript. Indeed, the 5'-noncoding region

of the U-type contains four AUG codons. Presence of these start codons

upstream of the main open reading frame is known to inhibit cap-

dependent translation (Kozak, 1991). Therefore, the translation

efficiency of the U-type might be lower than that of the M-type. Strict

control of translation, in addition to transcriptional regulation, might be

necessary for precise expression of EP2 in the uterus.

     As described in Chapter 2, it was found that in the synchronized

mouse uterus, EP2 mRNA expression is induced in the luminal epithelial

(LE) cells only during the periimplantation period (Katsuyama et al.,

1997). This observation suggests the involvement of PGE2 and the EP2

receptor in blastocyst implantation. Furthermore, preliminary analyses
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using ovariectomized mice revealed that the expression of EP2 mRNA

was induced in uterine LE cells by exogenously-added progesterone

(unpublished data). These results suggest that uterine expression of the

EP2 gene is under the control of ovarian progesterone. In fact, there is

one potential PRE in the 5'-flanking sequence, 75 bp upstream of the

uterine transcription start site. However, it is yet unknown whether this

PRE works as an uterus-specific promoter in regulation of EP2 gene

expression. All that is known is that uterine transcription of the EP2

gene starts 645 bp upstream of the transcription initiation site in the

macrophage cell line. Therefore, one possible explanation is that the

PRE in the EP2 gene may be invo}ved in activation of the closer

transcription start site in uterine LE cells in response to progesterone.

     0n the other hand, expression of the 2.2 kb species of the EP2

transcript was widely observed in various tissues. This EP2 transcript

was,induced by LPS-stimulation in J774.1 cells. PGE2 is known to

inhibit LPS-induced cytokine production in the macrophage via cAMP

accumulation (Zhong et al., 1995). LPS-induced EP2 might be involved

in such inhibitory actions of PGE2 in the activated macrophage. Indeed,

in the 2 kb immediate 5'-flanking region of the EP2 gene, three

consensus sequences for the NF-IL6 binding site and one consensus

sequence for the NF-KB binding site were found (Fig. 3-2). It is

possible that the 2.2 kb transcript is induced by these inflammatory

transcription factors (Akira and Kishimoto, 1992; Matsuoka et al.,

1993). If this is the case, it seems reasonable that the expression levels

of the 2.2 kb transcript were extremely low in healthy mouse tissues

other than the uterus.

     The most remarkable finding in this study is that uterine

transcription initiation of the EP2 gene is different from that in other

tissues. This suggests that distinct promoters are involved in EP2 gene
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expression in the uterus and other tissues. Such tissue specific

expression respondent to various physiological stimuli has been reported

in the mouse FP receptor gene; the 7.3 kb fragment of the 5'-flanking

region of the FP gene contains enough promoter sequence for its

expression in the stomach and kidney, but not in the corpora lutea

(Hasumoto et al., 1997). In the case of the EP2 gene, however, it

remains unknown at present whether the uterine promoter and the

promoter for other tissues work independently from each other. It is

also unclear whether some of the putative promoter regions in both

systems overlap and share some basic transcription factors. Thus,

further systematic studies on EP2 gene expression in the uterus and

        'other tiss'ues are essential.
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CONCLUSION

     The author performed a study on the structure and function of the

prostaglandin E receptor subtype EP2. A summary of the results

obtained here are as fo11ows:

1. Expression of EP2 mRNA was much lower than that of EP4 in

almost all tissues. EP2 mRNA was expressed most abundantly in the

                            'uterus.

2. The mRNAs for EP2, EP3, and EP4 showed distinct cellular

localizations and time-dependent changes in the level of expression in

individual cells in pseudopregnant mouse uteri. Confined expression of

EP2 mRNA in the luminal epithelium on day 5 of pseudopregnancy

suggests the involvement of PGE2 and the EP2 receptor in blastocyst

implantation signaling (Fig. 4-1).

3. Transcriptional initiation of the EP2 gene in the uterus was

different from that in other tissues and that in LPS-stimulated

macrophages (Fig. 4-1).

     Infbrmation obtained from the present study is bound to facilitate

the understanding of the physiological functions of PGE2, as well as the

development of more subtype-specific PGE2 analogues for therapeutic

purposes.
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Fig. 4-1. Regulation of gene expression and potential physiological functions

of the prostaglandin E receptor subtype EP2.
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EXPERIMENTAL PROCEDURES

Chapter 1

1. Materiats

    Butaprost, SC-19220 and misoprostol, M&B 28767, and

sulprostone were generous gifts from Dr. P. J. Gardiner of Bayer U. K.

