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ABSTRACT

The liver is remarkably insensitive to a variety OICYtOtOXInSand expresses
a numberof knowndrug resistancegenes.To isolatenew P.glycoprotein
(Pgp)-related genes, we screened a normal rat liver cDNA library at low
stringency with a MDRJ eDNA fragment containing the P-loop and AlP
binding site. We isolated a novel cDNA dosely related to the Pgps that is
dramatically increased in hepatic neoplasia and refer to it as P-glycoprotein
related protein (PRP). The predicted protein shows PRP to be a member of
the ATP-Bmding @assette(ABC)familyof proteins,and a multisequence
comparison of the nudeotide binding domain and the ABC family signature
sequences reveals that PRP sequences are highly conserved with the greatest
shnilarity to the yeast heavy metal transporter encoded by hmtl. However,
the hydropathy plot analysis suggests that PRP does not have any prominent
membrane-spanning domains and thus is not typical of ABC transporters@
The PRP transcript is detected in many normal tissues. In the LBShepatoma
cell line, PRP was overexpressed compared to normal liver. Southern blot
analysis of DNA from the H35 rat hepatoma cells reveals that the PR! gene
was amplified compared to normal liver. The orotic acid model of hepato.
carcinogenesis was used to determine if during stepwise progression to liver

cancer, PRP changed with hepatocarcinogenesis. At the hyperplastic nodule
stage, PRP expression was increased over its expression in normal surround
ing liver. More dramatic increases in PRP expression were found in frank
hepatic carcinomas. Cumulatively, these studies are the first to link a novel
ABC family member to the hepatic neoplastic process, a role that may be
recapitulated in other cells, considering the ubiquitous expression of PRP.

INTRODUCTION

In the development of hepatic neoplasia, the pattern of gene ex
pression undergoes a variety of qualitative changes (1â€”6).One phe
notypic change during neoplastic transformation is that the hepato

cytes acquire greater resistance to a variety of cytotoxins. The
increased resistance of neoplastic liver cells might be partially ex

plained by the decreased expression of phase I cytochromes P450 that
metabolize carcinogens to cytotoxins (7, 8) and/or the parallel in
creases in phase II detoxification enzymes (e.g., glutathione trans
ferases; Refs. 5, 9, and 10). Another contributing factor conferring
resistance to neoplastic hepatocytes is increased Pgp4 expression (11,

12). Pgp is a membrane glycoprotein, the overexpression of which
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was originally identified by Juliano and Ling (13) and Riordan and
Ling ( 14) in cell lines that developed resistance to multiple drugs and
acquired a â€œmultidrug-resistantâ€•phenotype. Subsequently, Pgp was
purified (14), and its gene MDRJ was cloned (15, 16). Transfection
studies in vitro have shown that Pgp can mediate multidrug resistance

by efflux of many cytotoxins (17, 18). In rodents, two separate mdrl
genes encode products that can confer the multidrug-resistant pheno

type [pgpl (mdrla; Ref. 19) or pgp2 (mdrlb; Ref. 20)]. In normal rat
liver, the expression of the drug transporting forms of Pgp are low
(21); however, with the development of liver neoplasia, Pgps that
transport cytotoxic agents increase (21â€”24).Thus, during the process
of hepatocarcinogenesis, Pgp expression increases dramatically. In
creased Pgp is associated with the multidrug resistance of hyperplastic
nodules (21, 22, 25). However, the resistance of these nodules to
cytotoxins such as methotrexate (26, 27), which is not a typical Pgp
substrate (28â€”30), suggests that some cytotoxin resistance is inde
pendent of hepatic Pgp. Moreover, because the liver expresses a
number of drug resistance genes, it is possible that unidentified drug
resistance genes, along with Pgp, facilitate the development of the
multidrug-resistant phenotype in the liver.

Toward the goal of identifying novel drug resistance-related genes
in the liver, we screened a normal liver cDNA library and isolated a

cDNA encoding a novel member of the ABC transporter family
referred to as PRP for @gp-felatedprotein. The PRP transcript is found
in many normal tissues but was particularly abundant in the H35 rat
hepatoma cell line compared to normal liver. The abundance of this
transcript in H35 cells led us to evaluate whether the PRP gene was
amplified. We found that PRP was amplified in this hepatoma cell
line, a finding that led us to determine whether hepatic PRP expres
sion changed during carcinogenesis using the orotic acid model of

hepatocarcinogenesis (22). The results of these studies demonstrate
that PRP transcript increases in both the early stage of hepatic cancer
at the hyperplastic hepatic nodule stage and in frank hepatocellular
carcinomas.

MATERIALS AND METHODS

Screening and Isolation of eDNA Clones. A rat liver eDNA library
(Clontech, Palo Alto, CA) was constructed from mRNA isolated from a normal
adult Sprague Dawley rat and was cloned into the Agtl 1 expression vector.

