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ABSTRACT

We have cloned the complete cDNA encoding the rat
mdr2 gene by a combination of library screening and
the polymerase chain reaction. The sequence of rat
mdr2 cDNA is highly similar to other members of the
mdr gene family but the initiation of transcription,
tissue distribution and regulation of expression of rat
mdr2 diverge from the other isoforms. Primer extension
analysis showed rat mdr2 mRNA to have a major
transcription start point at — 277 and a minor one at
approximately -518. We constructed gene specific
probes for rat mdr2 and mdr1b and compared the
expression patterns of these two genes. The highest
expression of mdr2 mRNA was in the muscle, heart,
liver and spleen. Both mdr2 and 1b mRNA levels were
elevated in the livers of rats treated with CCl, or
following partial hepatectomies although the time
course of induction of each gene differed. Mdr1b
increased by 12 to 24 hours while mdr2 did not increase
until 48 hours. Treatment of isolated hepatocytes or
RC3 cells with cycloheximide did not effect mdr2
mRNA. In contrast, mdr1b expression was increased.
These data suggest that rat mdr2, unlike mdr1b, is not
regulated by a negative trans-acting protein factor.

INTRODUCTION

Expression of the membrane-bound drug efflux pump, P-
glycoprotein, is a serious impediment to successful chemotherapy
of many human tumors. Future efforts at circumventing this form
of drug resistance will rely on a full understanding of the
structures of the multidrug resistance (mdr) genes which encode
the P-glycoproteins. The mdr gene family consists of two
members in humans and three in rodents. cDNAs for the two
human (MDR 1 [1] and MDR 2 [2]) and three mouse (mdrla,
mdrlb and mdr2 (3, 4]) and hamster (pgp 1, pgp 2, and pgp
3 [5]) mdr genes have been isolated. We have described recently
the isolation of the complete cDNA for one member of the rat
mdr gene family (mdrlb) [6].

The ability of P-glycoprotein to function as an ATP-driven drug
efflux pump has been extensively investigated. Several studies
have shown direct binding of photoaffinity drug analogs to P-
glycoprotein as would be expected of a drug transporter [7].
Partially purified P-glycoprotein is an active drug-stimulated
ATPase [8—11]. Membrane vesicles prepared from multidrug

resistant human cells [12], CHO cells [13] and rat intestinal
mucosal cells [14] mediate ATP-dependent drug transport. P-
glycoproteins encoded by the mdr 1 genes confer drug resistance
to previously drug sensitive cells [4, 15—18]. Expression of mdrl
genes is often increased in cell lines selected for drug resistance
[19—22]. These data support the theory that P-glycoprotein
mediates drug resistance by pumping cytotoxic drugs from cells.

The normal physiological function of P-glycoprotein remains
unknown. P-glycoprotein is expressed in the epithelial cells of
tissues typically associated with transport of compounds across
cell membranes. For example, the bile canalicular cells of the
liver, the kidney proximal tubule cells, the intestinal brush border
cells, and the endothelial cells of the blood brain barrier all
express P-glycoprotein [23 —26]. This has lead to the hypothesis
that one physiologic function of P-glycoprotein is to protect
organisms from xenobiotics [27—29] or to participate in the
cellular secretion of endogenous compounds such as steroids
[30—32] or peptides [33, 34]. Recent investigations demonstrate
that P-glycoprotein may also function as a membrane-bound
chloride channel [35, 36], much like the closely related cystic
fibrosis transmembrane conductance regulator [37].

In spite of a high sequence homology to the mdrl genes, the
possible physiological role of the mdr2 gene product is less clear.
Expression of the mdr2 gene in cells does not confer multidrug
resistance [3, 4]. The tissue distribution of mdr2 expression differs
from that of the other mdr genes [26, 38, 39]. The expression
of mdr2 is generally not increased in cell lines selected for
resistance [3]. Nevertheless, the structure of the gene and
predicted protein contain features which suggest a role very
similar to the other isoforms. Some chimeric genes constructed
of fragments of the mouse mdrlb and mdr2 genes encode P-
glycoproteins capable of conferring drug resistance suggesting
that portions of the mdr2 gene can produce functional P-
glycoprotein domains [40, 41]. In addition, recent studies with
isoform specific antibodies localized mdr2 P-glycoprotein to bile
canalicular membranes of hepatocytes [42]. This evidence
suggests that although mdr2 is not involved in drug resistance
it may still function in some transport capacity.

Expression of the mdrl genes in the rat is induced in vivo and
in vitro by treatment with various xenobiotics and inhibitors of
protein synthesis [29, 43]. In addition, partial hepatectomy
elevates mdr gene expression in rat liver [44]. In the course of
our studies we noted that the three mdr genes respond differently
to xenobiotic exposure (Unpublished data). Therefore, it is of
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particular interest to obtain more information about the
expression, regulation and function of mdr2 in the rat. In this
paper we describe the cloning and characterization of the rat mdr2
c¢DNA. Using the rat mdr2 cDNA and the recently cloned rat
mdrlb cDNA, we derived gene specific probes for the RNase
protection assay. We used this technique to illustrate tissue
specific expression of these genes and to show a divergence in
regulation between these two genes.

