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ABSTRACT

In independently derived drug-resistant sublines of the mouse lymphoid
tumor P388, multidrug resistance is associated with the exclusive overex-

pression of the mdr3 gene. In P388/VCR cells, mdr3 overexpression occurs
in the absence of gene amplification, while in P388/ADM-2 cells overex
pression is associated with nnlr.l gene amplification. The mechanism un
derlying intlr.l overexpression in these cells was investigated. Measurement
of the rate of transcription by nuclear "run-on" assays showed that in

creased mari expression in P388/VCR cells was caused by transcriptional
activation of the gene. Analysis of the 5' end ofmdr3 mRNA transcripts by

primer extension indicated that in P388/VCR cells, these mRNAs extended
approximately 200 nucleotides upstream exon 2, about 60 nucleotides
longer than their counterparts expressed in normal tissues from the
known transcription start site of the gene (TS1 ). Northern blotting exper
iments using discrete exon and intron probes derived from the 5' end of

the gene near TS1, together with ribonuclease protection using a comple
mentary RNA probe from the same region, demonstrated that transcrip
tional activation in P388/VCR cells occurred from a novel transcription
start site named TS3, located either upstream of TS1 or within intron
1 at a site immediately upstream a novel exon. In P388/ADM-2 cells,

Northern blotting and ribonuclease protection identified overexpressed
mdr3 mRNAs initiating near TS1 and a large partially spliced nnlr.t mRNA
species initiating upstream of TS1 at a novel initiation site designated TS2.
Therefore, mdri overexpression in independently derived multidrug-re-

sistant isolates of P388 cells is associated with the appearance of novel
transcription start sites in the gene and novel sequences at the 5' end of the

overexpressed mRNAs.

INTRODUCTION

MDR' has been extensively studied in vitro in human and rodent

cell lines derived by continuous exposure to drugs ( I ). In these cells,
the MDR phenotype is (a) pleiotropic and includes a wide range of
structurally and functionally unrelated compounds: (h) associated
with an ATP-dependent decrease in intracellular drug accumulation;

and (c) linked to the overexpression of a small group of membrane
glycoproteins, named P-gp (reviewed in Refs. 1 and 2). P-glycopro-

teins are encoded by a small family of closely related mar genes, with
three members in rodents (mdri, mdr2, and mdr3) and two in humans
(MDRI and MDR2) for which full length cDNA clones have been
isolated and characterized (3-8). Transfection experiments have dem

onstrated that mouse mdri and mdri as well as human MDRI can
directly confer drug resistance (4, 9, 10), while mouse mdr2 and
human MDR2 cannot (6, 11).

Although the normal physiological role and substrates of P-gp

remain elusive, the expression of mdr mRNA transcripts in normal
tissues is tightly controlled in an organ- and cell-specific fashion. The
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profiles of tissue expression of mdr genes have been conserved across
species, with human MDRI expression overlapping that of mouse
mdri and mdri, while human MDR2 expression profile closely par
allels that of mouse mdr2. Analyses of RNA and protein expression
show that human MDRI is expressed at highest levels in the adrenal
glands, kidneys, jejunum, colon, and endothelial cells of the blood-
brain barrier, while MDR2 is expressed mostly in the liver (12-15). In

rodents, the highest levels of mdr gene expression are found in the
endometrium and kidney for mdrl, the bile canaliculi for mdr2, and
the intestinal brush border for mdri ( 16-18). The basal level of mdr

gene expression in normal tissues can be further modulated during
pregnancy by the action of estrogen and progesterone (19), but also by
exposure to carcinogens and hepatectomy (20, 21). In cultured cells.
mdr gene expression can be modulated by treatment with differenti
ating agents (22), steroid hormones (19), arsenite (23), anticancer
drugs (24, 25), and heat shock (23). In vitro, increased expression of
mdr mRNAs and corresponding P-gp in multidrug-resistant cell lines
has been shown to occur in the presence (1, 2) or absence (26-31) of

concomitant mdr gene amplification. The latter situation is particu
larly relevant to the study of human MDRI mRNA and P-gp overex

pression detected in clinical specimens of human tumors where it is
not associated with gene amplification (32-35). The c/.v-acting se

quences regulating constitutive and inducible mdr gene expression in
normal tissues and multidrug-resistant cells have been studied (7.
36^41). However, neither the mechanisms underlying modulation of
mdr gene expression in drug-resistant cells in vitro or in vivo nor the
f/wÂ«-actÂ¡ngcellular factors involved have been identified.

We have used gene specific hybridization probes to monitor the
degree of gene amplification and the level of mRNA expression of the
three mouse mdr genes in a series of independently derived multidrug-

resistant mouse cell lines of lymphoid and fibroblastic origins (30).
Long range physical mapping indicated that the three genes were
clustered on a chromosomal segment of approximately 600 kilobases,
which became amplified as part of a large amplicon in some of the cell
lines tested. RNA expression studies showed that drug resistance in
these cells was associated with the independent overexpression of
either mdrl or mdri but not of mdr2. In three independently derived
drug resistant P388 sublines (P388/ADM-1, P388/ADM-2, and P388/

VCR), overexpression of only mdri was detected, and in two of these
lines (P388/ADM-1 and P388/VCR) mdri overexpression occurred in

the absence of detectable gene amplification (30). In the present study.
we have analyzed the regulation of mdri expression in independently
derived multidrug-resistant P388 cells. We find that overexpression of

mdri in these cells is from novel transcription initiation sites, resulting
in the synthesis of overexpressed mRNAs heterogeneous with respect
to their 5' end and containing novel 5' end untranslated exons.

