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Identification of Members of the Protein Phosphatase 1 Gene Family in the Rat
and Enhanced Expression of Protein Phosphatase 1a Gene in Rat Hepatocellular

Carcinomas
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We isolated four kinds of cDNA clones of isotypes of catalytic subunits of protein phosphatase 1 (PP-
1) from rat liver and testis cDNA libraries. For the cloning, cDNA fragments of dis2ml and dis2m2,
which encode mouse PP-1 catalytic subunits, were used as probes. Two of the four isotypes were
thought to be derived from the same gene and produced by alternative splicing. Based on the
comparative study of their nueleotide and deduced amino acid sequences with those reported, these
¢DNA clones were named rat PP-la, PP-Iy1, PP-1y2 and PP-15, The deduced amino acid sequences
of these four cDNA clones showed about 90% identity, Their amino-terminal regions were highly
conserved, and their differences were mainly in the carboxy-terminal regions. Furthermore, several
amino acids located in the middle regions of the peptides were conserved in all the isotypes of the
catalytic subunits of PP-1, PP-2A, PP-2B and PP-2C. These conserved regions are snggested to be the
functional domains of the catalytic subunits of protein phosphatases. Rat hepatocellular carcinomas
induced by a food mutagen, 2-amino-3,8-dimethylimidazo[4,5-flquinoxaline showed increased expres-
sion of PP-la, but no increased expression of PP-IyI, PP-1y2 or PP-15. Involvement of PP-Ig in
hepatocarcinogenesis or in hepatic cell proliferation was suspected.
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Two groups of serine/threonine-specific protein phos-
phatase (PP) have been distinguished, protein phos-
phatases 1 and 2 (PP-1 and PP-2), depending on sensitiv-
ity to heat-stable protein inhibitor-1 and inhibitor-2."
Furthermore, the PP-2 group is distinguishable into three
subgroups, PP-2A, PP-2B (calcineurin) and PP-2C,
on the basis of differences in dependence on divalent
cations.”™ All these PPs except PP-2C are composed of
catalytic and regulatory subunits,” and their substrate
specificities are suggested to depend on their subunit
conformations.”” The catalytic subunits of PP-1, PP-2A
and PP-2B have all been found to have isotypes. For
example, PP-la and PP-18 in the rabbit,*® dis2ml and
dis2m2 which encode PP-1 catalytic subunits in the
mouse,” PP-24a and PP-248 in several species,'®'? and
PP-2Ba (calcineurin Aa) and PP-2B5 (calcineurin A3) in
the rat™ ' have been demonstrated by cDNA cloning. In
the case of PP-2C, two isotypes, PP-2C, and PP-2C,,
in the rabbit have been identified by isolation of the
proteins.'® ' There are also reports of isolation by low-
stringency hybridization of ¢cDNA clones of novel PP
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The nucleotide sequence data reported in this paper will appear
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catalytic subunits, named PP-V,'® PP.X,'® pP.¥*™ and
PP-Z'™ The products of PP-V, PP-X, PP-Y and PP.Z
have low homology to known PP-2A and PP-1 catalytic
subunits. However, the reason for the existence of
isotypes of each group of catalytic subunits is so far not
understood.

To analyze the relevance of PP-2A in carcinogenesis,
we have cloned cDNAs for catalytic subunits of PP-2A,
PP-240 and PP-245. We demonstrated the presence of
high levels of these mRNAs in rat hepatic tumors induced
by a food carcinogen, 2-amino-3-methylimidazo[4,5-f]-
quinoline (IQ).">'" We also found that NIH3T3 trans-
formants were flattened morphologically by 10 nM
okadaic acid, a specific and potent inhibitor of PP-2A 2"
Recently, the enzyme activity of phosphatase N, a mem-
ber of the PP-1 family, was shown to be elevated in rat
hepatomas.” These results suggest that not only PP-2A
but also PP-1 may be involved in carcinogenesis. How-
ever, no cDNA clones of the rat PP-1 catalytic subunit
have so far been isolated.

In this study, we isolated four kinds of cDNA clones
from rat liver and testis cDNA libraries, using dis2ml
and dis2m?2 as probes, and compared the nucleotide and
amino acid sequences of these cDNA clones with those of
c¢DNA clones derived from other species. We identified a
region in which some amino acids are conserved not only



in isotypes of PP-1 catalytic subunits but also in catalytic
subunits of PP-2. Furthermore, we examined expression
levels of the four isotypes of PP-1 catalytic subunit
mRNAs in rat hepatocellular carcinomas induced by a
food carcinogen, 2-amino-3,8-dimethylimidazo[4, 5-f]-
quinoxaline (MeIQx).

MATERIALS AND METHODS

Isolation of ¢cDNA clones Rat (F344, male, 12 weeks)
liver and testis ¢cDNA libraries, constructed in Agtl0
(Stratagene)*** were screened with 1.3 kb and 1 kb
EcoRI fragments of the coding regions of dis2ml and
dis2m?2 cDNAs,” respectively. Plaque hybridization was
carried out at 42°C in a solution of 50% formamide, 0.65
M NadCl, 0.1 M sodium PIPES (pH 6.8), 53X Denhardt’s
solution [1X =0.029 each of Ficoll (Pharmacia), poly-
vinylpyrrolidone, bovine serum albumin], 0.1% sodium
dodecyl sulfate, 5 mM EDTA, 10% dextran sulfate,
salmon sperm DNA (100 yg/ml) and a probe labeled by
the random priming method® using [-**P]dCTP and a
Multiprime DNA  Labelling System (Amersham),
followed by four washes with 2X S8C (1 X=0.15 M
NaCl, 15 mM sodium citrate) containing 0.1% sodium
dodecyl sulfate at 50°C for 20 min each time. Positive
clones were purified and cloned into the EeoRI site of
Bluescript pKS-M13" (Stratagene).