MATERIALS AND METHODS
Cloning and characterization of the rat mdr2 cDNA

A cDNA library was constructed in Agt10 bacteriophage using
poly A* RNA isolated from the liver of a rat treated with
aflatoxin B1. This treatment enhances mdr expression in the rat
[28]. 5Xx10° plaques were screened using a segment of the rat
mdrlb cDNA labelled with [a-32P]dCTP by the random primer
method [45]. This probe, 2B13 —155, recognizes all three mdr
genes in the rat [6]. Plaque lift filters were hybridized and washed
under low stringency conditions to permit identification of clones
containing the mdr2 gene. The bacteriophage DNA was first
digested with BamHI or Sall and then treated with T7 gene 6
exonuclease [46] to provide a single strand DNA template for
sequencing with the Sequenase 2.0 system (U.S. Biochemical,
Cleveland, OH). The largest clone identified as mdr2 was
approximately 3.2 kb and was subcloned as four EcoRI fragments
into pGEM7Zf(+). Rescreening of the cDNA library with probe
made from a fragment of the 5’ end of this clone did not yield
any clones containing the remaining 5’ sequence.

Two primers were made to obtain the 5’ end of the cDNA
by the polymerase chain reaction. The 3’ antisense primer,
5'-GGCAGCTAGTTCTTTGTCACTG-3', was selected directly
from the 5' end of the partial rat mdr2 cDNA sequence. The
5’ sense primer, 5'-TGCGGCCAACACGCGCGTGA-3’, was
selected as having a high probability of being conserved in the
rat mdr2 gene from a comparison of known mdr sequences. The
polymerase chain reaction (PCR) was performed with cDNA
which had been synthesized from rat liver RNA by reverse
transcription with an mdr2 gene specific primer corresponding
to bases 830 to 851 of the final cDNA. Direct sequencing of the
PCR product confirmed that it was the 5’ end of the rat mdr2
c¢DNA. The PCR product was cloned directly into the pT7Blue
plasmid (Novagen, Madison, WI) to allow further
characterization.

In vivo treatment

Male Fischer 344 rats were maintained on a 12-h light/dark cycle
and fed standard laboratory chow ad libitum. Rats weighed
150—250g at the time of experimentation. Rats were fed a diet
of 0.05% phenobarbital for one week prior to treatment with a
single dose of 0.33 ml/kg CCl, Phenobarbital treatment has
previously been shown to enhance the effect of CCl, [47].
Partial hepatectomies were performed according to the method
of Higgins and Anderson [48]. RNA for RNase protection assays
was isolated from the tissues by guanidinium thiocyanate
extraction and cesium chloride-gradient separation [49].

In vitro experiments
Hepatocytes were isolated by in situ perfusion of the livers of
rats and cultured as previously described [29]. The RC3 cell line

used in this study originated as a single cell clone of the rat H4-1I-
E hepatoma cell line (ATCC CRL 1548). Cycloheximide
treatment of the cells was carried out at nonlethal doses as
previously described [43]. RNA was isolated from the cells by
detergent lysis and phenol extraction as previously described [29].

Primer extension analysis

Primer extension analysis was used to map the distance of the
transcription start point (zsp) from the start of translation [50].
An 18-mer oligonucleotide corresponding to nucleotides 10—27
of the noncoding strand relative to the ATG start codon was end
labelled with y-[32P]ATP and used as a primer for the reverse
transcription of 50 ug rat liver RNA. This primer contains
significant mismatch to the sequence of the rat mdrlb and the
mouse mdrla genes to reduce the chance of cross hybridizing
to these mRNAs. The extension products were electrophoresed
through an 8% denaturing polyacrylamide gel and then visualized
by autoradiography. A sequence ladder was run on this gel to
permit sizing of the extension product.