MATERIALS AND METHODS

Cell Culture. Mouse P388 leukemic cells and their drug-resistant deriva

tives were grown in suspension cultures in RPMI 1640 supplemented with 10%
heat-inactivated fetal calf serum, L-glutamine (2 ITIM),streptomycin (50 ug/ml).
and penicillin (50 units/ml). P388/ADM-2 is an Adriamycin-resistant deriva

tive obtained from G. Tarpley (Upjohn. Kalamazoo. MN) that was grown in
medium containing Adriamycin (Adria Laboratories. Mississauga, Ontario.
Canada) at 1.0 |jg/ml. P388/VCR-IO and P388/VCR-20 (used in some exper
iments) are two subclones of the vincristine-resistant P388/VCR line (generous
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gift of D. Housman. Massachusetts Institute of Technology. Cambridge. MA)
which were grown in medium containing vinblastine (Sigma Chemical Co.. St.
Louis. MO) at 10 and 20 ng/ml, respectively.

Isolation of mari Genomic Clones. A genomic DNA library was con
structed using DNA isolated from a drug-resistant cell line L1210 DN (42).
Genomic DNA was partially digested with SuÂ«3AIand size-selected on a NaCI

gradient and fragments were inserted into the BamHl site of the Ã€EMBL3
bacteriophage vector. The library was plated on Escherichia coli host strain
LE392 and screened initially with a full length mouse mari cDNA clone (A
DR11) (9). This led to the identification of several hybridizing clones which
were rescreened with an oligonucleotide probe mapping within exon 1 of
mdrl. Several positive clones that could be separated into two groups showing
distinct restriction enzyme maps were isolated. The first group was found to
correspond to the mouse mdrl gene while the second corresponded to mouse
mdri (data not shown). A 2.5-kilobase EcoRl mdri genomic subfragment was

subcloned into the corresponding site of plasmid vector MI3 mpl9. and its
nucleotide sequence was determined by the dideoxy chain termination method
of Sanger (43). using a modified T7 DNA polymerase (Sequenase: United
States Biochemical Corporation. Columbus, OH).

Nuclear "Run-on" Transcription Assays. Nuclear "run-on" transcription

assays were carried as described (44). with the following modifications.
Briefly, cells were collected by centrifugation (2000 x g, 5 min), washed once
in phosphate-buffered saline, and lysed in a buffer containing 0.1% NP40.
Nuclei were recovered by centrifugation (2000 x Â¡>.5 min), washed once in

nuclei storage buffer, and resuspended in the same buffer containing 100
units/ml of placental ribonuclease inhibitors (RNasin. Promega Corp.. Madi
son. WI). The m vitm elongation reactions were carried out at 26Â°Cfor 30 min

in 0.1 MTris-HCl (pH 7.9); 0.05 MNaCI; 0.005 MMgCK; 0.005 MMnCl2; 0.4

HIMEDTA; 0.3 M (NHjhSO.,; O.I imi phenylmethylsulfonylfluoride: 1.2 ITLM
dithiotreitol; 0.001 M each of ATP. CTP. and GTP: 150 uCi [a-12P]UTP 800

Ci/mmol, 0.01 Mcreatine phosphate; 20 units/ml RNasin; 29% glycerol; and 2
x IO7 nuclei. The reaction was stopped by the addition of 50 ug of RNase-free

DNase (G1BCO/BRL. Montreal. Quebec. Canada) followed by incubation at
37Â°C.Proteins were eliminated by proteinase K treatment, followed by phenol

and chloroform extractions. Unincorporated nucleotides were removed by
passage through Sephadex G-50 and RNA was recovered by precipitation
(10% trichloroacetic acid and 0.06 M sodium pyrophosphate; 10 min at 0Â°C).

The labeled RNA was denatured with base, neutralized, and added to a hy
bridization solution containing 0.05 M4-(2-hydroxyethyl)-l-piperazineethane-

sulfonic acid (pH 7). 0.75 M NaCI. 50% formamide. 0.5% sodium dodecyl
sulfate, 0.002 M EDTA, 10 x Denhardt's solution (1 x Denhardt's solution is

0.02% bovine serum albumin. 0.02% Ficoll. 0.02% polyvinylpyrrolidone), and
denatured salmon sperm DNA (200 ug/ml). The blot was prepared by applying
0.2 ug of a mdr3-specific genomic DNA fragment (from pst -40 to pst +831 )

and control plasmid DNA (0.5 ug) to a nitrocellulose membrane (GIBCO/
BRL). Prehybridization of the blot was at 42Â°Cfor 4 h, and hybridization was
in the same buffer at 42Â°Cfor 40 h. The blot was washed under conditions of
increasing stringency up to 65Â°Cin 0.1 x SSC and 0.1% SDS (1 XSSCisO.15

M NaCI and 0.15 M sodium citrate).
Ribonuclease Protection Analysis. A 2.5-kilobase mdri Acci genomic

DNA fragment (pst -2420 to +80) overlapping the 5' end of exon 1 was

introduced in the EcoRV site of plasmid pGEM-5Zf( + ) (Promega) to produce

pMDR3A. For cRNA synthesis. pMDR3A was linearized with Rsal and used
as template for standard in vitm transcription using SP6 RNA polymerase in
the presence of radiolabeled [-'2P]UTP (3000 Ci/mmol; Amersham Corp..