Sequence analysis of cDNA clones Both DNA strands
were sequenced by the dideoxy chain-termination
method using a 7-deaza-Sequenase II kit (United States
Biochemical), [a-*P]dCTP and synthetic oligonucleo-
tide primers. The oligonucleotides were synthesized by
the phosphoramidite method (Applied Biosystems,
model 380A). The strategy used to sequence the cDNA
clones is shown in Fig. 1.

Differential hybridization using oligomers as probes
Total RNAs from tissues were extracted by a single-step
total RNA isolation method.®® Samples of 10 ug of
RNAs were fractionated in formaldehyde/agarose gel
and transferred to a nitrocellulose membrane (Schleicher
and Schuell) as described.”” Two kinds of 40-mer oligo-
nucleotides corresponding to the 3° non-coding region of
the cDNA clones shown in Figs. 2b and 2c were syn-
thesized, end-labeled with [y-°P]ATP with T, poly-
nucleotide kinase, and used as probes. Hybridization was
performed under the same conditions as plaque hybrid-
ization but without dextran sulfate.

Northern blot hybridization using ¢cDNA fragment as
probes Samples of 10 yg of total RNAs were blotied and
hybridized with the *P-labeled EcoRI-EcoRI fragment of
PP-lo, EcoRV-Psfl fragment of PP-Iy, EcoRI-EcoRI
fragment of PP-16, and the Psd-EcoRI fragment of 3’
non-coding region of the rat PP-24a cDNA.'?

A Family of PP-1 Genes in the Rat

MelQx-induced liver tumors Six-week-old male Fischer
344 rats were obtained from Charles River Japan Inc.,
Kanagawa. The animals were given a diet containing
0.049 MelQx. After 40 weeks they were autopsied and
tumors were examined for histology. Both tumors ob-
tained from No. 1 and No. 2 rats were well differentiated
hepatocellular carcinomas.

RESULTS

Isolation of four kinds of cDNA clones of mRNA. for
catalytic subunits of PP-1 With a cDNA fragment of
dis2ml as a probe, four cDNA clones that gave a strong
signal were obtained from a rat liver cDNA library
composed of 5 10° independent clones. All these clones
gave the same restriction maps and the clone with the
longest sequence of 2.2 kb was used as clone 1 for further
analysis. The restriction sites of EcoRI, EcoRV, HindIII,
Psil, Rsgl and Smal of clone 1 are shown in Fig. 1.

Three cDNA clones that gave a strong hybridization
signal with the dis2m2 probe were obtained from the
same rat liver cDNA library. These three clones gave the
same restriction maps, and the clone with the longest
sequence of 2.7 kb was used as clone 2 for further
analysis. The map of this clone is shown in Fig. 1.

Five other cDNA clones that hybridized weakly with
cDNA fragments of both dis2ml and dis2m2 were also
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Fig. 1. Restriction maps and strategy used to sequence the
cDNA clones of PP-1 catalytic subunits. The arrows show the
direction and length of the DNA sequences obtained. Se-
quences were initiated with Bluescript primers and synthetic
oligonucleotide primers,
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(a)

CCCGGGAGGCAGGAGAGGGECCCCCAGCT GG TRGGLCGGAGCEGCGGLGCLGE 52

ATGTOCEACAGCGAGAACCTCAACCTGGAT TCCATCATCGGGCGCCTGUTGEARGTGCAGGGCTCACGGCCTGGAAAGAA TG TGCAGT TEACAGAGAACGAGAT CCGTAGTCTTTGCCTC 172
M s o 8§ EX L NULDS5 I I GRILTILETUVTQGSRZPGI KU NUVYOQLTEUZNTETIT RTGTELTCGCL 490

AARTCCCGGEAGATTT TCLTEGAGCCAGCCTATICTTCTGEAGCT TGAGGCGCCTCTCARGATC TG GETGACATCCATGGCCAGTACTATGACCTTC T ACGECTCT TCGAGTATGETGEE 292
K $ RETVF LS QP TIULILETLTEH BDTPILIEKTIT CGDTIHG GO O?YJYoDPLTULTZ RIULTFTEUZYSGG 8o

TTCCCTCCAGAGAGCAACTACCTCTTCI TECECCACTATGTGGATCOCGEARAGCAGTCT TTGGACACCATC TECT TR TTGCTGGCCTATAAGATCAAATACCCGEAGAATTICTTTCTA 412
F P PE S NYULPFILSGD VYV DPRGE KOGQCSTLETTIUC¢CLULULUATYKTEIZ XJVYPETUNTEFT EF.L 120

CTACGTGGGAACCATCAGTETGCCAGCATCAACCGCATCTATGECTIC TATGATGAATGC RAGAGACGATACAACATCAAAC TG TGCAAGACTTTCACCGACTGCT TCAACTGCCTERCE 532
LRGNNZHET CASTIWNRTITYOGFJYDET CI KRR RYNIIEKILUWWTIEKTTFTUDTCTETUHNTCTL P 160

ATTGCAGCCATTGTAGATGAGARGAT CTICTGCTGCCACGGAGGCCTGTCTCCAGACT TGCAATCCATCRAGCAGATTAGACGTAT TATGCGECCCACGEACGTGCCTGACCAGEGCOTG 652
Il A1 VDEJZKTIVFOCCCHGGEL S$P DL QS MECTIURTERTIUM®BREPTTDUYTEPTDTOGOQTE G L 200

TTGTCIGATCTGCTGETGGTCIGACCCTGACAACCATGT TCARGGCTGEECCCAGAATGACCETGEAGTCTLCTT TACCT T TRGGECCCAGGT G TAGCCAAGTTCC TGCACARGCATCAT 12
L ¢CDLLWSDUPDIKUDVQCGCWOEGE6ENTDR RTGV Y s FTT F 6 2A2F V V A KV FTULTEHTEKTHTD 240