RNase protection assay

The mdr2 probe was synthesized from a DNA fragment
corresponding to positions 2457 to 2813 of the cloned cDNA.
The mdrlb probe was a 313 nt segment corresponding to
nucleotides 212—524 of the mdrlb cDNA [6] and the
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) probe was
a 249 nt segment corresponding to nucleotides 2 —250 of the G-
APDH cDNA [51]. The mdr2 probe had 34 and 28 % mismatch
to the corresponding regions of the rat mdrlb and the mouse
mdrla cDNA sequences, respectively and the mdrlb probe had
43 and 31% mismatch to the rat mdr2 and the mouse mdrla
cDNA sequences. In each comparison, numerous sites of multiple
base mismatch of 3 or more bases occurred. Each antisense probe
was transcribed with T7 polymerase in the presence of
[@-32P]CTP as described in the Ambion Maxiscript kit
(Ambion, Austin, TX). The probes were purified on a 5%
polyacrylamide gel. Total RNA was hybridized with 90,000 cpm
(mdr1b or mdr2) and 30,000 cpm (GAPDH) of the probes and
digested with RNase A and T1 (0.5 and 20 U, respectively) at
30°C for 1 hour as described in the Ambion RPAII kit (Ambion,
Austin, TX). These digest conditions and the numerous probe
mismatches assure that this assay is gene specific. RNA was
hybridized to all three probes simultaneously to allow direct
comparison. The protected fragments were separated on a 5%
denaturing polyacrylamide gel and visualized by autoradiography.
Pilot experiments demonstrated that each probe yielded only one
fragment and that the probes were present in excess to assure
quantitative results. Normalization of mdr to GAPDH expression
was performed by densitometric analysis with the ImageQuant
package (Molecular Dynamics, Sunnyvale, CA).

RESULTS
Cloning and characterization of the rat mdr2 gene

Twenty one positive plaques were identified, nineteen of which
were successfully purified and their DNA was isolated. EcoRI
digestion of the DNA from these bacteriophage identified three
phage carrying an insert which contained several EcoRI sites.
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LEAARNGTARRLDGDTFETLGS I SNQSRE 22

AAAAGAAGAA AGTGAATTTA ATTGGCCCGT TGACACTGTT CCGA'I’AC'I’CT GATTGGCAGG ATAAATTGTT TATGCTCCTG GGCACCGCCA TGGCCATAGC rmmnu GGTCTTCCCC 208
K KK KV NLI1GP LTL F Y S DWQ DKL FMNLLGTAMNMNAL HG6S 6L P 6

TTATGATGAT AGTCTTTGGA GAAATGACAG ATAAGTTTGT AGATAATGCT GGGAACTTTT CCI“I‘GRCAGI’ W"T"CA TTGTCAATGC TAAATCCAGG AAGAATTCTG GAAGAAGAAA 328
LMHEM 1 VFGEMTODIKF VDNAGNTF S S LS M LNP GRITL EEE 109

TGCATACTAC TAT TAGGTGGTGG AGTTCTTTTG GCTGCCTATA tccmzrcr C CTTCTGGACT TTGGCAGCTG GCCGACAAAT AAGGAAAATC AGGCAAAAAT 448
M TR YAYY YSG LGG GV LL AAYI $ FWT LAAGRG TIRKTIRZ GK W

TTTTTCACGC CATCCTTCGA CAAGAAATGG GCTGGTTTGA TATCAAGGGC ACC. TCAACACGCG T GACATCTCCA AAATCAGTGA AGGAATTGGT GACAAGGTTG 568
FFH AITLRA QEMNGWEFDIKGTTETLNTRLTDDIS KIS EGTIGT DI KTV 18

GAATGTTCTT TCAAGCAATA GCCACGTTTT TTGCAGGATT CATAGTGGGG T CAGAG GCTGGAAACT GTG ATCATGGCCA TCACCGCCAT CTTGGGGCTC TCTACAGCCG 688
GMF FQATI ATF FAGFIVGFIRGWKILTLY INATITATILILGLTSTAZ22

TTTGGGCAAA GATACTCTCA ACATTCAGTG AGCTGCCTAT GTGCCGTGGC GGAAGAGGCT CTGGGAGCCA TCAGGACCGT GATAGCTTTC GGGGGCCAGA 808
VWVAKTILSTFSDKETLAAY AKAGAY AEEALGATIRTVIAFGGAaQ 29

T AGAAAGGTAT TT T TT GGAATTAAAA AGGCTATCTC GGCCAACATC TCCATGGGCA TTGCCTTTTT GTTAATATAT GCATCCTATG 928
NKELERY QKN LENAKRKIGIKTIKATI S$ANI SHNGTIAFLLIYASTY 309

CACTGGCCTT C!GG‘MTW TCCACTCTGG TTATATCAAA AGAATATACA ATTGGAAATG CCATGACAGT GTTCTTCTCA Al‘mﬂﬂﬁ GGGCCTTCAG TGTGGGGCAG GCTGCCCCCT 1048
ALA F WY $TL VIS KEYT I GNAMNT VFFS I I GAF SV GQ AAP 3N

GTATTGATGC TTTCCCCAAT GCTAGAGGAG CAGCCTATGT GATCTTTGAC ATTATTGATA ATAATCCTAA AATTGACAGT TTTTCAGAGA GAGGACACAA GCCAGACAGC ATCAAAGGAA 1168
C1D AFPMN ARG AAY VIFDI1II1IDNNPIKIDSTFSETRGSGHTIKPDS S I G 389

ATTTGGAGTT T CACTTTTCCT TCG GGCTAATATC AAGATCTTGA AGGGCCTCAA CCTGAAGGTG AAGAGCGGGC AGACGGTAGC mmtm AACAGTGGCT 1288
NLEFSDV KFS YPS RANIEKILTEKGLMNLEKY KSGO TV ALVG NGSG &9