Ltd., Dr. P. W. Collins of Searle, Dr. M. P. L. Caton of Rhone-Poulenc

Ltd., and Schering, respectively. [5,6,8,9,11,12,14,15-3H]PGE2 (181

Ci/mmol), iloprost, and the 125I-labeled cyclic AMP assay system were

obtained from Amersham Corp. [ct-32P]dCTP (3,OOO Ci/mmol), [ct-

32P]UTP (3,OOO Ci/mmol), [ct-35S]CTP (1,OOO Cilmmol), and [y-

32P]ATP (3,OOO Ci/mmol) were obtained from Du Pont-New England

Nuclear. PGE2, 11-deoxy PGEI, 19(R)OH-PGE2, 1-OH-PGEI, and

16,16-dimethyl PGE2 were purchased from Cayman Chemical (Ann

Arbor, MI). PGEI, PGF2ct, and PGD2 were obtained from Funakoshi

Pharmaceuticals (Tokyo, Japan). Sources of other materials are shown

in the text.

2. cDNt4 cloning of the mouse prostanoid EP2 receptor

2-I. Amplijication ofa cDAIA Fragment of the Mouse EP2

    First-strand cDNA was synthesized from mouse lung total RNA

using random hexanucleotides as primers. Degenerate PCR primers, 5'-

CTGGGATCCATGCTCATGCT(CG)TT(CT)GC(ACGT)ATGGC-3' and 5'-

GCAGAATTCAGACGGCGAA(CG)GT(AG)AT(GT)GTCAT-3', corresponding

to the putative third and sixth transmembrane domains of the human

EP2 (Regan et al., 1994) were synthesized. The thermal cycle program

was 2 cycies of 940C fbr O.8 min, 480C for 1 min, and 720C for 3 min,

3 cycles of 940C for O.8 min, 500C for 1 min, and 720C for 2 min,

followed by 27 cycles of 940C for O.8 min, 550C for 1 min, and 720C
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for 3 min. Amplified cDNAs were subcloned into pBluescript II SK(+)

(Stratagene). A 466-base pair clone showed a sequence highly

homologous to the human EP2 receptor cDNA.

2-2. lsolation of a Functional cDALA CIone

     A mouse lung cDNA library was prepared by the oligo(dT)

priming method. Approximately 3.0 × 105 recombinant clones from

this library were screened by hybridization with the cDNA fragment

obtained by PCR. Hybridization was carried out at 680C for 15 h in 6 ×

SSC (900 mM NaCI and 90 mM sodium citrate) containing 5 ×

Denhardt's solution (O.1% Ficoll, O.1% polyvinylpyrrolidone, and O.1%

bovine serum albumin) and O.5% SDS, and filters were washed twice at

        '
680C for 30 min in 2 × SSC containing 1% SDS. Four positive clones

were isolated, and a representative clone, ML202, was subjected to

sequence and expression analyses. Nucleotide sequencing was carried

out on both strands by the dideoxy chain termination method.

3. Stable Expression in CHO Celts

     The EcoRI insert of ML202 was subcloned into pdKCR-dhfr

(Oikawa et al., 1989), and the resultant plasmid DNA was transfected

into CHO cells deficient in dihydrofolate reductase activity (CHO-dhfr-)

by the lipofection method (Felgner et al., 1987). Cell populations

expressing the cDNA together with dihydrofolate reductase were

selected in ct-modification of Eagle's medium lacking ribonucleosides

and deoxyribonucleosides and containing penicillin (100 unitslml),

streptomycin (100 pg/ml), and 10% dialyzed fetal bovine serum (Cell

Culture Laboratory). From these cell populations, clonal cell lines were

isolated by single-cell cloning. Expression of the mouse cDNA was

assessed by Northern blot analysis.
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4. Ligand Binding Assay

Using the crude membrane fraction (300,000 x g pellet fraction)

prepared from a CHO cell clone expressing the receptor, [3H]PGE2

binding was determined as described by Nishigaki et al. (1995). The

membrane (40 Ilg) was incubated with 4 nM [3H]PGE2 (397,000 dpm)

at 30°C for 1 h in 100 III of buffer A (20 mM HEPES-NaOH, pH 7.4, 1

mM EDTA, 10 mM MgCh). The reaction was terminated by the

addition of ice-cold buffer A, and the resultant mixture was immediately

filtrated through Whatman GF/C filter. The filter was then washed

twice with 3 ml of ice-cold buffer A, and the radioactivity associated

with the filter was measured by a liquid scintillation counter. Non­

specific binding was determined using a 1,OOO-fold excess of unlabeled

PGE2 in the reaction mixture. The specific binding was calculated by

subtracting the non-specific binding from the total binding.