TIGGACCTCATC TGCAGAGCACATCAGGTT GTAGAAGATGGCTATGAGT TCTTTGCCAAGAGGCAGC TGS TGACACTCTTCTCAGC TCCCAACTACTETGGCGAGT TTGACAACGE TGGC 892
LoLICRAWMNOQQVYVEDSGYETFTFA ATZXKZERUOLVYVYTULT FSATPUDNTYT CTGETFTDUNRZAG 280

GCCATGATGAGTGTGCACGAGACACTCATGTGTTCCTTCCAGATCCTCAACCCCGUTGATAAGRATAAGGGGAAGTATGGGCAGTTCACTGGCCTGARCCCCGGAGGCCGTCCCATCACT 101 2
A M MBSV IDETTILMS®ECSVFQITILKZPADIEKI NIEKTGEKT?YGOHQTFSGULUNZ®PL GGEHRT®P I T 320

CCRCCCCGCAATTCTGCCARAGCCARGARATAGCCTCCATGIGCTGLCCTCTGCCCCAGATGACGGATTATT TG TACAGAARTCATGE TECCATGGETCACACTGGCCTCTCAGRECCAC 1132
P P RN 5 A K A K K END 330

CCATCATGGEGAACACAGCETTAAGTGTCTTTCCTTTATTTTITAAAGAATCAR TAGCAGCATC TAAT TCCCCAGGRC TCLC TCCC AL CAGCACCT G TGG TGO TGCAAGTGEAATCETG 1252
GGGECCAAGGUTECAGCTCAGECCARTGGCAGACCAGAT TGTGGGTCTCCAGCCTTECATGGCTGECAGCCAGATCCTGEGGCARCCCATC TEGTUTCTTGARTARAGGTCARAGCTGRAT 1372
TCTCAAAAAAALARAAANRAAANDARAAAARAARL 1407

(b)

GGGEGCTCETGGCGETGARGAAGGACGACCAGTGAGACCCGEGLGGACCCEECEEETECGGGAGEETC GGCGECECEACGEEE 82

ATGGCGGATATCGATAAACTCARCATCGACAGTATCATCCAACGEL TEC TEGAAGTGAGAGCETCC ARG CAGCCAAGAATGTCCAGCTCOAGGAGL AT GA AR TCCGAAGACTGTGOTTE 202
M A D I DIKTUILW®NTIDS I I QRUILTILEVURTG S XK P G KUNV 0 L Q EN E I R 6 L ¢ L 40

AAGTCTCGGGAGATCTTCCTCAGTCAGCCTATCCTTTTAGAACTTGAAGCACCACTCAAGATATGTGGTGACATCCACGGGCAGTACTATGATTTGCTCCGTCTGTTTGAATACGGTGGC 322
¥ 8 R ET FL S 0QPELTILTETLTEHAZPTILIE XTITCSOGTDTIHOGOGTY Y DLTILRTILTFTEUZUYTGG 80

TIICCTCCAGAAAGCARCTAT TTCT TTCT CEGEEACTATGTGGACAGRGECARACAGTCAC TAGAGACGAT CTECCTCT TG T EECC TACAAAATCARG TATCCEGRGAAC T T T T TCTT 442
F P PE SN Y LFLGDJYVDRVYVIE XG0S ILETTIT CTILILTULATYTZEKTITEKTTFPETHNTF F L 120

CTTAGAGGGAACCATGAGTGTGCCAGCATCAATAGAATCTACGGATTTTATGATGAGTGTAAGAGAAGATACAACATTAAGCTGTGGAAAACGTTCACAGACTGTTTTAACTGCTTACCG 562
L RGN HECAS I ¥R Y GF Y BETCT KT RTIBRTYWNTIEITEKTLTMKTEKTTF FTTDGTEUdNTIEGTILT® 160

ATAGCAGCCATCETGGACGAGAAGATATICTCCTGTCATGRAGGTTTATCACCAGATCT TCAATC TATGGAGCAGAT TCGECGAATTATGAGACCAACTGATGTACC AGATCAAGCTCTT 582
I AaA1VDETZ XKTITFTCCUCUCHGOGIL S PDILGS5MMESOQTITRTERTI'MRETODUVD D0 G L 200

CTTTGTGATCTTTTGTGGTCTGACCCCGATAAAGATGTCTTAGGCTGGGGTGAAAATGACAGAGGAGTGTCCTTCACATTTGGTGCAGAAGTGGTTGCAAAATTTCTCCATAAGCATGAT 802
L ¢b1lLW¥WS3DPODBZXDVILOEWOGEN DR RTCGTY §F TFTGATEUVYVV VAT KTEFTLTH K H D 240

TTGGATCTTATATGTAGAGCCCATCAGGTGGTTGAAGATGGATATGAGTTTTTTGCAAAGAGGCAGTTAGTCACTCTGTTTTCTGCACCCAACTACTGTGGCGAGTTTGACAATGCGGGC 922
L DL I CRAMNOQY VYV EDGSGYETFTFAZAEKROQLUVYVYTTILTFSALPUNTUYC COGTETFT DHDHSaAaG 280

GCCATGATGAGTGTGGATGAGACCCTCATGTGCTCCTTCCAGATTTTAAAGCCTGCAGAGAAAAAGAAGCCCAATGCCACGAGACCTGTCACACCGCCACGGGGTATGATCACAAAGCAA 1042
4 M M 3 ¥ DETTULMWMMOCSTOGE I LXKPAETEXKTE XT®XP N ATURTETVTT PTPZRTGHMTEITEK Q 320

GCARRGAARTACATGICACTTEACRCT GUCTAGTGGGACT TGP ARCATAGCGTACATAACCTTCC T T T T TARLCTGTAT GTGTGC T GG T CACC T TGCCOARGTAGACCTETCGEECCOTe 1162
A K K END 323