Arlington Heights, IL) to generate an antisense 538-nt riboprobe (Fig. 3. /).

The hybridization reactions contained 30 ug of total cellular RNA or 20 ug of
control tRNA and were carried out for 16 h at 60Â°Cin a solution containing

80% formamide, 0.04 M 1.4-piperazinediethanesulfonic acid (pH 6.4), 0.4 M
NaCI, 0.001 MEDTA, and 5 x IO4 cpm of the labeled cRNA probe in a final

volume of 30 ul. The excess single-stranded cRNA was digested by addition of

a solution (300 ul) containing 20 units of ribonuclease T2 (Promega) followed
by further incubation for 2 h at 30Â°C.The reaction was stopped by the addition

of an equal volume of a 1:1 phenol-chloroform mixture and the protected

RNA/RNA hybrids were recovered by ethanol precipitation. The reaction
products were then analyzed by electrophoresis on a 5% polyacrylamide gel
containing 7 M urea. The gel was exposed to XAR films for 12 and 72 h at
-80Â°C with an intensifying screen.

Primer Extension. Five ug of polyadenylated RNA were hybridized in a
solution containing 0.4 MNaCI and 0.01 M l ,4-piperazinediethanesulfonic acid.

pH 6.4. with 5 x 10s cpm of a |';P]-labeled synthetic 30-mer (specific activity.
10s cpm/ug DNA) overlapping exon 2 and of sequence of (5')-GAAGTTCT-
TGTCTGCTCTTC CCTTAAGGTC-(3') (pst +619 to +590) on complemen

tary strand for 12 h at 65Â°C.cDNA synthesis was carried out for 1 h at 42Â°C

using 60 units of Avian Myeloblastosis Virus reverse transcriptase (Pharmacia/
LKB) in a solution containing 24 units of RNase inhibitor (RNA Guard;
Pharmacia/LKB), 0.05 MTris-HCl (pH 8.3), 0.006 MMgCl2. 0.04 MKC1. 0.006

M dithiotreitol. and deoxynucleotide triphosphates at 0.001 M each in a final
volume of 50 ul. cDNA synthesis products were analyzed by electrophoresis on
a 5% polyacrylamide gel containing 7 M urea. The gel was exposed to XAR
films at -80Â°C with intensifying screen for 16 h.

Northern Blotting. Frozen cell pellets of P388 cells and normal mouse
colon were dissolved in a solution containing 6 Mguanidinium hydrochloride.
and total RNA was purified by sequential ethanol precipitation (45). The
polyadenylated mRNA fraction was obtained by chromatography on oligo (dT)
cellulose. One to 3 ug of polyadenylated RNA were electrophoresed in dena
turing agarose gels containing 7% formaldehyde, and the RNA was transferred
to a nylon hybridization membrane (Genescreen Plus; DuPont NEN Research
Products. Boston. MA) by capillary blotting in 10 x SSC for 24 h and
cross-linked to the membrane by UV irradiation. Prehybridization of Northern
blots was at 65Â°Cfor 3-6 h in 10% dextran sulfate, 1% SDS, l M NaCI, and

heat-denatured salmon sperm DNA (100 ug/ml). Hybridizations were for
14-18 h at 65Â°Cin the same buffer containing the |'2P]-labeled probes (IO6

cpm/ml). Blots were washed under conditions of increasing stringency up to
1% SDS and 0.2 x SSC for 45 min at 65Â°C.The blots were exposed to XAR
films (Kodak) for 16 h at -80Â°C with an intensifying screen. The mdrj

hybridization probes were produced by PCR using pairs of oligonucleotides
(see Fig. 1) flanking 5' upstream sequences (pst -387 to -199), the intron -1

to exon 1 segment (pst -192 to +129), intron 1 (pst +130 to +568), and exon

2 (pst +569 to +639). The parameters for PCR amplification were I min at
94Â°C,I min at 45Â°C,and I min at 72Â°Cfor 25 cycles, using reagents recom

mended by the supplier of Taq polymerase (BIO-CAN. Montreal. Quebec.
Canada). The exon 1 probe (pst-40 to + 129) was obtained after Sphl digestion
of the intron -1 to exon 1 segment. Probes were labeled to high specific
activity (1-5 x 10s dpm/ug of DNA) with [a-"P]dATP (3000 Ci/mmol:

Amersham Corp.), using the Klenow fragment of DNA polymerase I and
random hexadeoxyribonucleotides (46).