Approximately 150,000 phages from this cDNA library were screened with a
32P-labeledhuman MDRJ probe, pAdr', containing the 3' end of the gene
(kindly provided by Dr. Ken Cowan, National Cancer Institute, Bethesda, MD;
Ref. 24). Under low stringency conditions (2X SSC and 0.2% SDS (w/v); IX
SSC = 0.15Msodium chloride and 15mMsodium citrate) at 37Â°C,20 positive
clones were identified, and 12 were plaque purified. After restriction enzyme
digestion with EcoRI, a single fragment was obtained and subcloned into the
replicative form of Ml3 (31) and into pGEM7z (Promega Corp., Madison,
WI). This initial clone was 1.1 kb. After a second round of primary screening
with this probe, the longest clone isolated was 1508 kb. Further attempts to
generate larger clones with 5 â€˜rapid amplification of cDNA ends were unsuc
cessful.

Subcloning and Nucleotide Sequence Analysis. Nucleotide sequences
were determined by the method of Sanger et a!. (32). Results were confirmed
by repeat sequencing at least three times in both orientations. Analysis of our
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nucleotide sequence and comparison with published sequences were per
formed using the Genetics Computer Group DNA Sequence Analysis program
(33).

Cell Culture. Primary cultures of rat hepatocytes isolated from male Spra
gue Dawley rats by collagenase perfusion were established as described
previously (34) and were maintained in standard serum-free medium, which
was modified from Waymouth MB-752 medium containing insulin (0.157 mM)
as the only hormone. Freshly isolated hepatocytes (3.5 X 106) were plated in
3.0 ml of total volume of culture medium in 60-mm Matrigel-coated (Life
Technologies, Inc., Gaithersburg, MD; Ref. 34) tissue culture dishes.

Reuber H35 rat hepatoma cells (Ref. 35; American Type Culture Collection,
Rockville, MD) were maintained in a minimal essential medium supplemented

with 10% FCS, penicillin, streptomycin, and glutamine at 37Â°Cin 5% CO2.
Northern Blot Analysis. Multiorgan tissue was obtained from Sprague

Dawley rats after ethyl ether anesthetization, and total RNA from 0.5 g of
whole tissue was prepared as described previously (36). Total RNA was
isolated from hepatocytes cultured on one 100-mm tissue culture dish using the
phenol-chloroform method (37). Twenty @.tgof total RNA were separated

through a denaturing agarose gel. The integrity of the RNA and loading
variation after transfer to a nylon membrane (Magna NT; Micron Separations,

Westborough, MA) was assessed by comparison of the 185 and 285 ribosomal
bands after staining with ethidium bromide. Northern blots were probed with
a cDNA fragment of PRP labeled with [32P]dCTP using the Prime-It II random
primer labeling kit (Stratagene, La Jolla, CA) with a final washing of 0.2X

SSC, 0.2% SDS at 55Â°C.Hybridization with a cDNA probe for cyclophilin
(kindly provided by Dr. Sutcliffe; Ref. 38) was used for normalization of
Northern blots. Signal intensity of the hybridized bands was determined by
autoradiography and densitometric analysis as described previously (34).

Southern Blot Analysis. Genomic DNA was isolated from normal rat
hepatocytes and from H35 rat hepatoma cells as described previously (39).
Five and 10 @.tgof genomic DNA were EcoRV restriction enzyme-digested
according to the manufacturer's instructions, separated on a 0.8% agarose gel,
and then transferred to a positively charged membrane (Magna NT). Southern
blots were hybridized with a PRP probe as described above or with a cDNA
probe for albumin (kindly provided by U. Schibler, Universite Dc GenevÃ©,

Geneva, Switzerland; Ref. 40).
Developmentof PRPAntibody.Usingthepredictedopenreadingframe

(Fig. 1) and the Genetics Computer Group software, PLOTSTRUCTURE and
PEPPLOT (33), we selected two peptides for synthesis: peptide 403 and
peptide 569 with the sequences (MIQTNFIDMENMFDLLKEE) and
(QVGERGLKLSGGEKQRVAIA), respectively. A search through the Gen
Bank data base revealed that these peptides are unique. Moreover, the pre
dicted PRP protein does not contain the sequence VQEALD and, therefore,
would not be expected to be recognized by the C2l9 antibody that recognizes
P-glycoprotein (41). Polyclonal antisera was produced by Rockland Labora
tories, Inc. using these synthetic peptides coupled to keyhole limpet hemocy
anin. Each lot of antisera was screened for recognition of the peptide epitope
by ELISA after coupling the peptide to microtiter plates.