5. Measurement of cAMP Formation

The cAMP levels in the CHO cell clone were measured as

described by Nishigaki et al. (1995). The cells cultured in 24-well

plates (5 x 105 cells/well) were incubated at 3TC for 10 min in HEPES­

buffered saline (140 mM NaCI, 4.7 mM KCI, 2.2 mM CaCh, 1.2 mM

MgCb, 1.2 mM KH2P04, 11 mM glucose, and 15 mM HEPES, pH 7.4).

Reactions were started by the addition of the test agents along with 100

IlM Ro-20-1724. After incubation at 3TC for 10 min, reactions were

terminated by the addition of 10% trichloroacetic acid. The cAMP

formed was measured by the radioimmunoassay kit.

6. Northern Blot Analysis

Total RNAs from various mouse tissues were isolated by the acid

guanidinium thiocyanate-phenol-chloroform method (Chomczynski and
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Sacchi, 1987), and poly(A)+ RNAs were purified using Oligotex dT30

<Super> (Takara Shuzo, Kyoto, Japan). For the detection of EP2

transcripts, 5 Ilg of poly(A)+ RNAs purified twice with the Oligotex

from various tissues were separated by electrophoresis on a 1.5%

agarose gel, and transferred onto a nylon membrane (Hybond-N,

Amersham). An antisense RNA probe was synthesized with T7 RNA

polymerase using linearized ML202 as the template. For the detection

of the EP4 mRNA, 5 Ilg of poly(A)+-rich RNA (purified once with the

Oligotex) was used. An antisense RNA probe was synthesized with T7

RNA polymerase using linearized MP412 with the XhoI fragment

deleted as the template. Hybridization was carried out at 70°C for 4 hr

in 5 x SSC, 50% formamide, 5 x Denhardt's solution, 0.2% SDS, 0.05

M sodium phosphate (pH 6.5), 250 Ilg/ml heat-denatured salmon sperm

DNA, 200 Ilg/ml yeast transfer RNA, and the 32P-Iabeled probe. Filters

were washed at 70°C in 2 x SSC and 1% SDS for 10 min, in 0.2 x SSC

and 0.5% SDS for the next 10 min, and then in 0.1 x SSC and 0.1 % SDS

for 20 min. The filter for detecting the EP4 mRNA was treated with 1

Ilg/ml RNaseA at 20°C for 10 min, and washed again at 70°C in 0.1 x

SSC and 0.1 % SDS for 10 min.

Chapter 2

1. Treatment of Animals

ddY mice were purchased from Japan SLC Inc. (Hamamatsu,

Japan). Pseudopregnancy was achieved in virgin mice as follows.

Immature (21-day-old) female mice were obtained and housed under a

12-h light, 12-h dark photoperiod, with lights on at 0800 h. The mice

received a single ip injection of 5 IV PMSG. After 48 h, mice were

injected ip with 5 IV hCG and paired overnight with a vasectomized

male of the same inbred line. The morning on which a vaginal plug was
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detected was taken as day O.5 of pseudopregnancy. Mice were killed at

different intervals after mating, and the uteri were isolated, frozen

immediately in liquid nitrogen (for RNA isolation) or in 2--methylbutane

at -500C (for preparation of uterine sections), and stored at -800C until

use. For RNA isolation uteri were collected from three mice for each
                    '
day of pseudopregnancy studied, and Northern blot experiments were

independently repeated three times. in situ hybridizations were repeated

twice or three times fbr each day of pseudopregnancy studied.

2. IZybridization Probes

     Mouse cDNAs for EPI, EP2, EP3, and EP4 were subcloned into

pBluescript II (Stratagene, La Joila, CA) for synthesis of both sense and

antisense cRNA probes (Sugimoto et al., 1992; Honda et al., 1993;

Watabe et al., 1993; Katsuyama et al., 1995). For Northern

hybridization, antisense 32P-Iabeled cRNA probes were generated,

whereas for in situ hybridization, sense and antisense 35S-labeled cRNA

probes were generated using the appropriate polymerases. Cold

antisense riboprobes were also synthesized by the same procedure with

unlabeled nucleotides.