RESULTS

Drug-resistant derivatives of the mouse tumor line P388 overex-

pressed only mdr3, the murine homologue of human MDRI (28, 47)
which is often found overexpressed in human tumors (48). As sum
marized in Table 1, mdr3 overexpression in drug-resistant P388 cells

was found to occur either from a single copy of the gene (P388/VCR)
or from amplified indrj gene copies (P388/ADM-2: 7 to 9 copies). We

wished to elucidate the mechanism of mdri gene overexpression in
the absence of gene amplification. To determine if the increased mdri
mRNA levels detected in P388/VCR-10 (a subclone of P388/VCR

cells) were caused by increased transcriptional activity of the gene as
opposed to stabilization of the mRNA, the rate of mdri transcription
was measured in isolated nuclei from P388/SS and P388/VCR-10
cells by nuclear "run-on" transcription assay (Fig. 1). An mdr3-spe-

ciftc hybridization probe overlapping exon 1 and exon 2 of the gene
(Fig. 1, a) together with control probes M13 mplO DNA (Fig. 1, b),
the mer oncogene (Fig. 1. c), c-myc exon hand intron 1 (Fig. l.dand

e) were immobilized on hybridization membranes and incubated with
nascent radiolabeled RNA transcripts from nuclei of either P388/SS

Table I Level of inRNA expression and degree of amplification of the mouse rndrJ
Kene in drug-resistant cells and nonna! tissues

P388/SS" P388/VCR P388/ADM-2 Colon''

Gene copy no.
Level of mRNA

I I 7-9 1

" We have previously quantitated the level of mdrl mRNA expression and the mtir.l
gene copy number in P388/SS. P388/VCR. and P388/ADM-2 cells in hybridization
studies with gene-specific probes (30).

'' The level of mar} expression in normal mouse colon was estimated from Northern

blot analyses from this study and those previously published (7, 17).
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a
b
c

Fig. 1. Determination of the rate of mdr3 gene transcription in drug-sensitive and
drug-resistant P388 cells by "run-on" transcription. |-'2P]-labeled nascent nuclear RNA

transcripts from drug-resistant P388/VCR cells ( / ) and P388/SS cells (2 ) were hybridized
to a blot containing a m</r.i-specific genomic DNA fragment (pst -40 to +831) overlap

ping exon I and exon 2 (al M13 mpIO plasmid DNA (b). a cDNA clone for the mei
protooncogene (c), and genomic DNA fragments derived from the c-mvr gene and

overlapping exon 1 id) and intron I (e) as controls. The autoradiogram was exposed for
7 days.

(Fig. 1, 2) or P388/VCR-10 cells (Fig. 1, /). Although the transcrip
tion rate of the control c-myc and met genes were similar in the two
cell lines, mdr3 gene transcription was found to be significantly in
creased in P388/VCR cells over the very low background levels
detected in P388/SS cells (scanning of the autoradiogram indicated an
increase of 15-20-fold). These results indicate that increased mdr3
overexpression in P388/VCR-10 cells is caused by transcriptional

activation of the gene.

The mechanism of mari transcriptional activation detected in P388/
VCR-10 cells was further investigated. For this, a 1.1-kilobase ge
nomic DNA fragment overlapping the 5' end of the gene was cloned

and sequenced (Fig. 2). The position of introns and exons was as
signed after comparison with the corresponding sequence of the mdri
full length cDNA clone that we have previously reported (4) and the
published sequence of the mdri promoter region cloned from drug-
resistant J7.V1-1 (7) and L1210/Dox0.5 cells (37). Although the
genomic fragment sequenced was isolated from a drug-resistant cell

line showing mdr3 gene amplification (L1210.DN; Ref. 42), its se
quence was found to be identical to that of normal BALB/c mouse
DNA (data not shown) and differed from that previously published
(37) (additional G at pst -220 and missing G at pst +115). A major

site of initiation of mdri transcription has been recently mapped in
drug-resistant cells (7, 37). As a first step, we determined if the site of
initiation of transcription of mdri was not altered in P388/VCR-10

cells. Ribonuclease protection was used to map the mdr3 transcription
start site in parental P388/SS cells, drug-resistant P388/ADM-2 cells,
and P388/VCR-10 cells. Normal mouse colon, a tissue that expresses

high levels of mdri mRNA. was used as a positive control in these
experiments (Fig. 3). For this, a 2.5-kilobase Acci genomic fragment
overlapping the 5' end of the gene, including part of exon 1 (pst -2420

to +80), was inserted into the vector pGEM-5Zf( + ) and used to
synthesize a 538-nt cRNA probe (467 nt from mdri and 71 nt of

vector sequence; Fig. 3, /). This radiolabeled cRNA was hybridized to
total cellular RNA from P388/SS (Fig. 3, //, Lane 4), P388/ADM-2
(Lane I ), P388/VCR-10 cells (Lane 3 ), normal mouse colon (Lane 2 ),

and control tRNA (Lane 5) followed by digestion with ribonuclease
T2 and gel electrophoresis. In normal mouse colon RNA. several
fragments ranging in size from 81 to 109 nt were protected by the
probe. This heterogeneity may be indicative of imprecise initiation of
transcription in this tissue or more likely may reflect incomplete T2

E2

B
100bp

(S1leccate gtttaattgt ctgttagatg ttatgcatag aatacgtctt ttaacttagc caaatgcaga aggccaagtg -311

catatctaca aacacataac tctatatata gacatgtgca tggccgtgta gagatgagac tcttgcaagt gtgtctctaa -231

tgattcgggg atatgagttt gtctaattga cctttgagag gggaaaccag actgcacatt tcatctacaa atccaacctg -151

tttcgcaatt tccccagcaa Eaatacttaa atcaaact

aacaaaacta cacctaaaca tiagattoaacaEactaaa

aagct ggttaac ctggcta

C tactctcctg tccacagaaa occcaggcac AOTOOAACAO

COOTTTCCAO GAOCTOCTOO TCCCATCTTC CAAOOCTCTO CTCAACTCAO AOCCOCTTCT TCCAAAOTCT ACATCTTOOT

OOACTTTOCA OAOOAAACCO OQAQQTAQAQ ACACOTOAOg taagcatttc ctaggaaggg tcgggtgttc cggataccag