Western Blot Analysis. Total cell lysates were prepared by pelleting the

cells at 1000 X g at 4Â°C,resuspending the pellet in membrane storage buffer
[100 mr@ipotassium phosphate (pH 7.4), 1.0 mM EDTA, 20% glycerol, 1 mM

D'IT, 20 @.LMbutylated hydroxytoluene, and 2 mM phenylmethylsulfonyl flu
oride] and lysing for 35 s at 30% power with an Ultrasonic homogenizer (Cole

Parmer Corporation, Chicago, IL). Crude membranes were prepared by pel
leting the lysate at 10,000 X g for 5 mm and resuspending in membrane
storage buffer. The 10,000 X g supernatant was spun at 105,000 X g, and the
supernatant represented cytosol. Protein determinations were done by the
Lowry method (42). The total cell lysate was resuspended in a standard
Laemmli sample preparation buffer (43) and immediately loaded onto a
polyacrylamide gel. Proteins were immunoblotted to nitrocellulose filters (34,

44), and the filters were incubated sequentially with anti-PRP IgG, peroxidase
conjugated anti-rabbit IgG, and developed with the Amersham ECL detection

system as per the manufacturer's protocol.
Hepatocarcinogenesis. Hepatocellular carcinomas were generated in male

Fischer 344 rats as described previously (22) by a single i.p. injection of
1,2-dimethylhydrazine dihydrochlonde (100 mg/kg) 18 h after two-thirds
partial hepatectomy. Tumor promotion was achieved by a maintenance diet
containing 1% (w/v) orotic acid until the time of animal sacrifice. Control

groups were maintained as follows: one group received an i.p. injection of

NaCl after partial hepatectomy followed by a basal diet; and a second group
also received an i.p. injection of NaCl after partial hepatectomy but was fed a

diet that included 1% orotic acid. Rats were sacrificed at various time points
during the process of hepatocarcinogenesis. Total RNA and poly(A)@ RNA

were isolated from hyperplastic hepatic nodules and surrounding nonnodular
liver tissue (up to 40 weeks) and from frank hepatocellular carcinomas (5 1 to

61 weeks). Northern blot analysis was performed; blots were initially hybrid
ized with the PRP cDNA followed by a cDNA probe for GAPDH (35).

RESULTS

Characteristics of PRP. Recent studies have suggested that Pgp
overexpression occurs in the development of hepatic neoplasms (21â€”
24). However, some phenotypic properties of the neoplastic foci (e.g.,
lack of iron uptake (45â€”49)and non-Pgp-mediated multidrug resist
ance; Refs. 50 and 51) may be independent of Pgp overexpression (52,
53). Because the liver expresses multiple members of the ABC trans
port family (36, 54, 55), we hypothesized that altered expression of
some ABC proteins might be linked to the general resistance of the
liver to cytotoxins. To identify a new ABC transporter in liver, we
used reduced stringency to screen a normal rat liver cDNA library

with a fragment of the human MDRJ cDNA probe, pADR' (24). We
purified 10 clones, of which one represented pgp3 (mdr2; Ref. 56).

We sequenced a 1508 kb cDNA clone named 8/3 (Fig. 1A) and found
that the longest ORF as predicted by CODON-P and FRAMES (33)

that had an initiator methionine that conformed to Kozak rules (57)
was 852 bp. All ORFs on the opposite strand were less than 200 bp;

one exception was 300 bp in size.
The predicted protein encoded by 8/3 was more closely related to

the MDR multigene family than to other members of the ABC trans
porter superfamily. This close relationship with the MDR genes
earned it the name P-glycoprotein related protein or PRP. A BLAST
search of the nonredundant data bases [Brookhaven Protein Data
Bank, Swiss Prot (release 31.0), PIR (release 44.0) and GenBank
genepept (release 89)] revealed that a cDNA isolated from Schizo
saccharomyces pombe, encoding a heavy metal tolerance gene hmtl

(58, 59), was the most similar to PRP, with 61% similarity and 48%
identity over the nucleic acid and amino acid sequence, respectively.
Within the ORF, PRP has the most similarity to the ABC transporter
superfamily in the Walker A consensus site for ATP binding (the
P-loop, GxxxxGKS; Refs. 60 and 61), which is conserved in all ABC
transporters (62). Because PRP has a conserved Mg + 2 binding site

[hhhDE (60), h = hydrophobic residue], it is likely that PRP has an
ATPase activity. In addition, this motif is similar to the D box motif
[LSGG(A/E)(X)l5â€”24(hydrophobic)4DE(X)4LD] recently described
for the smc proteins involved in chromosome segregation and con
densation (63).

The hydropathy plot of the PRP polypeptide is shown in Fig. lB
and is compared with the ORF of hmtl between amino acids 547 and
83 1. The polypeptide is predicted to be Mr 3 1,337 with a p1 of 5.8. We
believe this represents the full coding region of the gene because the

orthologous human PRP is 2.2 kb, its predicted ORF is 85% similar
to rat PRP, its cDNA predicts an ORF of Mr 31,600, and we estimated
its in vitro translated product on PAGE to be approximately Mr
32,000â€”33,000 (data not shown). Analysis by Kyte-Doolittle and
Goldman et a!. (33) suggest that this putative protein is predominantly
hydrophilic, although the nucleotide binding domains and the ABC

family signature are located in similar positions between hmtl and
PRP. Unlike hmtl, PRP does not have an additional hydrophobic
membrane-associated portion and, therefore, is unlikely to be located
in membranes.