GTGGGAAAAG CACAACTGTC CAGCTGCTGC AGAGGCTCTA CGACCCCACA GAGGGTACGA TTAGCATCGA TGGGCAGGAC ATCCGGAACT TTAACGTCAG GTGTCTAAGG GAATTCATCG 1408
£ 6K STTVaLLOQRLVYDPTEGTTISIDGAaDTIRNTERNY RCLRESTF.]I 49

GCGTGGTGAG TCAAGAGCCG GTACTG"CT CTACCACGAT TGCTGAAAAT ATCCGCTATG GCCGTGGGAA TGTAACAATG A AMAAGCTGT GAGGCT AATGCCTATG 1528
GVV SaQeEFP FST‘I’IAEIll'GRGIVIlDElKKAVKEAIAVSW

ACTTCATCAT GAAACTGCCA CAGAAATTTG ACACCCTGGT TGGTGACAGA GGGGCGCAGC TGAGCGGGGG ACAGAAACAG AGGATCGCCA TTGCTCGTGC CTTGGTCCGC AACCCCAAGA 1648
0O F1 MXKLP QKFDTLVGDRGAQLSGGOQKQRTIATIARA ALVRNPK S5

TCCTCCTGCT GGACGAGGCC ACGTCAGCCT TGGACACAGA AAGCGAAGCT GAGGTGCAGG CCGCTCTGGA TAAGGCCAGA GAAGGCCGGA CCACCATCGT GATAGCTCAC CGACTGTCAA 1768
A L L LDEATSALDTESEAEVAGAALDKAREGRTTI VIAMNKRLS S

CTGTCCGGAA TGCAGATGTC ATCGCTGGGT TTGAGGATGG CGTCATCGTG GAGCAAGGAA GCCACAGTGA GCTGATAAAG AAGGAAGGGA TCTACTTCAG ACTTGTTAAC ATGCAGACAT 1888
TVR NADV I AG FED GV IV EQGGSHS ELIKKEGTIYFRLVNMNQT 69

CAGGAAGCCA GATCCTGTCA GAAGAATTTG AAGTTGAGCT AAGTGATGAA AAGGCTGCTG GAGGTGTGGC CCCAAATGGC TGGAAAGCAC GCATATTTAG GAATTCTACG AAGAAAAGTC 2008
$GS @1 LS EEF EVELSDEIKAAGGY APNGWMEKARIFRNSTIKTI KS 69

TGAAAAGTTC ACGGGCGCAT CAAAATAGGC TGGATGTGGA AACCAATGAA CTTGATGCAA ACGTGCCACC AGTGTCTTTT CTGAAGGTCT TAAGACTGAA TAAAACAGAG TGGCCCTACT 2128
LKS SRAMN QNRLDV ETNETLDANVPPVSF LKVY LRLMNKTENWMPY T

TTGTGGTGGG GACACTCTGT GCCATTGCCA ACGGGGCCCT CCAGCCGGCA TTCTCCATCA TCCTGTCAGA GATGATAGCT ATCTTTGGCC CTGGGGATGA CACAGTAAAG CAACAGAAGT 2248
FVV GTLCAIANGATLOQGPATFSI I LS EMNIATILTFGPGDUDTVKOQQK 7%

GTAACATGTT CTCGCTGGTC TTCTTGGGCC TAGGAGTCCA CTCCTTCTTT ACTTTCTTCC TTCAGGGTTT CACATTCGGG AAAGCTGGCG AGATCCTCAC CACAAGGCTC CGGTCCATGG 2368
CNM FSLV FLGLGV HSFFTFFLQGTFTFGIKAGTETLILTTRLTRSHMHT

ccr AATGCTAAGA GCTGGTTTGA CGATCATAAA TG GTGCCCTCTC 1. TC GCCACAGACG CTGCGCAGGT CCAAGGAGCC ACAGGAACCA 2488
AFK AMNLRAOQDMN SVWEF DDHKNST GAL STRLATDAAQVAGATGT 89

GGTTGGCTTT AATTGCACAG AACACAGCCA ACCTTGGAAC GGGTATTATT AI’A‘ICA"TA TTTACGGTTG GCAACTGACA CTTCTGCTCT TATCAGTTGT TOCA"CA"’ GC'IG"W 2608
R LA LIAQNTANLGTGII IS 1 Y6 WaoalLT LLL LSVY F 1 A 869

GAATTGTTGA AATGAAAATG TTGGCTGGCA ACGCCAAGAG AGATAAAAAG GAGATGGAAG CTGCTGGAAA GATTGCAACA GAGGCAATAG AAAATATTCG GACTGTTGTA TCCTTGACCC 2728
G I V EMNKMLAGNAKT RDIKKTEMEA AAGIKTIATEATIT ENIT RTVY SL T 99