agcctggtcc gggtgtcagc gtcctcgtga gtctgtgggg accaagtggc gacagccaca agtcgctcca ggagcacccg

cagcatcagc tttcaggacg gtgttttccg cgccagccct gtgctgtgga tctcgctgcc cagctcgcag ccaggggctg

gtggaggagc gcgccagggc ggaggggacc cagcagggcg gggtggccgg acctagagcc gagcacccgg tccacgcagg

tgacacagct tcccgggatt ccccgggtga gttacctcca ggccctctcc ggcagcatca gggcggggct cctcctcacc

actgggccct gcggggcagt gagctttgca taaactctgg tccccgtgtt tggctaatga_actgtggttt ctccccagOT Â«â€¢

CTTOAAOAOO ACCTTAAOOO AAOAOCAOAC AAOAACTTCT CAAAOATOOQ CAAAAAOAOg tagccagatt

gtttcacttt cgtactttac ttgtcttgta cattcgggca attagtttgt agcctccagc 13')

-71

+10

+90

170

250

330

410

490

570

650

710

Fig. 2. Promoter region of the mouse mdri gene. A, schematic representation of a 1.1-kilobase genomic DNA fragment overlapping the 5' end of mdri. The positions of exon 1

(El ) and exon 2 (Â£2)are shown along with the location of the major transcription start site (TS1, filled arrowhead] and proposed translation start site within exon 2 (empty arrowhead).
B. nucleotide sequence of the genomic DNA fragment shown in A. The nucleotide positions are numbered lo the right of each lane, starting w ith nucleotide +1, as the major transcription
initiation site (TS1) (see text). Boldface capital letters, exon sequences (exon I and 2). Underlined, consensus TATA (TAAATTTA. pst -29 to -36) and CAAT (GGTCAAACT. pst
-80 to -88) boxes, as well as consensus sequences for binding of transcription factors SPI ("GC boxes", pst -55 to -48; -71 to -65; -112 to -105). AP-I (TGAGTCA. pst -123 to

-117) and AP-2 (GCCCAGGC, pst -10 to -3). Arrows immediately underneath the corresponding nucleotide sequences, position of oligonucleotide primers used to construct specific
exon and intron probes. The proposed major transcription sites in P388/ADM-2 (pst -15 and -11) (large arrow immediately above the corresponding nucleotide sequence) and in normal
mouse colon (pst -3 to +1 ) (small arrow immediately above the corresponding nucleotide sequence). The position of the P388/ADM-2 transcription start site was determined by RNase
protection (this study) and sequencing of cDNA clones (4). The position of the transcription initiation site used in mouse colon was determined by RNase protection (this study) and
is in agreement with previously published data (7, 37).
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pMDR3A

cRNA probe

mRNA a

mRNA b

protected fragments

95 bp

467 bp

acgtM12345 M 1

B
2 3 4 5 M

-
?â€¢

â€¢¿�

622-527

- 404

- 309

-238

-217

201
- 190

180

-160

- 147

123

110

90

76

67

nuclease mapping analyses (data not shown), suggesting very low
levels of expression of mari in these cells. By contrast, two major
fragments of size 95 and 91 nt were readily protected by the cRNA
probe in P388/ADM-2 cells RNA (Fig. 3. //, Lane / ), indicative of

high levels of mdr3 transcription in these cells from a site near TS1.
In P388/ADM-2, initiation appeared to occur approximately 15 nt

upstream of TS1. In addition, a larger fragment of approximately 470
nt, corresponding to protection of the full length probe, was also
detected in P388/ADM-2 (Fig. 3, //, Lane /), suggesting the presence

of a second overexpressed mRNA species initiating upstream of TS1
at a site tentatively designated TS2. Taken together, these results
indicate that at least two transcription start sites are used in mdr3
which is amplified and overexpressed in P388/ADM-2 cells. How

ever, the mdri cRNA probe failed to protect any RNA species in
P388/VCR-10 cells RNA (Fig. 3, //, Lane 3). This is particularly

surprising since high levels of mdri mRNA expression can easily be
detected in these cells by RNA slot blot (30) and Northern blot
analysis (see below; Fig. 5).

To further analyze the organization of the 5' end of mdri mRNA

transcripts overexpressed in P388/VCR cells, primer extension anal
ysis was carried out on polyadenylated RNA from P388/SS, P388/

309

242
238
217

201
190 -
180

160 -

147 Â»

M A B C

A
C,

Fig. 3. Ribonuclease protection analysis oÃmdri mRNA transcripts expressed in drug-
sensitive and drug-resistant P388 cells and in normal mouse colon. /, schematic repre
sentation of a 2.5-kilobase Acci genomic DNA fragment overlapping the 5' end of nulr.i

and cloned into plasmid vector pGEM-5Zf ( + ) {clone pMDR3A). Nucleotide numbering
is with respect to the major transcription start site (arrow} immediately upstream of exon
1 (El). The position of restriction enzyme sites used for cloning and for producing the
cRNA probe are indicated along with the position of the SP6 polymerase initiation site.
The p-P]-laheled cRNA probe was synthesized using a Rsai restriction fragment of
pMDR3A [pst -387 of the insert to pst 1875 of pGEM-5Zf ( + )| and SP6 RNA poly
merase. The protected fragments and their predicted mRNA counterparts are depicted. //.
RNase protection was carried out using the [ '2P]-radiolabeled cRNA probe and 30 ug of

total cellular RNA from P388/SS cells (Lane-f). P388/ADM-2 cells (Lane I ). P388/VCR
cells (Lane .f), normal mouse colon (Lane 2). and control transfer tRNA (Lane 5).
Specific RNA/RNA duplexes were generated by digestion with ribonucleases (see "Ma
terials and Methods"), separated by electrophoresis on a denaturing polyacrylamide gel.