CCTTCTCCATTTTGATTATTGCTGGCACTTGCTGGTTATAGCAGCAAGTGAAGCATTTCATTCTCAAGARAGCGTTTGTTTTT&l11&111LLAACCTCTGlthLLLLGTGGACAGCTC 1282
TGATGATGETGTTAAGCTGTACACCTTGGCAGT TTATCC TG T CCAAGTGRAGCAT T TCAT TCTCARGAAAGC ST TTGT P I TG T T T ST TT T TAACCTO TG TTCCC T T TG TGGACASCTC 14¢2
GGATATARAGAGAGCCCTAGGGT GCETGAGT CTCTACATGTAATTCTCATAMATGCATTCT G TTEAT ACARACCACTGT GAACAGT TP T TCCAAG T T TG T T TCACAGGGACTGOTTTOOC 1522
TCACTGTCTCATCCTGTACAAACTAGTGTCTGCAGCTGTGGCAGCAGGAGCAACCTGCCACCCTGCCACCCACRCTGCCCAGGCI§IgIga5§QAS&gzggglgggagzﬁgﬂgangﬂag 1842
EgégﬁATTAAAGCCATTCTTTTCEATGTCTGTGATTCCTTCCTAAAGCCAAAGTTTCTGTTGGACTGTATTGGCACACCCTGGACATGAGGTGGCCAGGG?H&%;AAGGCTGCTGGCACAG 1762
GCCGCCTCCGTGGGGACTCAGAAAGAAGCAGGTTATTTTAACTAGCAATAGTGATGTAGTGCTGGGTAAGCTATTAATGGTGGAAGTTAATGAGACATTGTACAGTGCCCATATAGTCTA 1882

TTCACTGAGTAATCTTTTTACAGTTGGATCAGGCCTGAACCCGTCCATTCAGAAAGCTTCAAATTATAGAAACAACACTGTCCTATACGAGTGRTCGATAATGCTTTCTTTGGCTACATT 2002

L TATTCTGCGGTCACAT TGRGGCTT AT AR ATCAAAAGCARCTAACTTGCCGTCCACCGGTT TATACAGAACTC ACAG TATC TATGACTT TP TTARAC TACGACCTGTTAAAATGAATC 2122
oligo 2
TETTTCCACAGATGCCG TG TACAATGCCATE TECTAAGAAT CAT T TCAGACT TAT TAAA TGCGAGE T TG TTAAAAAAAA AA AR AAAARLARARANAA AR ARR 2224

Fig. 2. Nucleotide and predicted amino acide sequences of cDNA clones for rat PP-1 catalytic subunits. a; PP-la. b; PP-1y]. The
regions complementary to the synthetic oligomers used as probes are underlined. c; PP-Iy2. d; PP-I5.
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(c)

AGCTCCTCCTCTCCCCACTGGAMCCACGAGAAGAGGAGGARGCCEGLAGCGEEGLGECTGGEGEEGEEACTCGCCE 76

CEECTGETGCTGCCACCECCGCCGCCACCACCEETCGTGGGGCTOGTGGCGTCAACARGGAGEACGAGTGAGACCOGEECECEACGGEGCCCCTECEEEAGGETCGECGECGGRACEELG 126

ATGGCGGATATCGATARACTCAACATCGACAGTATCATCCARCGGCTGCTGOAACTGAGAGGETCCAAGCCAGGCAAGRATGTCCAGC TCCACGAGAATGARATCCGGGGACTGTGETTG 316
M A DI DI KLUNTIODTSSTITIQRILILETVYV®RSGS X P GKNUV QL QEWHNETRTGILC L 40

AAGTCTCGGGAGATCTTCCTCAGTCAGCCTATCCTTTTAGAACTTGAAGCACCACTCAAGATATGTGGTGACATCCACGGGCAGTACTATGATTTGCTCCGTCTGTTTGAATACGGTGGC 436
K s R E I F L S QP I L L B L E APULIEKTIOCGD?2TIHGOQY Y DILILRTILFUEYG 80

TTTCCTCCAGAAAGCARCTATTTGTTTCTCGGGGACTATGTCCACAGGGGCARACAGTCACTAGAGACGATCTGCCTCTTGCTGECCTACAARATCARGTATCCEGAGAACTTTTTICTT 556
F PP ESMWZYLPFTILOGD YVDRY X s LETTIOUCLILTILATYZEKTIZEXYZPZEW¥WTFTFTL 120

CTTAGAGGGAACCATGAGTGTGCCAGCATCAATAGAATCTACGGATTTTATGATGAGTGTAAGAGAAGATACAACATTAAGCTGTGGAAAACGTTCACAGACTGTTTTAACTGCTTACCG 676
R G N HE CAa S5 I N 1 ¥y 6 F ¥ DECUHXZ RRTYUNTIIZXIL ¥ KTTFTDCFNTCILTFP 160

ATAGCAGCCATCGTCGACGAGARGATATTCTECTGTCATGGAGGTTTATCACCAGATC TTCAATCTATGGAGCAGATTCGGCGAATTATGAGACCANCTGATGTACCAGATCARGGTCTT 1986
T A A ] VDETJEKTITFOCC®H¥OG 6L SP DL OSMEGQTIURRTIM®ERETDVPETDIQQGL 200

CTTTETEATCTTTTETEETCTGACCCCEATARAGATGTCT TTGGCTGGGGTCARRATCACAGAGGAGTGTCCTICACATTIGGT GCAGARCT COTTGCAARRTTTC TCCATAAGCATGAT 2186
1 c p L L WDZPTDJI KT DTVYTLGWOGEH®MNNDR® RGVYVSFTFOGAEVV AKTFTILHEKIUHETD 240

TTEGATCTTATATGTAGCAGCCCATCAGGTGGTTGAAGATGGATATCAGT TTTTTGCARAGAGGCAGT TAGTCACTCTGTTTTCTGCACCCAACTACTGIGGCGAGTTTCACAATGEGEEC 1036
$# D L I ¢CRA@HTOQOUV VY EDTGZYZETFT FH& BRIEKZ RO QLUYTTILTF S aPHNYCGEZFDLNAG 280