AAGAGAGAAA ATTTGAGTCA ATGTATGT TG AAAAATTACA CGGACCTTAC AGGAATTCAG TGCGGAAGGC TCACATCTAC GGCATCACTT TTAGCATCTC ACAAGCATTC ATGTACTTTT 2848
@ERKFES MYV EKL HGPY RNSVREKA AHWIY GITTFSI S$QAFMNY W9

CTTATGCTGG cTGC‘I‘TTW TTTGGTTC" ACCTCATTGT GAATGGACAC ATGCGCTTCA WTGYCA‘I CCTGGTGTTC TCAGCAATCG TGCTTGGTGC AGTGGCTCTA GGACATGCCA 2968
S YAGEC R YL I VNGH MNREFIKD I LVF SAILT VLG AVALGHNADO9

GCTCATTTGC TCCAGACTAT GCAAAAGCCA AGCTGTCTGC AGCATACTTA TTCAGTCTGT TTGAAAGACA ACCTCTGATT GACAGCTACA GCAGAGAAGG AATGTGGCCG GATAAGTTTG 3088
S SF APDY AKAKLS AAYLFSLFERU QPLTIDSY SRETGMUWEPDKF 1029

AAGGAAGCGT GACATTCAAT GAAGTTGTGT TCAATTATCC CACCCmC MTGTGCCAG TGCTTCAGGG GCTGAGCCTC GAGGTGAAGA AGGGGCAGAC CCTGGCCCTG GTGGGCAGTA 3208
EGS VT FNEVYV FNY PT N VP VLIAEGLSL EVK KGQ@TLALVGS 106

GTGGCTGCGG GTGGTCCAGC CTTCTACGAC CCCATGGCCG GAACAGTGCT CCTCGATGGT CAGGAAGCAA AGAAACTCAA TGTCCAGTGG CTCCGAGCTC 3328
$ GC GK ST VVAQLLERFYDPMAGTVY LLDGG QEATKEKLNVQWLRA I

AACTTGGCAT TGTGTCCCAG GAGCCCATCC TGTTTGACTG CAGCATCGCC A TCG CCT. GTCGTGTCTC TGTGAGGGCG GCCAAGGAGG 3448
QLG I VsSaEPI LFDCSIAKNIAYGDNSRUVYVS QDETIVRAAKE 14

CCAACATCCA CCCCTTCATT GAGACACTGC CCCAAAAGTA TGAAACAAGA GTAGGAGACA AGGGGACACA GCTCTCTGGA GGCCAGAAAC AGAGGATTGC TATCGCCCGA GCCCTCATCA 3568
ANl WP FI1 ETLPAQKYETRTVGED KGT QL SG 6a@K QR1I ATIARALTI N

mm:crcc GGTCCTACTG CTGGATGAAG CCACGTCGGC TTTGGACACT GAGAGTGAAA AGGTCGTCCA GGAAGCGCTG GACAAAGCCA GGGAAGGCCG CACCTGCATT GTGATCGCGC 3688
R YL L LDEATSALDTTETSETKVY QEALTDEKATREGTRTCI VIA 12

ACCGCCTGTC CACCATCCAG AACGCAGACT TGATCGTGGT GA GGCAAGGTCA GG CACCCACCAG CAGCTGCTGG CCCAGAAAGG CATCTATTTC TCCATGGTCA 3808
HRL STIQ@NADILIV VIDNGKYKEHNKGTHNHNOQQQ@LLAQKGIYF SHMHV 1260

ACATTCAAGC TGGCACACAG Mcﬂkmn cttgttacag tatattttta agatagattc caatcgtttt tt 3912
N1 QAGTE QN 1278

Figure 1. Nucleotide sequence of the rat mdr2 cDNA and corresponding amino acid sequence. Nucleotides are numbered in a 5'-to-3’ orieptaﬁqn stamng at the
ATG start codon. The amino acid symbols are aligned with the third nucleotide of each codon. The amino acids corresponding to the nut.:leonde-bmdmg. site .mouf
A and ATP-binding active transporter consensus sequence are underlined as are the start codon, the first in-frame stop codon and the potential polyadenylation signal.

Since the rat mdrlb cDNA contains no EcoRI sites, these three clones were identical to the rat mdrlb cDNA while the sequences
clones appeared promising. Partial sequence data were obtained of the three clones containing EcoRI/ s'ites were similax: to the
for 16 of the bacteriophage inserts. The sequences of thirteen mouse mdr2 gene. The largest rat mdr2 insert was approximately
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Table I. Comparison of rat, hamster, mouse and human mdr/MDR gene sequences