and visualized by autoradiography (A. 16 h; ÃŸ,2 h). The |Ã2P]-labeled Msp\ fragments of

plasmid pBR322 were used as size markers (Mi. A sequencing ladder (a. c, %. /) was
included to facilitate the assignment of the transcription start to the genomic sequence.

ribonuclease digestion. However, the smallest protected fragment (81
nt) corresponds to the mdri transcription initiation site (designated
TS1 ) localized previously in multidrug-resistant derivatives of J774.2

(7), L1210 cells, and Hepalclc hepatoma cells (37). Under the ex
perimental conditions used, we have not been able to detect any mdri
expression in the parental P388/SS cells (Fig. 3, //. Ltine 4). Similarly,
nulr3 mRNA was not detected by Northern blotting (Fig. 5) and SI

123

110

90

76
Fig. 4. Characterization of the 5' end of mdr3 mRNA transcripts expressed in drug-

sensitive and drug-resistant P388 cells and in normal mouse colon. For primer extension

analysis, polyadenylated mRNA (5 ug) from P388/SS cells (Lane A}, P388/VCR cells
(Lane B), and normal mouse colon (Lane C) was used as template for reverse-tran-
scriptase directed cDNA synthesis using a mi/rji-specific oligonucleotide primer mapping
within exon 2 (see "Materials and Methods"). Primer extension products were separated

by polyacrylamide gel electrophoresis and visualized by autoradiography. A, specific
primer extension products detected in P388/VCR; A, specific primer extension products
detected in mouse colon RNA. The radiolabeled Mspl fragments of plasmid pBR322 were
used as size markers (M).
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12345-

bÂ»CÂ«-1234512345l1234512345

-387 -199 129 +569 +639

lOObp
Fig. 5. Northern blotting analysis of mdr3 mRNA transcripts expressed in drug-sensitive and drug-resistant P388 cells and in normal mouse colon. Northern blots containing 2 pg

of polyadenylated mRNA from P388/SS cells (Lane I ), P388/ADM-2 cells (Lane 2). two P388/VCR subclones (Lane J. P388/VCR-10; Lane 4. P388/VCR-20). and normal mouse
colon (Lune 5) were hybridized to discrete probes overlapping the .V end of the mdrj gene. PCR amplification was used to generate small genomic DNA probes overlapping exon
2(Â£2).lntron 1 (//Kexon 1 (Â£/). a short DNA segment mapping immediately upstream of El. designated intron-1 I/-/), and a further upstream fragment overlapping nt -387 to
-199. Blots were hybridized and washed under conditions of high stringency, and autoradiography was for 16 to 24 h.

VCR-10 cells, and normal mouse colon (Fig. 4), using a specific

oligonucleotide primer mapping within exon 2 (pst +619 to +590). A
primer-extended product of approximately 180 nt was detected in

colon RNA (Fig. 4. Lane C) but was absent from control P388/SS
RNA (Fig. 4, Lane A ). The size of this primer extended species was
consistent with our previous results from RNase protection (Fig. 3)
and indicative of transcription initiating at TS1 (Fig. 2) in this tissue.
In P388/VCR-10 cells RNA, this 180-nt species was not seen but

rather two new extension products of approximate sizes of 240 and
250 nt were detected (Fig. 4, Lane B). These two species were specific
to P388/VCR-10 RNA and were absent from control P388/SS RNA.

The minimum size of 250 nt of the primer extension product detected
in P388/VCR-10 RNA suggested that the overexpressed mRNAs con

tained additional transcribed sequences extending approximately 200
nt upstream of exon 2. Therefore, in P388/VCR cells, the absence of
mdr3 mRNA species that could be protected by an exon 1 probe in
RNase protection experiments (Fig. 3), and the appearance of mdri
mRNAs with novel 5' ends detected by primer extension (Fig. 4),

together suggest that a novel mdri promoter directing the synthesis of
mRNAs lacking exon 1 is used in these cells. This could occur through
initiation at a site upstream TS1 together with alternative splicing of
exon 1. Alternatively, transcription initiation could occur at a site
downstream of exon 1 not represented in the cRNA probe (in the
RNase protection) but located upstream pst +590 in exon 2 (oligo
nucleotide used in primer extension), possibly in intron 1.