BCCATEATGAGTGTGEATGAGACCOTCATGTGCTCE T TCCRGAT TT TARAGCC TECAGACAARMAGARGCCCAATGCCACGAGACCTGTCACACCECCACGEETTECATCAGGCCTGRAC 1156
A MMS V DETTULMTECSGOEI L KZPAEZ K XK KFPNATRE®PVT?®?PRVGE S G L N 320

CCGTCCATTCAGAMAGET TCARAT TATAGAARCAACACTE TCCTATACCAGT GATCGATARTGCTT TC T TGGC TACATT CT TTAT TCTGCGCTGACATT GAGECTTATAAATCARARGE 1274
P 5 I 0 KA S N Y RNUNTV L Y E END aliga 2 337

aﬁFTAACTTGCCGTCCACCGGTTTATACAGAACTCACAGTATCTATGACTTTTTTAAACTACGACCTGTTAAAATGAATCTGTTTCCACAGATGCCGTGTACAATGCCATGTGCTAAGAA 1396

TGATTTCAGACTTATTAAATGCGAGCTTGTTARAAAARARARAAAARRARARAAARARAR ) 1456

(d)

CGCCCTTEITCCCGCTGCGGGGAGGAGAGTCTGETGCCTACAAG 14

ATGGCGEACGERGEAGCTGAACGTGGACAGCCTCATCACCCGCCTGCTCGAGGTACGRGGATCTCGTCCGEEAAARNT TGTGCAGATCACTCAAGCAGAAGTCCGAGGACTGTGTATCARG 164
M A D GEULUNVWVDSLITRTILTIULTETV V®RSGCERZPZ GEKTIVOQQMTEHAHAETUVRGTILTCTIK 40

TCTCETGAAMATCTTTOTTAGCCAGCCTATTCT T TTCCAATTGGAAGCGCCACTGAAGAT TTGTGGAGATATTCATGCACAGTATACAGACTTACTGAGATTATTTGAATATGGAGGTTTT 288
s R E 1 F LS ¢&®? I L LELEA ARTLTIEKTIOCOGSGSDTIHSOGOYTDILLRILTFETYGGETF 80

CCACCAGAAGCCAACTATCTTTTCTTAGGAGATTATGTGGACAGAGGAAAGCAGTCTTTGGAAACCATCTGTTTGCTATTGGCTTRCAAAATCAAATACCCAGAGAACTTCTTTCTTCTA 404
P P EADNTYLF ¢ D Y V bR &K ¢ s L ETTICCL L LAY KXKTIZXTZY?PEWTFTFL 120

CGAGGAAACCATGAGTGTGCTAGCATCAACCECATTTATGGAT TCTATGAT GAGTGCAAACCAAGAT TTAATATTAAAT TG TGGRAGACATTCACTGATTGTTTTAATTGTCTGCCTATA 522
R 6 N HI caAaA S$STINRTIJYSGPFYODETSCIE K®RRTPFTNTIIKTIELM®WEKTTFTODOCPFNTCUCTILFPEI 160

GCTGCTATTGTTGATGAGAAAATCTTCTGCTGTCATGGAGGACTGTCACCAGACCTACAGTCTATGGAACAGATTCGGAGAATTATGAGACCCACTGACGTACCTGATACRGGTTTGCTT 644
A A2 I V B E I F CCHGOGIL S$ P DL QS MHME®EIRRTIMPER?PTDY?®PRDTGILL 200

TETGATTTACTGTGGTCCGACCOAGAT ARGEATCTACAAGCCTGGGEAGAMAATGATCGTGGTGT TTCTTTTACTT TTGEAGCTGAT GTAGTCAGTAAATTTCTIGAATCGTCATGATTTG Ted
¢ p L L W S DPD XKDV GW G ENDRGUYVY S ¥ TFGADVV S5 KF L NRIHETDTL 240

GACTTGATTTGTCEAGCCCATCAGGTGGTAGAAGATGGATATGAATTTTTTGCTAARCGACAATTGETAACTTTATTTTCTGCCCCARATTACTGCGGCGAGTTTGACAATGCTGETGET 884
p L I CRAZEHESGEQUV VEDGYZETFTFA AIZ X RZE ULV TLF S5 APU NYOCGEFDWUWHZAEGCGEGC 280

ATGATGAGTGTGGATGAAACT TTGATGTGTTCATTCCAGATATTGARACCATC TGARAAGAAAGC TARGTACCAGTATGGTCGGCTCAATTCTGEACGTCCTGTCACTCCGCCTCGAACR 1004
M ¥ 8 VDETULMGOGCSF F I L X P S EKJZ KAI KTZYOQYGLLNYNSGRU®PVTZPERT 320

GCTRAATCCACCGAAGARAAGGTCAAGACAGEAATTCCCGARAGAGARACCATCAGATTT GTTAAGGACATACT TCATAATATATAAGTGTGCACTGTAAAACCATCCAGCCATTCGACAC 1124
A W P P K X R END 327

COPTTATGATGTCACACCTTTARCT TARGGAGACGGETARAGGATCTTAAATTTTTTTCTAATAGAAAGATGTGCTACACTGTAT TG TAATAAGTATACTCTGTTATAATATTCARCARA 1244
GTTARATCCAARTTCAAAAGT ATCCAT TAAAGT TCTATCTTCTCATATCACAGTTTTTAAAGT TEARAGCATCCCAGTTARAC TAGCTGCOGTTAGT TACCCAGATGAGAGCATGAAGATC 1364
CATCTGTGTAATCTCECTT TAGT GI TGCTTGGT TGTTTCTTTATTITGEGCTTGI T TGTT T TG T TGTTITTGCTAGART AATGGCATCTACTTTTCCTATT TI TCCCTAACCATTITTA 1484
AAAAGTGAARATGGGARGAGCTTTARAGACATTCACCARCTATTCTT TTCCTTCACTTATC TACT TARAGGAACTGT TGEATCT TACTAAGRARACTTACGCCTCATAATAAARAGGAACT 1604
T PAGAGGCCGATAGGTTTTAAAAATATACARACTAT T TGATCCAATGAT TTTAAT CAMACAGT TTGACTGEGCAAACTTTGCAGCTCGATAATGACTATTTCGCTTTTTACAAATTGCCAC 1724