Genes? Human Mouse Hamster Rat
MDRI MDR2 mdrla mdrlb mdr2 mdrla mdrlb mdr2 mdrlb
Percent of nt homology®
Rat mdr2 72.6 86.6 72.3 70.8 94.0 72.3 70.7 90.4 72.1
Rat mdrlb 79.1 71.5 82.5 90.4 69.6 81.8 85.3 72.5 100
Hamster mdr2 74.0 87.2 72.7 71.4 91.1 74.2 72.8 100
(pgp3)
Hamster mdrlb 79.8 71.6 824 86.4 69.1 83.6 100
(pgp2)
Hamster mdrla 84.0 73.0 90.1 81.2 71.4 100
(pgpD)
Mouse mdr2 71.1 86.1 71.1 69.4 100
Mouse mdrlb 78.7 70.6 84.2 100
(mdrl)
Mouse mdrla 82.2 71.6 100
(mdr3)
Human MDR2 74.9 100
(MDR3)

2 Alternative gene designations are in parentheses.

b Comparison of the rat, mouse, hamster and human mdr/MDR gene sequences. The percentage identity was calculated using the NALIGN program of the PCGene
package (Intelligenetics, Palo Alto, CA). The complete sequences of these genes, coding and non-coding, was used for this comparison. The accession numbers
of the sequences used for this comparison are as follows: hamster mdrla, M60040; hamster mdrlb, M60041; hamster mdr2, M60042, [5]; human MDRI, M14758,
[54]; human MDR2, M23234, [2]; mouse mdrla, M33581, [4]; mouse mdrlb, m14757, [55]; mouse mdr2, J03398, [3] and rat mdrib, M62425 [6].

3.2kb and contained three EcoRI sites. The cDNA sequence was
identified by comparison to the mdr2 genes of human and mouse.
This sequence begins approximately 800 bases 3’ to the start of
translation. The remaining 5’ region of the cDNA was obtained
by the polymerase chain reaction using gene specific primers.

The sequence of the rat mdr2 cDNA is presented in figure 1.
The sequence is 3912 nt long with a longest open reading frame
of 3837 nt. The first ATG in this open reading frame is at
nucleotide 33. The assignment of this as the first amino acid in
the encoded protein is, in part, based on a comparison to the
mouse, human and hamster mdr2 genes. The ATG initiation
codon is preceded at position —3 by a purine and followed at
position +4 by G. Both of these features are characteristic of
a genuine eucaryotic initiation site [52, 53]. The first termination
codon in this reading frame occurs at nucleotide 3867. The 43
nucleotide 3’-noncoding region contains a potential
polyadenylation signal sequence, AATAAA at nucleotide 3892.

Comparison of this rat mdr gene with other known mdr
sequences reveals a high degree of sequence identity with other
mdr2 genes. A comparison of this gene to the other mammalian
mdr genes is shown in Table I. The entire available sequences
of these genes was used for this comparison [2—6, 54, 55]. This
table shows also the alternate names by which certain mdr genes
are known. The rat mdr2 cDNA has the greatest similarity to
the mouse mdr2 cDNA with an overall identity of 94%. This
sequence has been submitted to the GenBank database under
accession No.L15079.

The rat mdr2 open reading frame potentially encodes a protein
of 1278 amino acids. Many of the characteristics of the previously
described P-glycoproteins are conserved in this protein.
Examination of the putative rat mdr2 protein sequence suggests
that it would contain 12 transmembrane regions. Each half of
the protein contains sequences consistent with a nucleotide binding
site motif and an ATP-binding transporter consensus sequence
[56]. Nine potential glycosylation sites (NXS or NXT) occur in
the entire sequence; however, if the transmembrane regions are
positioned in the arrangement that has been suggested for other

P-glycoproteins, then only two sites would be located
extracellularly [3]. These sites would be within the first
extracellular loop toward the amino terminus of the protein.
Potential glycosylation sites have been described in other P-
glycoproteins at the same relative location.

Primer extension analysis

Primer extension of control rat liver RNA yielded a major 304
nt product and a minor product at around 545 nt (Fig. 2). Identical
size extension products were observed in RNA isolated from a
rat liver 48 hours after partial hepatectomy (Data not shown).
These data show that the major zsp is 277 nt 5’ to the start codon.
This is a longer segment of 5'-nontranslated mRNA than that
identified for the rat and mouse mdrIb genes and for the human
MDR1 gene. The rat mdrlb has a single zsp at —156 [43], tsps
for the mouse mdrlb have been reported at —148 [57] and —151
[58] and two major tsps have been demonstrated for the human
MDRI1 at —136 and —140 [1]. The tsps for mdr2 genes of other
species have not been published.