To distinguish between these two possibilities, genomic subfrag
ments overlapping intron -1 (2 probes, pst -387 to -199 and pst -192
to -40), El (pst -40 to +129), intron 1 (pst + 130 to +568), and E2

(pst +569 to +639) were amplified by PCR from genomic DNA using
specific oligonucleotides flanking the respective intron/exon bound
aries (shown in Fig. 2). These hybridization probes were used on
Northern blots containing polyadenylated RNA from P388/SS, P388/
ADM-2, two subclones of P388/VCR cells (P388/VCR-10 and P388/
VCR-20), and normal mouse colon (Fig. 5). The mdr3 gene has been
previously shown in drug-resistant cells and normal tissues to code for

two mRNA transcripts of sizes of 4.5 and 5.0 kilobases through the
alternative use of two polyadenylation signals located within the 3'

end of the gene (7). As expected, these two mRNA species were
detected by El and E2 exon probes in normal mouse colon RNA (Fig.

5. Lane 5). By contrast, no comparable mdr3 mRNA species could be
detected by these probes in P388/SS cells (Fig. 5. Lane I ), confirming
the RNase protection results indicating very low levels of mdri ex
pression in these cells. The El and E2 probes detected strong expres
sion of these two transcripts in P388/ADM-2 cells (Fig. 5, Lane 2). In
addition, P388/ADM-2 cells overexpressed a large mdr3 mRNA spe

cies of size superior to 9 kilobases that hybridized to all intron and
exon probes tested (Fig. 5, Lane 2). The origin of this novel mRNA
is unknown but could represent a partially spliced RNA precursor
initiating at a site (TS2) located upstream of TS1 and active in normal,
amplified, and/or rearranged copy of the gene. This mRNA species is
probably responsible for protecting the full length probe in the RNase
protection assay (Fig. 3). A large mRNA species of a size compatible
with the 9-kilobase mRNA detected here has been previously docu

mented in another isolate of the same cell line. P388/DX (49). P388/
VCR cells (Fig. 5, Lanes 3 and 4) displayed a strikingly different
pattern of mdri mRNA hybridization; although overexpressed 4.5-
and 5.0-kilobase mRNAs species were easily detectable with the exon

2 probe E2, neither hybridized to the exon 1 probe El. Instead, both
mRNAs were detected by a probe derived from intron 1 but did not
hybridize to a probe upstream of exon 1, probe 1-1. These results

suggest that in P388/VCR cells, there exists in intron I either (a) a
new transcription start site or (b) an additional and alternatively
spliced exon. with transcription initiating immediately upstream of
that exon or at another upstream site, such as TS2 detected in P388/
ADM-2 cells. In either case, it appears that the transcriptional acti

vation of the mdr3 gene in P388/VCR cells is linked to the appearance
of a novel transcription start site, tentatively designated TS3. There
fore, mdr3 overexpression in independently derived multidrug-resis-
tant derivatives of P388 cells (P388/VCR and P388/ADM-2) is asso

ciated with the appearance of novel promoter sites in the gene.
However, the data presented here do not distinguish between in
creased initiation from a very minor start site, new initiation from a
novel start site, and release from an elongation block.

DISCUSSION

The onset of multidrug resistance in cultured cells in vitro (2) and

during chemotherapy in vivo (48) is linked to the overexpression of
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Fig. 6. Proposed organization of the 5' end of

mdr 3 rnRNA transcripts expressed in drug-sensitive
and drug-resistant P388 cells and in normal mouse

colon. Top, the proposed arrangement of the mdr 3
transcription unit, including exon -1 (E-l ) mapping

near or at transcription start site TS3, exon 1 (El)
near TS1, exon 1' (El ') contained within the bound

aries of intron I, and exon 2 (Â£2)which contains the
translation start site. Bottom, configuration of the var
ious mÃ¤r3 mRNA transcripts expressed in P388/
ADM-2, P388/VCR, P388/SS, and normal mouse co

lon. The exact location of TS2 and TS3 and the
distance separating them from TS1 have not been
determined. The number of unspliced introns in the
large mRNA transcript expressed in P388/ADM-2
and initiating at TS2 is also unknown.

TS3

TS2

TS1

lOObp

TS1 P388/ADM-2

TS3 P388/VCR

TS3

P388/SS (?)

TSl

COLON

TSl

P-gp. In clinical specimens, increased expression of MDRI mRNA upstream site has not been characterized further in the absence of

and protein apparently take place in the absence of concomitant MDR
gene amplification (32-35). Overexpression of mdr mRNA from non-
amplified gene copies, increased mRNA stability and/or translatabil-
ity, and prolonged protein half-life have all been proposed to account
for low levels of P-gp expression (20, 22, 25, 28, 29, 31, 50-52). We
have previously observed that in a series of mouse multidrug-resistant

cell lines, the emergence of MDR was linked to the independent
overexpression of mdri or mari (30). In certain lines, mdr3 overex-

pression occurred in the absence of gene amplification (30), and we
investigated further the mechanism of mdrj expression in these cells.
The mouse mdr3 gene is a complex transcription unit that encodes
several mRNAs of distinct sizes in normal tissues (17) and drug-

resistant cell lines (7). Nucleotide sequence of full length cDNA
clones (4) and primer extension studies (7) have identified a major
transcription initiation site in the gene. This site (referred to as TSl in
our study) is preceded by a series of consensus sequences (see Fig. 2)
associated with eukaryotic polymerase II transcription (53). This pro
moter region and initiation site were found to be active in some
normal tissues and in cell lines overexpressing mdr3 such as in the
mouse macrophage line J7.V3-I(7), the hepatocarcinoma line

Hepalclc. and the leukemic line L1210/Dox0.5 (37). Functional anal
yses of these promoter sequences indicate that they can indeed direct
the expression of a reporter gene in transient transfection experiments
in murine cell lines Hepalclc (37) and LTA fibroblasts.4 Primer

extension studies have also suggested the presence of a second up
stream initiation site, active in two multidrug-resistant cell lines (J7-
V1.1 and J7-V2.1 ) and directing the synthesis of a mRNA species 227

nt longer that the one initiating at the downstream site (7). This

4 M. Raymond and P. Gros, unpublished results.

informative cDNA clones overlapping this novel 5' end, and tran

scripts initiating at this site could not be detected in mouse normal
tissues (7). Finally, the alternative use of two polyadenylation signals
in the mari gene was shown to generate in normal tissues and drug-

resistant cells two discrete mRNA transcripts of sizes of 4.5 and 5.1
kilobases differing by 600 nt at their 3' end (7, 17).