TGATTTGEAT TTIGTGCACTCTAACCTT TAATTTAT TGATGC TC TATTET GCAGTAGCAT TTCATT TAAGAT ARGGCTCATATAGTACTATCCARAATTAGT TGGTARTGTGATTATGTEG 1844

PACCTTEGCTTTAGETT T TAAT TCECACGARACACCT T TGGCATEC TTAAC TTTCT GG TAT TATCCTCACCTGCAT TGET T T TG T T I TGGEETTTT TG TIGTTGTT TG TTTGTITGT 1964
P TTTAGATCCACAGAACATGAGARTCCTTIT TGACARGCCT TG EAMAGC TR TCTTCT TTCCCTCTCTAT G TGARGGAT GTATTTAAATGAACRCTGETCAGTGGGACATTGTCAGCTC 2084
PEAGTATTGCEGTGCT TCACTGTC TAATAATTGCCATGTGAATG T GTTTTTGACTCTAAGGCTATGTCACTAAAGAT T T T TACTC TGCGTT TECATAATCARAGGTCATGATGTGTATAG 2204
ACATGOTTT ETAG TEAAGTATAGTAGCAR TAAT T TCTGCACA T GATCAAGAGT TTAT TGCAGCAT TTCT TTCCCTGT TC I CTC T T P T T TAAGCGTTAGCATTARCARATGTCAAGGARTA 2324
GCAAAGTCAACAAAGACT T TAGGAGET GEAATTAAGAACACACAGATTT GTCATC TTTEGATGTGACACTTATTGGATGTTAT TCTAAAGTCTTATTGARCATTGTCAAATTTGTAAGCT 2444
TCATGGGEATCCACATARTGTTTATATAATGCCCT T T TATGTGT TACCATAGATGTGAAACCT TATAT TG TC T TSAARRTGT TARAT TGAGAACTCTGTTAACATTTTATGGATIGEC 2564
ACATTATATTACTGCARGABACATT TGATTTTCAGCACAGTGCAARAGTTCTTTABAATGCATATGTCTTTTTTTCTAATTCAAT TTTGTTTAAAGCACAT TTTARATGTAGT TTTCTCA 2684

TTTAGTAARAAGTTGTCTAATT 2706
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found in the same rat liver cDNA library. These five
clenes all gave identical restriction maps that differed
from those of clones 1 and 2. The restriction map of the
clone with the longest sequence of 1.4 kb, clone 3, is also
shown in Fig. 1.

Five ¢cDNA clones were obtained from a rat testis
cDNA library, using a cDNA fragment of dis2ml as a
probe. These five clones gave identical restriction maps
that differed from that of clone 1. The map of clone 4,
with the longest sequence of 1.5 kb is shown in Fig. 1.
Nucleotide sequences and deduced amino acid sequences
Nucleotide sequences were determined according to the
strategy shown in Fig. 1. Clone 3 encoded a peptide of
330 amino acids, as rabbit PP-Je did,”® and its amino
acid sequence was identical with that of rabbit PP-Io
product (Fig. 2a}. The identity of clone 3 with rabbit PP-
I in the nucleotide sequences of their coding region was
89%. From these findings, we named clone 3 rat PP-]a.
Rabbit PP-Ig and PP-I5 may be derived from the same
gene but these proteins were different at the N-termini.”
No rat clone homologous to rabbit PP-15 could be ob-
tained.

Clone 1 was found to encode a peptide of 323 amino
acids although dis2m]” encodes a peptide of 339 amino
acids. The identity of the deduced amino acid sequences
of the two was 95%. The deduced amino acid sequences
of the two differed only in their carboxy-terminal regions:
their amino acid sequences from position 1 to 314 were
identical, but their amino acid sequence downstream
from position 315 were completely different. The homo-
logies of the predicted amino acid sequence of clone 1
and those of rabbit PP-X and PP-Z, and Drosophila PP-V
and PP-Y were much less, 43%, 62%, 41% and 59%,
respectively. These results suggested that clone 1 was a
homologue of dis2ml. Therefore we named clone 1 PP-
Ir1 (Fig. 2b). We isolated another cDNA clone, PP-Ir2,
which was derived from the same gene (see below). The
identity of the nucleotide sequences of the coding regions
of PP-IyI and dis2ml was 939%.

Clone 2 encoded a peptide of 327 amino acids with
an identical deduced amino acid sequence to that of
dis2m2.” The identity of the nucleotide sequences of the
coding regions of the two was 97%. Thus clone 2 is
clearly a homologue of dis2m2, but not of PP-Ia, PP-15,
PP-1y1, PPV, PP.X, PP-Y or PP-Z. Based on these
findings, we named clone 2 PP-15 (Fig. 2d).

Clone 4 encoded a 337 amino acid peptide with an
identical amino acid sequence to that of mouse dis2ml.
The identity of the nucleotide sequences of the coding
regions of clone 4 and dis2ml was 989. The nucleotide
sequence of the region upstream of nucleotide 1139 in
clone 4 (Fig. 2c) was identical with that upstream of
nucleotide 1025 in clone 1 (Fig. 2b) and the downstream
region from nucleotide 1140 in clone 4 was also identical
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1 2 3 4

—a— 2.6kb
~— 1,8kb

Fig. 3. Differentia] hybridization using synthetic oligonucleo-
tides as probes. Samples of 10 ug of total RNA from normal rat
tissues were blotted and hybridized with end-labeled synthetic
oligo 1 (a) or oligo 2 (b). Lane 1, kidney; lane 2, heart; lane 3,
brain; lane 4, testis

Fig. 4. Relationship between PP-Iyl and PP-Ir2. Regions
shown by open boxes in PP-Iy! and pp-lr2 are identical
Regions shown by closed boxes in PP-171 and PP-Ir2 have the
same sequence. The hatched box indicates the region present
only in PP-Iy]. The predicted amino acid sequences that differ
in PP-171 and PP-172 are underlined. The regions correspond-
ing to the oligo probes used in Fig. 3 are also indicated.

with that from nucleotide 1906 of clone 1. These findings
suggest that these clones were derived from the same
gene by alternative splicing. Accordingly, we named
clone 4 PP-Ir2 (Fig. 2¢). The difference in the deduced
amino acid sequences of PP-1y1 and PP-172 was in the
region downstream of amino acid 315, as was the differ-
ence between those of PP-171 and dis2ml. Details of the
difference will be discussed later.