Relationship of PRY to the ABC Superfamily of Transporters.
By searching the database of yeast (Saccharomyces cerevisiae) pro
tein sequences, we also discovered portions of predicted proteins from
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A
GGG@NAC'11'CGGGTAGTCAQTAGTGGAATCGGOCTAGTCCA@.GT1TFATGGCTAGTGAAA

1 - +â€” +- +â€” +- +â€” +60 841 - +â€” +â€” +- +â€” +â€” +900
@ CGGG@CT@tG@CAGAGAAG'I'I'OCTGT0GTAACGGTI'GTMTAGGCGATACCGGCACAAT
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61 - +- +- +- +- +- + 120
AC@ATAAT@AC1tATCAThCAATAACCAMCAACAACC'1tCCAAGTATM.GGACTAA 901 - +- +- +- +- +- + 960

@ @C0ACCC@CACTCTATGTCCGACGACGAGTCCGACGCCCGTAGGTACTACG0TAGG@
121 - 4- +- +- +- +- +180 SWDSEIQAxAQAAGIHDAIL

CAMCATCAACTCCTACTACTGATCATCCTATFAATAACTCCGACATCGMCCCAATCTF
AATA'1T1'1GTrGCTGCTrCAGP1'GATC0TGGGC'1TITrT1'G'r'rQGCTAGM0'rc@QQA'rc@ 961 + + + + + + 1020

181 - +- +- +- +- +- + 240
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TAGCTW@0GCT@MT1'CCAATCCTACTCATM'rAGGAGTA?@m'rGGAGCThQkTATxt3 CGAGAGCAGCGAGCCMOCCC0CACCATCCTF@GGCTCC'1'G?@CATC)@CTCTGCT
241 - +â€” +- +â€” +- +- +300 1021 - +- +â€” +- +- +â€” +1080
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ACTAATCGGGATACTCCTA@A@ATrATF@.CTAATCCCacTAACCCMACCCG GGMGGCAACATGCACTGGATACATCTAATGanAGanCCATCCanGcCTC'rcronc

@ 1083. - +- +â€” +- +- +â€” + 1140
361 - +- +- +- +- +- + 420 CCTACTCC@rrGTA@rCGTGACCTATGThGM'rAC'It'rCTCGGTAGGTCC0raGAGACCG

AOGAACGACCGAGGAACGAMCACGTATGAAGCAGTCGCTCOCTGCCGATGTCCAACCCC D E A T S A L 0 T S N E R A I Q A S L A -
ACTWC'ITN'GGCAC'I'FATATCACCCAACTGTACAWCCTCTCAACTGm'rCGGCAC CAAA@CTGCACCACCCGCACCACCATCGTAGTAGCACACAGGCT@2TCAACTGTGTCAA

421 + 4. + + + +480 1141 + + + + + + 1200
@MCACGAAMCC@rGMTATAGTGGG'rrQACATGTAC00AGAGTmACCAAGCCc'ro GCAGAC@r0GCGGCQ1'rGGTGGTAGCATCATCm'G'rGTCCGAW@GTrGACACAm'r

CTAC?ACAGM@ATCCAGACTAACT1'CAtTGACA@GAGAACM@'ITrGAC'N'57rrG@ K V C T T R N H H R S S T Q A L N C V N -
481 + + + + + + 540 TGCTGACCAGATTC'I'I'GTCATCAAGGATGGCTGCATCATAGAGAGAGGMGGCTCGMGC

GATGATGTCTrACTAGG'rC'rGATrGAAGTaACTGTACC'rC'r@rGTACAAACTGAACAAC'I'r 1201 + + + + + + 1260
M I Q T N F I D M K N H F 0 1. L K - ACGACTGTAAGMCA@AG'1'L'CCTACCGACGTAGTATCTCTCTCCTFCCGAGCT@CG

AGAGGMACAGAGGTGAAGGACGTCCCTGGAOCAGGGCCCC'rrCG'1'rrrCATA@QGoCCc3 A D Q I L V I K 0 G C I I E ft G R L E A -
541 + + + + + + 600 CCTGCTATCCCGAGGTGGCGTGTATGCTGAGATGTGGCAGCTGCAOCACCAAGGACAAGA

TCTCC'ITI'OTCTCCACTS'CCI'OCAGGGACC'1'C01'CCC0000MGCAM.At2TATTCCCGGC 1261 + + + + + + 1320
EETEVKDVPOAGpLRFHKGR - GGACGATA000CTCCACCGCACATACGATCTACACCGTCGACGTCGTGGTTCCTGTFCT
Gm'@rrroAAAATGTGC@AC'rrCAGCTACGCTGAwoGCGGGAracC'rrACAAcATtrr L L S R C 0 V Y A E H W Q L Q H Q G Q E -

601 + + + + + +660
CCACAC@rGAA@rCGAT@;CGACTACCCGCCCTCTGGAATqrTCTACA
V E F E N V H F S Y A D 0 R E T L Q D V - AACTGTCCCTGAAGACTCT2A@CCTCAGGACATGGCGTAGTAATGMAGGGATGACCTCT
G'rCCTrCAC@rG@rGA'rGCCTooACA0AeGGToGcTC@roGTAGGCCCATC'roGGGCAcGAAA 1321 + . + . + + 1380