MdrIb and mdr2 tissue distribution in the rat

We used the RNase protection assay to evaluate tissue specific
expression since this assay is more sensitive, specific and quicker
than Northern analysis. Liver, muscle, heart, and spleen had the
highest level of mdr2 mRNA expression (Fig. 3). Expression of
mdr2 mRNA was also detected at lower levels in the lung and
brain. Rat adrenal tissue did not express mdr2 or mdrlb (data
not shown), which agrees with previous observations of rat
adrenals [59]. While signal strength was very low in Northern
blots using a rat mdr2 specific probe, the same tissue distribution
was observed (data not shown). In addition, the size of the mdr2
transcript was similar to that found in mouse tissue (4.5 kb) [38].
MdrIb expression in the rat differs from mdr2 expression in that
the tissues with the highest mdrlb levels are the lung and liver
with lower levels detected in the kidney, small intestine and spleen
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Figure 2. Primer extension analysis to determine the transcription start point of
rat mdr2. Total RNA (50 ug) was hybridized to a y-[>2P]ATP end-labelled oligo
probe and transcribed with avian myeloblastosis virus reverse transcriptase. The
reaction products were separated by electrophoresis in a denaturing 8%
polyacrylamide gel and visualized by autoradiography. A dideoxy sequencing
ladder (GATC) was used to measure the size of the extension products.

(Fig. 3). This distribution is similar to that reported for the mouse
[38] and hamster [26]. Mdr expression in the liver appears higher
in this figure than in later figures because more RNA was used
and long exposures were made in order to see the very low
expression in some extrahepatic tissues. The GAPDH probe was
not used in this experiment since GAPDH expression varies
widely between tissues.

Induction of mdr expression in liver by CCl,

The expression of mdr2 and mdrlb was increased at different
times following administration of CCl, (Fig. 4). Mdr2
expression was elevated at 2 days and remained elevated at 3
and 4 days. Densitometric analysis showed a maximum increase
of mdr2 expression of 19 fold over control at 4 days. Expression
at each time point was compared after normalization for GAPDH
expression. Mdrlb expression was elevated by 12 hours after
CCl, treatment and had begun to decrease by 4 days after
treatment. Densitometric analysis of Mdrlb expression showed
a maximum increase at 12 hours from a very low control level.
A higher control signal could be obtained with longer film
exposure time; however, the other signals then exceed the linear
range of the film making accurate densitometry impossible.
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Figure 3. Analysis of tissue specific expression of mdr2 and mdrlb in rat tissues
by RNase protection. Lane 1, liver; 2, lung; 3, kidney; 4, small intestine; 5,
skeletal muscle; 6, cardiac muscle; 7, brain; and 8, spleen. 25 ug total RNA
from the indicated tissues was hybridized with 90,000 cpm of each probe. Samples
were subjected to RNase digestion and separated on a denaturing 5%
polyacrylamide gel. Autoradiography was performed at —70°C with intensifying
screens. The 357 nt protected band corresponds to the mdr2 probe and the 313
nt band to the mdrlb probe.
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Figure 4. The induction of mdr2 and mdr1b in rat liver by CCl, treatment. Lane
1 is control rat liver. Lanes 2 through 6 are 12 hr, 1 d, 2 d, 3 d, and 4 d after
CCl, treatment, respectively. The RNase protection assay was done as outlined
in Materials and Methods using 10 pg total RNA. The GAPDH probe produces
the 249 nucleotide band.

Induction of mdr in regenerating liver

Figure 5 shows the changes in mdr2 and mdrlb expression in
the regenerating liver. Mdr2 mRNA levels decreased at 12 hours
following partial hepatectomy and increased at 48 and 102 hours.
Densitometric analysis of mdr2 expression showed a 2 fold
increase at 102 hours over control after normalization to GAPDH.
However, since GAPDH expression also increased during
regeneration, this analysis may underestimate the increase in mdr2
expression. Mdrlb expression increased from a very low level
to a maximum at 24 hr after partial hepatectomy and declined
at 48 and 102 hr.

Cycloheximide mediated mdr induction

The ability of cycloheximide to induce mdr gene expression in
primary cultures of rat hepatocytes was analyzed with the RNase
protection assay. Cells treated with cycloheximide had a 3- to
5-fold increased expression of mdrlb at all time points tested
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Figure 5. Mdr expression following partial hepatectomy. Lane 1 is control rat
liver. Lanes 2 through 7 are 3, 6, 12, 24, 48 and 102 hr after partial hepatectomy,
respectively. RNase protection analysis was done as outlined in the Materials
and Methods using 10 ug total RNA.
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Figure 6. Mdr1b and 2 expression in primary hepatocytes and RC3 cells following
inhibition of protein synthesis. Lanes 1 through 4 are hepatocytes treated with
cycloheximide for 0, 6, 12 and 24 hr, respectively. Lanes 5 and 6 are RC3 cells
treated with cycloheximide for 24 and O hr, respectively. Cells were treated with
10 xM cycloheximide in 0.1% DMSO for the indicated times prior to harvesting
of the RNA. Gene expression was determined by RNase protection as outlined
in Materials and Methods using 10 ug total RNA.

(Figure 6). Cycloheximide did not increase mdr2 expression in
these same cells (Figure 6). Interestingly, the expression of mdr2
relative to mdrlb is consistently lower in control hepatocytes than
in control liver. An increase in mdr expression in isolated primary
rat hepatocytes has previously been described [60] . In the rat
hepatoma cell line, RC3, cycloheximide also increased the
expression of mdrlb approximately 6-fold without increasing
mdr2 expression.