PP-Iy1 and PP-Iy2 produced by alternative splicing
Differential hybridization was performed with the syn-
thetic oligomers, oligo 1 and oligo 2 (Fig. 2b and 2c), as
probes. Oligo 1 detected only 2.6 kb mRNA while oligo
2 detected both 2.6 kb and 1.8 kb mRNA (Fig. 3). This
finding suggested that PP-Iyl corresponded to 2.6 kb
mRNA, and PP-172 to 1.8 kb mRNA.

The relationship between PP-Iyl and PP-7y2 is shown
in Fig. 4. The open and closed boxes in the maps of PP-
IrI and PP-1r2 show the two regions of identical nucle-
otide sequences. In PP-Irl, there is an additional se-
quence shown as a hatched box (Fig. 4). In PP-1y2, the



closed box includes part of its coding region but the same
sequence in PP-Ir1 corresponds to 3'non-coding region.
Comparison among protein phosphatases Comparison of
these four cDNA clones revealed that the identities of the
nucleotide sequences of these coding regions were in the
range of 70-75% (Table I}. The deduced amino acid
sequences of these four cDNA clones were also highly
conserved, their identities being 87-95% (Table I). On

Table I Identities of Nucleotide and Deduced Amino Acid
Sequences of Catalytic Subunits of Rat PP-1

Identity (%)

PP-Ia PP-Iy1 PP-Ir2 PP-16
PP-Ia 76.0 3.7 75.0
PP-Iy] 92.5 — 72.0
PP-Iy2 89.7 952 70.1
PP-1§ 90.1 89.5 87.0

The upper half shows the identities of nucleotide sequences,
and the lower half those of the deduced amino acid sequences.
The identity of the nucleotide sequences of PP-Iy] and PP-Ir2
was not calculated, because those sequences are thought to be
produced by alternative splicing.
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A Family of PP-1 Genes in the Rat

the other hand, the identities of the catalytic subunits of
subgroups of PP-1 and PP-2 are less than 45%," the
highest identity of 45% being found between rat PP-Iy]
and rat PP-243. Thus, these findings showed that the
c¢DNA clones isolated in this study encoded isotypes of
PP-1 catalytic subunits.

The primary structures of the deduced amino acid
sequences of rat PP-1a, PP-1y1, PP-172 and PP-1§ were
compared (Fig. 5). The amino acid sequences present
upstream of position 301 in PP-1a were highly conserved
in all isotypes of the PP-1 catalytic subunits that encoded
by cDNAs we cloned, differences mainly being present in
their carboxy-terminals. At the same time, the deduced
amino acid sequences of catalytic subunits of rat PP-1
were compared with those of rat PP-2A (Fig. 5), because
the homology between the catalytic subunits of PP-1 and
PP-2A has been reported to be high.” The central regions
of these PP catalytic subunits are partially conserved and
their amino acid sequence differences are mainly in their
amino- and carboxy-terminal regions.

Conserved amino acids in PP-1 and PP-2 We compared
the similarities of all the catalytic subunits of PPs so far
reported (Fig. 6). Each isotype of catalytic subunits was
represented by only one species, because the amino acid

2 R

rat PP-Ia
rat PP-1y1
Tat PP-1y2
rat PP-I¥
Tat PP-2An
Tat PP-2A7

HePnnn

rat Pp-Ja
rat PP-1yl
rat Pp-1p2
rat PP-15
rat PP-2Ax
rat PP-2Ap

rat
Eat
cat
rat
cat
cat

rat PP-la ~-F3AK-AKK

Fat PP-lyl HIT-XQAKK

zat PP-Ir2 C3CLYPSIQXAINYRNND?VLYE
at PP-15 --TANPPEKR

Tat PP-2an rrYPL

zat PP-2A8 PRDYTFL

Fig. 5.

BRREZR@RA
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& 2 & e ]

o D
FEEE]

mmI

Comparison of the amino acid sequences of catalytic subunits of rat PP-1 and PP-2A. PP-Ia, PP-1y] and PP-1§ were

isolated from a rat liver cDNA library, and PP-Iy2 was from a rat testis cDNA library. PP-24a and PP-245 were from a rat liver
cDNA library as reported previously. The amino acid sequences that are identical in the isotypes of PP-1 catalytic subunits are
boxed. An arrowhead denotes the amino acid position 301 of rat PP-la.
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Fig. 6. Conserved sequences of the protein phosphatase family.
PP-172 and PP-1§ (this study), rat PP-2Aa and PP-2A8,'%9
PP-Z™ and Drosophila PP-1a, PP-V and PP-Y,™ ® The genes

CUoUROGUOCHNENnNT P00

LOSMEQ-IRRIMRPTDVPDQGLL-CDLLWSDPEGBD 210
LOSMEQ-IRRIMRPTDVYPDQGLL-CDLLWSDETD 210
LOSMEQ-IRRIMRPTDVPEPDQQGLL-CDLLWSDPED 210
LQESEMEQ-IRRIMRPTDVEDTGLL-CDLLWSDEPD 209
IDTLDH-LILRALDRLQEVPHEGPM-CPLLWSDPED 203
IDTLDH-ITRALDRLQEVPHEGPM-CDLLWSDPD 203
INWTLDPDD-IRKXKLDRFKEPPAYGPM-CDILWSDEPL 236
IHTLDD-LIRRLDRFKEPPAEGPHMN-CDLLWSD?P S 245
LVSPEPEYEBEDIERSEEDDQFIILACDGIW-DVH 245
LOSMEQ-IRRIMRFTDVPDOQGLL-CDLLWSDEPED 210
ICTLDQ-IRTIDRKQEVPHDGPM-CDLLWSESDEPE 98
LNSMDE-IRHY¥VRPTRVPDFPFGLI-NDLLWSDET 221
LTSMEQ-IRRIMREFETDVPDOGLL-CDLLWSDPD 208
ITTLDO-IRTILORNGEIPYKGAF-CDLYWSDPE