661 + + + + + + 720 TI'GACAGGGAC'I'TCTGAGAA'FI'GGAGTCCTG'MCCGCATCM'rAC'FI'FCCCTAC'I'GGAGA
CAGGAAGTGACACTACGGACCTGTCTGCCACCGAGACCATCC000TAGACCCCGTCcITr T V P E D S *

S F T V N P 0 Q T V A L V 0 P 1 0 A 0 K - TCC@TAM0GCTAACTCAGGA@GAMGATGWCCCTC1VCTF0GCTFCAG'1'rCAT
Pâ€”locp 1381 + . + + + + 1440

GAGCACAA@FACGCCT0CTG'ITI'CGCT1'CTATGACATCAGCTCTGGCTGCA'rCCGA@T AAGGAGAGMCCGM'@GA@CTCACTFFCTACAGGG0AGAGGAACCGMGTCAAGTA
721 + + + + + +780

CTC@!'GTMAAATGCGGACGACMA0CG?AGATACTGTAGTCGAGACCGACGTAOGCTrA@
STILRLLFRFYDISSGCIRI- 1441 + + + + + +1500
AGATGGACanGACATrrCACAGG@rAACCCAGATC'rC'rCTCCGre'CTCACATroGAGTToT

781 + + + + + +840
TcTACCTGTCCToTAAAm@GTCCATr0GGTCTAGAGAGAGGCCAGAG'rGTAACCTCAACA AATAAACG
0 G Q D I S Q V T Q I S L K S H I G V V - 1501 1508
GCCCAGGACACT@tTC@AACGACACCM'1'GCCMC@ATATCCGCTATGGCCGTOTPA @A?1'1'GC

B
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Fig. 1. A, nucleotide and deduced amino acid sequence in the longest open reading frame of the 1508 bp PRP eDNA. Nucleotide and amino acid sequences are numbered from the
5'- or NH2-terminal end of this fragment. Sequences corresponding to the Walker A and B motifs are underlined. B, hydropathy plot comparing PRP and hmtl.

yeast that are closely related to the ABC motif in PRP. These se- of the ABC transporter family. Moreover, this conservation extends to
quences are most similar to PRP in the regions encompassing Walker the sequences adjacent to the ATP binding sites. To discern the
A and B motifs, although some identity is observed between these evolutionary relationship among PRP and the other members of the
motifs in a region not typically conserved among ABC family proteins ABC superfamily, we used the ORF of PRP to construct a library of
(62). The presence of proteins highly similar to PRP in lower and pairwise local alignments of the predicted ORF (Bestfit, default pa
higher eukaryotes appears to indicate that some aspect of PRP func- rameters) to facilitate the identification of highly conserved regions.
tion has been conserved throughout eukaryotic evolution. The region encompassing the Walker A and B homologies was then

An analysis of the ATP binding motif of PRP and other related used to perform a phylogenetic analysis using GROWTREE to gen
ABC transporters (Fig. 2A) revealed that the AlP binding site of PRP crate a phylogram from these highly conserved regions (Fig. 2B; Ref.
and ABC signature sequence had high similarity with other members 33). This analysis suggests that PRP is more closely related to the
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Fig. 2. A, alignment of the carboxyl terminus of ABC transporter genes from mammals and (B) phylogenetic analysis of PRP by Growtree that uses the Kimura method of paired
analysis to determine evolutionary distance based upon substitutions per 100 bases. The genes and their accession numbers are: mouse CFTR - cystic fibrosis conductance
transmembrane regulator (muscftr) (M60493); human multidrug resistance associated protein (MRP) (L05628); human adrenal leukodystrophy gene (aid) (Z21876); rat peroxisome
membrane protein (pmp7O) (J05256); yeast STE6 (Xl5428); rat antigen presentation protein (mtp2) (X63854); drosophila pgp (mdr49) (dropgp) (M59076); P-glycoprotein related
protein (PRP); yeast heavy metal tolerance gene (hmtl) (Z14055); hamster pgp3 (crupgp3) (M60042); human MDR3 (humpgp3) (M23234); human MDRI (humpgpl) (Ml4758);
hamsterpgpl (crupgpl) (M60040); hamsterpgp2 (crupgp2) M60041); mouse Pgp2 (muspgp) (Ml4757); rat mdrlb/Pgp2 (pgpratlb) (M81855).

ABC â€œhalf-moleculesâ€•but nonetheless has diverged from half mole
cules such as ALD (64, 65) or PMP7O (66, 67). Moreover, this
analysis shows that PRP is the first mammalian gene that is most
closely related to the yeast gene encoding heavy metal tolerance,
hmtl.