3. Northern Blot Analysis

     Uteri were collected from three mice for each day of

pseudopregnancy studied. Uterine total RNAs were isolated as

described above. Total RNA (15 pg) was separated by electrophoresis

on a 1.5% agarose gel and transferred onto a nylon membrane (Hybond-

N, Amersham). Four different blots were prepared and separately

hybridized with 32P-labeled probes for EPI, EP2, EP3, and EP4.

Hybridization was carried out essentially as described above. After

hybridization, the blots were washed under stringent conditions, and the
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hybrids were detected by autoradiography. Then the blots were

stripped and rehybridized with 32P-labeled DNA probe for

glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Hybridization

was carried out at 680C in 6 × SSC and filters were washed at 680C in 2                            '

× SSC as described above. Autoradiograms were subjected to

densitometric scanning (AE-6900M, ATTO, Tokyo, Japan) for

quantitation of PGE receptor mRNA levels relative to GAPDH mRNA

levels. Northern blot experiments were independently repeated three

times, and similar results were obtained. Representative results are

shown in Fig. 2-1.

        ,4. Preparation of Uterine Sections

     Uterine sections 10 pm thick were cut on a Jung Frigocut 2800E

cryostat and mounted onto poly-L-lysine-coated glass slides. The

sections were fixed in 4% formalin in PBS for 10 min, rinsed in PBS,

and acetylated with O.25% acetic anhydride in O.1 M triethanolamine-

O.9% NaCl for 10 min at room temperature. After dehydration

sequentially in 70%, 95%, and 100% ethanol, the sections were air-

dried and stored at -800C until use.

5. In Situ H)7bridization

     Riboprobes were prepared essentially as described above by

transcription in the presence of [ct･-35S]CTP to specific activities of 1.0 ×

109 cpm/pg. After removing unincorporated nucleotides, riboprobes

were degraded to about 150 bases by alkaline hydrolysis. Hybridization

was canied out essentially as described by Sugimoto et al. (1994b). The

specificity of the signal with each antisense probe was verified either by

its disappearance with the addition of an excess of unlabeled probe

(shown for EP3 in Fig. 2-4f, not shown for others), or by absence of
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specific hybridization with sense probes (data not shown). Hybridized

sections were dipped in nuclear track emulsion (NTB3, Eastman Kodak,

Rochester, NY) diluted 1:1 with water. After exposure for about 4

weeks at 40C, the dipped slides were developed and fixed, then

counterstained with hematoxylin and eosin. These experiments were

repeated twice or three times on each day of pseudopregnancy studied.

Chapter 3

1. Isolation oje genomic ctones

     A mouse genomic library (approximately 5.0×105 recombinants

from the 129SVJ XFIXII library, Stratagene) was screened by

hybridization with a 466 bp fragment of the mouse EP2 cDNA spanning

the putative third to sixth transmembrane domains. Hybridization was

carried out under the conditions described above. Ten positive clones

were isolated and subjected to sequence and restriction analyses. These

clones contained the nucleotide sequence upstream of the sixth

transmembrane domain of the mouse EP2 but not the seventh

transmembrane and 3'-untranslated regions. Therefore, the library was

then screened with a 543 bp-Hincll fragment covering the putative

seventh transmembrane and C-terminal regions. Five other genomic

clones were isolated and subjected to sequence and restriction analyses.

Nucleotide sequencing was carried out on both strands by the dideoxy

chain termination method. Intron size was determined by PCR using

mouse liver genomic DNA as the template and the LA PCR Kit Ver. 2

(Takara Shuzo, Kyoto, Japan). Oligonucleotides (35-mer)

corresponding to the exon-intron junctions of the EP2 gene were used as

PCR primers, and amplification was performed under these conditions

in the following order; (1) 940C for 1 min, (2) 980C fbr 10 sec and

680C for 15 min for 14 cycles, (3) 98eC for 10 sec and 680C for 15
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min, with an addition of 15 sec/cycle at 680C for 16 cycles, (4) 720C for

10 min. The amplified DNA fragment was subjected to restriction

analysis.

2. Isolation of cDNA clones from a mouse uterus cDNA

library

     A mouse uterus cDNA library was prepared by the oligo(dT)-

priming method. Approximately 4.0×105 recombinant clones from this

library were screened by hybridization with the insert DNA of ML202

(Katsuyama et al., 1995). Thirteen positive clones were isolated and

subjected to sequence and restriction analyses.