DISCUSSION

We have shown that mdr2 in the rat is similar to the other mdr
genes in structure yet differs in its initiation of transcription, tissue
distribution and regulation of expression. The predicted protein
sequence of the rat mdr2 cDNA contains 12 transmembrane
regions, two nucleotide binding regions, and two extracellular
glycosylation sites. These characteristics are similar to other
previously described P-glycoproteins.

By primer extension analysis we have shown that the rat mdr2
gene has a major start site at —277 and a minor one at around

—518 (Figure 2). In addition, several other very weak extension
products were observed in long exposures of the primer extension
gels. This suggests that the start of transcription may not be as
rigorously controlled in the mdr2 gene as in the Ib gene. In fact,
even the major start site of the mdr2 gene has faint bands around
it, suggesting that transcription is not always initiated at precisely
the same nucleotide. Such indefinite initiation of transcription
is characteristic of promoters lacking a TATA box [61]. It has
been reported that the mouse mdr2 gene lacks a TATA box,
although no sequence data are yet available [62]. A comparison
of the primer extension analysis of the rat mdr2 gene with
information about the rat mdr1b gene suggests differences in the
promoters of these two genes. The transcription start point of
the rat mdrlb gene is located at —156 relative to the start of
translation [43] and is preceded in genomic DNA by a TATA
box 31 nucleotides upstream (Silverman, submitted). We are
currently analyzing the structure of the rat mdr2 promoter in
greater detail.

The tissue specificity of mdr2 expression is notably different
from the mdrlb expression (Figure 3). In the rat, mdr2 is
expressed predominantly in the liver, spleen, skeletal and cardiac
muscle. In the skeletal and cardiac muscle mdr expression is
almost exclusively of the 2 isoform. This distribution may provide
clues to the function of mdr2 if P-glycoprotein substrates specific
to these tissues can be identified. Perhaps mdr2 plays a role in
the transport of metabolites used or produced by these high energy
consuming tissues. Muscle tissue also conducts extensive protein
assembly and degradation. Mdr2 may handle components of this
process since P-glycoprotein has recently been shown to be
capable of transporting small peptides [33]. Further experiments
examining whether the mdr2 P-glycoprotein can transport any
of these potential substrates are required to more fully understand
its physiological role.

We noted several differences between the regulation of mdr2
and mdr1b. Both mdr1b and mdr2 were induced in rat liver after
treatment with CCL, although the time course of induction
differed. Mdrlb expression is elevated 12 hours after treatment
and had begun to decrease again by 4 days after treatment. Mdr2
expression is not increased until 2 days after CCl, administration
and remains elevated 4 days after treatment. Similar induction
of mdr expression was also measured by in situ hybridization
(Nakatsukasa, in preparation).

Previous reports from this laboratory, using a non-mdr class
specific probe, demonstrated that mdr expression increased
following partial hepatectomy [44]. In the current study we used
the highly specific RNase protection assay to show that both mdr2
and mdrlb are increased in regenerating liver. Mdr2 increases
at the later time points of 48 and 102 hours. This response of
mdr?2 to partial hepatectomy is particularly interesting since this
gene responded similarly to CCl, treatment. The mdr2 gene
may be responding to the liver regeneration induced in each case.
Mdr1b is maximally increased at 12 hr after partial hepatectomy
and decreases at later time points. Mdrlb must respond to some
component of the CCl, effect in addition to the regeneration
induced since the increase in mdrlb expression occurs earlier
in the case of CCl, than in partial hepatectomy.

Our studies with hepatocytes and cell lines show that expression
of mdr2 is not induced by protein synthesis inhibition; however,
mdrlb can be readily induced by treatment with protein synthesis
inhibitors (Figure 6). This result agrees with our previous findings
in which cycloheximide increased mdr expression in culture



hepatocytes and RC3 cells as measured by a non class specific
mdr probe [43]. Nuclear run-on analyses demonstrated that this
increased expression is due to increased transcription. We
proposed that the inhibition of protein synthesis released the
mdrlb gene from the effect of a negative trans-acting protein
factor. Further evidence of a negative trans-acting factor has
recently been provided by analysis of the promoter region of the
rat mdrlb gene (Silverman, submitted). Lack of induction by
protein synthesis inhibition suggests that the mdr2 gene in the
rat is not under the control of a negative trans-acting factor.
In conclusion, we have shown that the rat mdr2 cDNA is highly
homologous to previously identified members of this gene family.
The tissue specific expression, transcription start site, and
regulation of mdr2 by various stimuli are clearly divergent from
the rat mdrlb gene. Further analysis of mdr2 P-glycoprotein
function and of mdr2 promoter structure will provide insight into
the normal physiological role and regulation of this protein.
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