Expression Pattern of PRP. Northern blot analysis revealed that
PRP hybridized with an approximately 3.0 kb mRNA transcript that
was found in many tissues (Fig. 3). The relative level of PRP expres
sion was determined by rehybridization of the blots with a probe for
the ubiquitously expressed cyclophilin (38), followed by densitomet
tic normalization of the PRP signal with the cyclophilin signal. These
studies show that PRP is particularly abundant in the gastrointestinal
and genitourinary tracts as well as in muscle; however the relative

abundance of PRP in muscle may be artificial and reflected in the
apparently low level of cyclophilin in this tissue. Nevertheless, it is
clear that PRP is ubiquitously expressed and abundant in many
organs.

PRP Expression in the H35 Rat Hepatoma Cell Line versus
Normal Liver Because Pgp expression increases during rat liver
cancer (21â€”23), we evaluated whether PRP expression similarly
changed by comparing the H35 hepatoma cells to normal liver (Fig.
4A). We found that the amount of hybridizable PRP mRNA is much
greater in the H35 hepatoma cell line compared to normal rat liver
(densitometric scanning of several different RNA preparations re
vealed that the increase was 3.5 Â± 1 fold higher in the H35 cells
versus normal liver). We next evaluated whether the increased cx
pression of PRP mRNA in the H35 was paralleled by an increase in
immunoreactive protein. Western blot analysis of total cell lysates
from H35 cells revealed two immunoreactive bands of approximately
Mr 45,000 and Mr @Â°@Â°Â°Â°in the H35 that were undetectable in the

normal rat whole liver homogenates (Fig. 4B). Fractionation of H35
cell lysates into either cytosol or crude membranes revealed that the
Mr 60,000 immunoreactive protein was present in both membrane and

A

B

j
PRPâ€” 4-â€” ..- @w @(3.0kb)

@ 4.-

@@Hfl@@iii1@flJ1pV
Fig. 3. Northern blot analysis of PRP mRNA expression in normal rat tissues. Total

RNA(20sag)fromthe indicatedtissueswasresolvedon a Northernblotas describedin
â€œMaterialsand Methods.â€•Top panel. ethidium bromide-stained gel. Middle panel, same
Northern blot hybridized with the PRP eDNA. Lower panel. Northem blot was stripped
andre-hybridizedwithcyclophilin.Bottompanel,theamountof PRPwasquantifiedby
dividing the densitometric signal for PRP by the densitometric signal for cyclophilin.
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Fig. 4. A, Northern and (B) Western blot analysis of PRP expression in H35 hepatoma cells compared to normal liver. A, total RNA was isolated from either H35 hepatoma cells
or normal hepatocytes and 20 gagof RNA was fractionated by gel electrophoresis. The Northern blot was stained for evenness of loading and RNA integrity and was hybridized with
the PRP eDNA. B, 50 i.@gof total cell lysates from either H35 rat hepatoma cells or normal rat hepatocytes or H35 cell membranes or cytosol were analyzed in each lane by immunoblot
analysis using the anti-PRP IgG (see â€œMaterialsand Methodsâ€•).

cytosol, whereas the Mr 45,000 immunoreactive PRP was selectively
expressed in the cytosolic fraction. Because PRP contains no trans
membrane domains, the exclusive expression of the Mr 45,000 protein
in H35 cytosol suggests that PRP encodes a Mr 45,000 protein. The Mr

60,000 protein could represent either a structurally or antigenically
related protein or posttranslational modifications of PRP.

The specificity of the PRP antisera was further confirmed by
Western blot analysis of a recombinant human PRP/GST fusion
protein produced in Escherichia coli. Full-length human PRP, con
taming the same conserved antigenic epitopes as rat PRP, was inserted
in-frame into the expression vector pGEX (Pharmacia Biotech, Inc.)
Anti-peptide antibodies raised independently against two different
PRP epitopes recognized the same single immunoreactive protein
band [approximate molecular weight was 66,000 minus the GST
protein (Mr 26,000) @4O,OOOhuman PRP protein] in bacteria trans
formed with the human PRP expression vector, whereas the immu
noreactive band was not present in either bacterial cell lysates or in
empty vector-transformed bacterial cells (data not shown).

Gene Copy of PRP. Because PRP mRNA and protein was over
expressed in the H35 cells, we assessed whether the PRP gene was

amplified. Genomic DNA from both rat hepatocytes and the H35 rat
hepatoma cell line was isolated and blotted as described previously
(39). Southern blot analysis revealed that the H35 cells had an
increase in PRP gene copy compared to normal rat liver cells (Fig. 5).
It should be noted that under these hybridization conditions, the PRP
cDNA probe does not cross-hybridize with pgp (data not shown). To
control for loading variations and to facilitate the quantification of the
PRP gene copy, we reprobed the same blot with a cDNA probe for
albumin (Fig. 5) and found no differences in the signal intensity of the
hybridizing bands between the two cell types. After normalization for
loading variation, densitometric quantification revealed a greater than
7-fold increase in PRP gene copy. This study showed that the PRP
gene is amplified in the H35 cells and probably accounts for the

increased expression of PRP.
Expression of PRP in Hyperplastic Hepatic Nodules. Because