        '

3. Northern Blot Analysis

     J774.1 macrophage-like cells were cultured in RPMI 1640

medium supplemented with 10% fetal bovine serum, penicillin (100

units/ml), and streptomycin (100 ptg/ml). The cells were treated with

100 nglml LPS (B E. coli 055:B5, Difco Laboratories, Detroit, MI) for

3 hr. Pseudopregnancy was achieved in virgin mice essentially as

described above. Total RNA was isolated from LPS-treated J774.1 ceils

and pseudopregnant day 5 uteri as described above. The RNAs (10 ptg)

were separated by electrophoresis on a 1.5% agarose gel, and

transferred onto a nylon membrane (BIODYNE, Pall Biosupport

Division, East Hills, NY). Hybridization probes used were as fbllows; a

Hincll fragment (543 bp) covering the seventh transmembrane and C-

terminal regions, a Xbal fragment (469 bp) corresponding to the 5'-

noncoding region of uterine EP2 cDNA clones, and an EcoRI/Sphl

fragment (377 bp) of the 3'-terminus of an EP2 cDNA clone with a long

3'-untranslated region (ML204). Hybridization was carried out under

the conditions described above.

58



4. Determination of the transcription start sites

     The two antisense oligonucleotides used in primer extension

analysis were the EP2NR primer corresponding to nucleotides +27 to -3

of ML202 (Katsuyama et al., 1995) and the EP2UR primer

corresponding to 610-644 bp upstream of the ATG start codon. The

primers were labeled with ['y-32P]ATP (Du Pont-New England Nuclear)

by T4 polynucleotide kinase. Poly(A)+ RNAs were purified from LPS-

treated J774.1 cells and pseudopregnant day 5 uteri using Oligotex dT30

<Super> (Takara Shuzo, Kyoto, Japan). The 32P-labeled EP2NR

primer was annealed overnight to 5 ptg of poly(A)+RNAs in

hybridization buffer (40 mM PIPES, pH 6.4, 1 mM EDTA, O.4 M

NaCl, 80% formamide) at 30eC. The 32P-labeled EP2UR primer was

annealed to 10 ptg of poly(A)+RNAs. The annealed RNA/primer

mixture was extended by Superscript II reverse transcriptase (Life

Technologies) at 420C for 1 h. The extension products were

electrophoresed on a 6% polyacrylamide gel containing 7 M urea.

Resultant fragment sizes were determined by sequencing ladders

generated by the same primers.

     The 5'-RACE experiment was performed essentially as described

by Hasumoto et al. (1997). Poly(A)+ RNA (1 ptg) from LPS-treated

J774.1 cells was reverse transcribed with the EP2NR primer, and the

resultant first strand cDNA was polyadenylated by terminal

deoxynucleotidyl transferase. The cDNA was amplified with an

oligo(dT) primer (25-mer) and the EP2NR3 primer complementary to

nucleotides 96 - 125 of ML202. The resultant products were then

amplified using another primer, EP2NR4, complementary to nucleotides

71 - 95 of ML202. The amplified products were separated on a 2%

agarose gel, and two major products, approximately 350 bp and 270 bp

in length, were subcloned into a plasmid vector for sequencing.
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5. Detection of EP2 mRNA variants by RT-PCR

     Total RNAs from various tissues were transcribed with M-MLV

reverse transcriptase (Life Technologies) using hexanucleotides as

primers, and the resultant cDNAs were used for PCR. For the detection

of 5'-end variants, amplification was performed with the EP2EXR

primer complementary to the 35 nucleotides at the 5'-terminus of exon

2, in combination with either the MG2721 primer corresponding to

nucleotides -99 - -72 or the MG2723 primer corresponding to

nucleotides -456 - -429. A uterine EP2 cDNA clone (MU14) was used

as a positive control of the amplification. For the amplification of 3'-

end variants, PCR was performed with the EP2EXF primer
        ,
corresponding to the 35 nucleotides at the 3'-terminus of exon 1, in

combination with either the EP2MJR primer complementary to

nucleotides 840 - 864 of exon 2 or the ML204R4 primer

complementary to nucleotides 955 - 984 of exon 2. ML204 was used as

a positive control of the amplification. Amplified products were

separated by electrophoresis on 1% agarose gels.
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