LENLQO-INHIQRPTDIPDEGIM-CDLLWADLN 206
LNSMDO-1ORIMRPTDVPDTGLL-CDLLWSDPFD 209
LNSLBO-IQRITRPTDIPDTGLL-CDLYWSDPE 206
LNSMEC-IRRYMRPTRDIPDCGLL-CDLLWSDED 209
Homologous sequences were searched for on rat PP-1a, PP-171,

rat PP-2Ba," PP-2B3,'¥ rat PP-2C,* rabbit PP-13,9 PP-X,©
dis2*, sds21*, bwsi™ and bimG were reported by Ohkura ef al.,”

Booher and Beach,” and Doonan and Morris.*® Bold letters denote amino acid identity; underlined letters denote conservative

amino acid substitution.
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Fig. 7. Expression of PP-Ia, PP-Iyl, PP-15 and PP-24x in
hepatocellular carcinomas induced by MelQx. RNAs were
extracted from nontumorous parts (N) and tumors (T) of the
livers of two rats, No. 1 and No. 2, 1, the liver of No. 1 rat; 2,
the liver of No. 2 rat; 3, the liver of a normal rat at the age of
45 weeks.

sequences of catalytic subunits are highly conserved in
different species. We compared the amino acid sequences
of 18 subunits, 9 from rats, 3 from rabbits, 3 from
Drosophila, 2 from yeast and 1 from Aspergiflus. As can
be seen in Fig. 6, we found a conserved central region
where several amino acid residues are identical in all 18
catalytic subunits (bold letters) and there are several
conservative changes (underlined). In other regions than
the central region, however, we found no amino acid
sequence common to PP-2C and other PP catalytic sub-
units. The middle regions of all of the catalytic subunits
of PP-1 and PP-2, as shown in Fig. 6, may thus play a key
role in the function of phosphatase.

Expression of PP-1a, PP-17 and PP-1§ in liver tumors
Expression levels of mRNA of PP-Ia, PP-1y and PP-1§
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in two independent rat hepatocellular carcinomas in-
duced by Mel(Qx were examined (Fig. 7). Level of PP-la
mRNA was increased about 2 times in both of the
hepatocellular carcinomas as compared with the normal
portion of livers of rats bearing the carcinomas, or the
liver of a control rat. In contrary, almost no changes in
the level of PP-lyI and PP-15 were observed. Of course
no increase of PP-Iy2 was found (data not shown). Thus
PP-Ig seems to be involved in hepatocarcinogenesis or
hepatic cell proliferation. Expression of PP-240 mRNA
was also examined as a positive control,'> ') and levels of
PP-24a mRNA were found to be increased 3 and 5 times
in these two tumors (Fig, 7), as expected.

DISCUSSION

We demonstrated that the encoded amino acid se-
quences of rat PP-Ia, PP-1y2 and PP-15 were identical
with those of rabbit PP-Ia, mouse dis?ml and mouse
dis2m2, respectively. This is the first report of PP-Iyl,
which encodes a new isotype of PP-1 catalytic- subunit in
rat. The amino acid sequences of amino-terminal and
central regions of all the PP-1 isotypes that we cloned
were highly conserved (Fig. 5), their differences being
mainly in the carboxy-terminal regions, This finding sug-
gests that this conserved region is involved in the enzyme
activity and the carboxy-terminal region is not involved
in enzyme activity, but plays some other role, such as in
regulating the substrate specificity or binding of the
catalytic subunits to specific regulatory subunits.

The results of nucleotide sequence analysis suggested
that two ¢cDNA clones, PP-1y1 and PP-1y2, were pro-
duced by alternative splicing. This alternative splicing
causes the difference in the amino acid sequences of their
carboxy termini. PP-1y2 is highly expressed as a major
species in germ cells, but is a minor species in somatic
tissues in rats.” Thus, the PP-Iy2 protein may have an
important role in germ cells. Rabbit PP-Ia and PP-185 are



also reported to be produced by alternative splicing
which results in a difference in their predicted amino-
terminal amino acid sequences.? So far we have not
succeeded in isolating PP-I3 from rat liver and testis
c¢DNA libraries.

The mRNAs of some of the genes are shorter in the
testis than in somatic tissues. Previously we found that
PP-248, which encodes an isotype of the PP-2A catalytic
subunit, expressed shorter mRNA in testis.” This
shorter mRNA of PP-248 is produced by alternative
poly(A) addition® A similar mechanism has been
reported to be involved in the production of shorter
mRNA of human Rz encoding the regulatory subunit
of cAMP-dependent protein kinase.*” Production of
shorter mRNA for the human a-tubulin gene was found
to be due to the use of a testis-specific promoter.’” The
encoded protein products, PP-2A8, Rla and a-tubulin in
the testis are, however, the same as those in somatic
tissues, unlike the PP-1y1 and PP-172 catalytic subunits.

We compared the amino acid sequences of almost all
known PP catalytic subunits. No similarity was reported
between PP-2C catalytic subunit and those of PP-1/PP-
2A%% We found, however, that several amino acids are
exactly conserved in all subunits derived from rat, rabbit,
Drosophila, yeast and Aspergilius, as shown in Fig. 6. This
finding suggested that this conserved region plays some
important functional role. But these conserved amino
acid sequences are not found in rat alkaline phos-
phatase®® or human phosphotyrosine phosphatases,™ **
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