PRP was amplified and overexpressed in a liver tumor cell line

derived from an animal treated with the carcinogen N-2-fluorenyldi
acetamide (35), we wanted to determine whether PRP expression
changed as a consequence of exposure to a carcinogen or was sec
ondary to hepatic neoplasia. To explore the latter possibility, we
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bility, we induced hepatic regeneration by partial hepatectomy and

then assessed whether PRP mRNA changed at various intervals
posthepatectomy. In this model system, DNA synthesis in partial
hepatectomy has been well documented to achieve a maximum level
between 36 and 48 h posthepatectomy; thereafter, DNA synthesis
declines (69, 70). Immediately after partial hepatectomy, we found

that the level of PRP decreased slightly (Fig. 7). However, by 24 h,
posthepatectomy PRP levels recovered and increased over the next
36 h. By 48 h posthepatectomy, PRP levels were maximal at 6.5-fold

greater than the sham-operated control animals, and at 72 h, PRP
levels had decreased. The lower basal level of PRP expression in total
RNA from Fisher rats (Fig. 7) compared to Sprague Dawley rats (Fig.

4) may reflect strain differences in its expression. Such species dif
ferences in Pgp expression have been previously reported (7 1). This
study shows that PRP expression is up-regulated after partial hepa
tectomy in a pattern that approximates the time course of DNA
synthesis.

DISCUSSION

We report for the first time isolation of a novel gene, PRP, that
belongs to the ABC superfamily of proteins (62). PRP by sequence
analysis belongs to the ABC family of active transporters and shares

marked similarity to the yeast heavy metal tolerance gene, hmti (58,
59). Although PRP was ubiquitously expressed, it was found to be
significantly increased in the H35 hepatoma cell line compared to
normal liver. Moreover, increased PRP expression in H35 cells par
alleled amplification of the PRP gene. Further studies using the orotic
acid model of hepatocarcinogenesis revealed that PRP expression
increased in hyperplastic liver nodules (â€˜â€”2â€”3-fold).The expression of
PRP further increased (maximum levels 6â€”9-foldabove surrounding
liver) in the frank hepatocellular carcinomas. Cumulatively, these
findings demonstrate that PRP expression increases with hepatic
neoplasia.

The most studied drug resistance mechanism described for mam
malian cells is that encoded by the prototypical member of the ABC
family of active transporters, the multidrug resistance gene, MDRJ
(18, 72â€”74).This gene encodes a single polypeptide chain that is
represented by a putative duplication of two segments, each of which
contain six iransmembrane spanning domains and a nucleotide bind
ing domain. The hydrolysis of AlP provides the energy to efflux
substrates from the cell (75). By contrast, our analysis of PRP sug

gests that it lacks a hydrophobic region to comprise a transmembrane
domain. Another type of transport system that has been described for
microorganisms uses multicomponent transport systems. The maltose
transport system found in E. coli is a well-characterized prototype of
such a system (76, 77); furthermore, such multicomponent systems

have been described for transport of toxic substances such as dauno
mycin. These multicomponent transport systems are composed of an
external substrate binding protein, two membrane spanning domains
and a periplasmic substrate AlP binding subunit acceptor. Given its
hydrophilicity and nucleotide binding domain, PRP is probably lo
cated in the cytoplasm. This cellular location and ATP binding site
would theoretically provide the energy to transport a cytotoxic sub
strate through a pore in the cellular membrane. Further studies should
reveal whether PRP interacts with other proteins and is a part of a
multicomponent transport system analogous to those described for
microorganisms.

Alternately, some ABC proteins not associated with membrane
transport events are involved in other cellular processes (62). For
instance, GCN2O is an ABC cassette protein involved in protein
translation by activating the protein kinase GCN2 (78). EF-3 functions
in translation elongation by stimulating amino-acyl tRNAs ribosomal
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Fig. 5. Analysis of PRP gene copy in normal liver compared to H35 hepatoma cells.
Genomic DNA was prepared from H35 hepatoma cells or normal rat hepatocytes. Upper
panel, after restriction enzyme digestion, the DNA was fractionated by agarose gel,
transferred to a charged membrane and probed with a eDNA for PRP. Lowerpanel, after
the blot was stripped, it was re-probed with a eDNA for albumin as a loading control.

evaluated whether PRP mRNA expression changed during the process
of hepatic carcinogenesis using the orotic acid model of hepatocarci
nogenesis (22). Poly(A)@ RNA was isolated from individual hyper
plastic hepatic nodules and hepatocellular carcinomas that developed
during orotic acid promotion. PRP mRNA was generally overex
pressed in hyperplastic hepatic nodules (Fig 6A). Unlike Pgp (22), no
relationship was apparent between PRP expression and the size of the
nodules. However, irrespective of the size of the nodule, the level of
PRP mRNA was increased 2.9 Â±0.8 fold (n = 16) compared to either

the adjacent surrounding nonnodular liver tissue or the control liver.
The expression of PRP in normal peritumoral liver was no higher than
normal liver; thus, orotic acid treatment alone has no obvious effect on
PRP expression. In contrast, PRP expression in frank hepatic carci

nomas (greater than 50 weeks of orotic acid promotion) revealed
increases in the level of PRP expression from 6- to almost 9-fold
above those found in the surrounding noncancerous peritumoral nor
mal liver (Fig. 6B). Moreover, the positive correlation between the
level of PRP expression and duration of neoplastic growth (R2 = 0.49)
suggested a trend for increased PRP with greater tumor mass. There
fore, the increased PRP expression in hepatic neoplasia confirms and
extends our previous findings showing overexpression of PRP in the
H35 hepatoma cell line. It should be noted that acute exposure of
either H35 cultures or primary hepatocytes to N-2 fluorenyldiacet
amide, the xenobiotic used to initiate tumors that led to the develop

ment of the H35 cell line, produced no increase in PRP (data not
shown).

Partial Hepatectomy. The increased mitotic index of hyperplastic

nodules (68) compared to normal liver suggested that PRP expression
might be one index of hepatic proliferation. To evaluate this possi
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hepatoma cell line because in the orotic acid model of rat liver
carcinogenesis (22, 80), PRP expression increased at both early and
late stages in the development of hepatocellular carcinomas. Further
more, the increase in PRP in this model was not secondary to the
imbalance in nucleotide pools induced by orotic acid feeding because
PRP expression did not increase in normal peritumoral liver compared
to normal control liver (Fig. 6A). It seems unlikely that the 2â€”3-fold
increases in PRP expression in focal preneoplastic nodules reflected
increased mitotic changes because PRP changes are modest in pro
portion to the estimated 10-fold increase in mitotic index that occurs
in nodules when compared to surrounding liver (81). Furthermore, the

frank hepatocellular carcinomas had dramatically increased PRP ex
pression over the nodules in the absence of a net increase in mitotic
cells (8 1). Thus, increased PRP expression is not directly correlated
with the magnitude of the mitotic change in liver tumors. This
suggests that increased PRP expression is linked to to other aspects of

I I ) I I I hepatic neoplasia. The increase in PRP while apparently coinciding

0 6 12 24 48 72 with DNA synthesis may be linked to other biological processes, e.g.,

Time (hr) apoptosis. Furthermore, because liver regeneration and hepatocarci
nogenesis are both processes that involve both proliferation and
apoptosis, it is possible that PRP is a gene activated during pro
grammed cell death. A recent study has suggested that an ABC family
member (ABC1; Refs. 82 and 83) plays a role in phagocytosis of
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binding (79). These examples show that the identification of an ABC
domain does not indicate a role in transport because AlP hydrolysis
in some ABC proteins is unrelated to known transport processes.

Increased expression of PRP mRNA was not exclusive to the H35
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Fig. 7. Northern blot analysis of PRP expression after partial hepatectomy. Total RNA
was isolated from liver of animals after varying times post-partial hepatectomy and 10 @g
RNA was fractionated by gel electrophoresis. Upper panel, the Northem blot was first
hybridized with a PRP eDNA probe followed by lower panel, the eDNA for (3-actin. The
resulting autoradiographic signals were then densitometrically quantified.
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apoptotic cells. Further studies using conditional expression of PRP
may reveal a role for PRP in apoptosis.

Why is the PRY gene amplified in hepatocellular carcinoma? The
increased expression and eventual amplification of PRP may confer a
survival advantage upon hepatic neoplasms, perhaps by protection from
apoptosis. Because cytogenetic changes such as gene amplification can
occur during hepatic neoplasia (84, 85), it is possible that the amplifica

tion of the PRP gene occurs in the initial stages of hepatocarcinogenesis.
However, the small amount of material available for analysis at these
early stages of neoplastic development precluded the simultaneous anal
ysis of changes in PRP gene copy and gene expression. Despite this

limitation, it is clear that the H35 hepatoma cells have both increased

PRP gene copy and gene expression, which may confer a growth/survival
advantage to the tumor cells.

The resistance of liver hyperplastic nodules to toxins is multifac
eted and may be accounted for, in part, by increases in Pgp and Phase
II drug-conjugating enzymes. However, because all cytotoxin resist
ance cannot be accounted for by changes in Pgp or Phase H drug
conjugating enzymes, it is conceivable that PRP also contributes to
cytotoxic resistance intrinsic to most liver cancers. Indeed, the 2â€”3-
fold increases in PRP expression in the early preneoplastic hepatic
nodules paralleled increases found in Phase II detoxifying enzymes,
such as GST-P (86, 87). The expression of PRP in the genitourinary
and gastrointestinal tracts further supports the possibility that PRP
plays a role in the protection of cells from cytotoxic insults. The fact
that PRP mRNA is also detectable in the livers from many different
mammalian species (hamster, gerbil, mouse, and human)5 and related
genes are found in other eukaryotic and prokaryotes supports our
hypothesis that PRP plays an important evolutionarily conserved role
in cell physiology. Clearly, future studies examining its subcellular
expression pattern and function will elucidate its role in the normal
and neoplastic cell.
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