In the highly drug-resistant line P388/ADM-2. mdr i is both over-

expressed and amplified, while in other independent isolates showing
lower levels of resistance (P388/VCR and P388/ADM-1), mdr3 is

overexpressed from a single copy gene (30). We have used these cell
lines as model systems to study the mechanisms responsible for mdr
mRNA overexpression in the absence of gene amplification. Mouse
colon, a normal tissue known to express mdrJ mRNA, and the pa
rental drug-sensitive P388/SS cells were used as controls in these

experiments. In colon RNA, Northern blotting (Fig. 5) and primer
extension analyses (Fig. 4) identified the two predicted mdri tran
scripts initiating approximately at the downstream start site. TSl. In
drug-sensitive P388/SS cells, mdr3 transcription seemed to be com

pletely absent since mdri mRNAs could not be detected by hybrid
ization (Fig. 5), RNase protection (Fig. 3), or even by a highly sen
sitive PCR amplification method (data not shown). On the other hand,
Northern blotting analysis detected abundant mdr3 mRNA expression
in drug-resistant P388/ADM-2 cells and the two P388/VCR subclones

tested. Moreover, overexpressed mdri mRNAs were found to be
heterogeneous with respect to the sequence composition of their 5'

termini (see Fig. 6). P388/ADM-2 cells overexpressed three mRNA

species of sizes of 4.5 and 5 kilobases and a large transcript of a size
greater than 9 kilobases, as detected by an exon 2 probe (Fig. 5). The
4.5- and 5-kilobase mRNAs were found to initiate approximately 11
to 15 nt upstream of TSl. The position of this site in P388/ADM-2
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was also verified by SI nuclease mapping (data not shown) and is in
solid agreement with the nucleotide sequence of the 5' end of nuir3

cDNA clones isolated from this line (4). Since the mari gene is
amplified in P388/ADM-2, it is virtually impossible to measure ac

curately the rate of transcription of individual gene copies in these
cells by nuclear "run-on" transcription assays. However, since the

degree of overexpression of the 4.5- and 5-kilobase mRNAs over the

background P388/SS levels vastly surpasses the degree of gene am
plification in these cells (7-9 copies), it is tempting to speculate that
transcription activation occurred nearTSl in P388/ADM-2 cells. Al

ternatively, release of active repression of transcription in P388/SS
cells could be responsible for overexpression from TS1. Interestingly,
deletion and mutational analyses recently showed that sequences lo
cated upstream of pst -94 in the mdri promoter were capable of

functioning as negative regulatory elements in mouse hepatoma cells
(37). The nature and origin of the larger mdri mRNA also detected in
P388/ADM-2 was only partly elucidated in this study. Northern blot

ting and RNase protection indicated (a) that this mRNA initiated
upstream of TS1 at a site tentatively designated TS2, (b) that it
contained additional 5' sequences, and (c) that it was a incompletely

spliced transcript that hybridized to all intron and exon sequences
derived from the 5' end of the gene. Improper splicing of additional
3' introns was not tested but could also contribute to the large size of

this mRNA. As opposed to the overexpressed mRNA species initiating
at TS1 in these cells (4.5- and 5-kilobase mRNAs). this large transcript
did not appear to be differentially polyadenylated at its 3' end. sug

gesting the possibility that it might have originated from a rearranged
copy of mdri amplified in these cells. The putative contribution of this
mRNA (stability, transport, and translatability) to the large amount of
P-gp expressed in these cells remains to be determined.

The analysis of mdri transcripts overexpressed from a single copy
gene in P388/VCR cells suggested that the nature of these mRNAs
and the mechanism by which they were overexpressed were very
different from mdri mRNAs overexpressed in P388/ADM-2. First,
nuclear "run-on" transcription assays clearly established that tran-

scriptional activation had taken place in P388/VCR cells. Second,
although RNA blotting experiments identified two overexpressed mR
NAs of sizes similar (4.5 and 5 kilobases) to those initiating at TS I in
normal mouse tissues and P388/ADM-2 cells, these two mRNAs were

very different and did not contain exon 1 sequences, but rather hy
bridized to probes derived from intron 1. Third, we found that these
mRNAs originated from a novel transcription start site, designated
TS3 (Fig. 6) and located either within intron 1 or upstream of TS1
with alternative splicing of exon 1. Either possibility would involve at
least one novel additional exon transcribed at the 5' end of the mR
NAs: exon 1' mapping within the boundaries of intron 1: and possibly

a second novel exon, exon -1 mapping near TS3 (Fig. 6). In both

cases, however, these mRNAs would have nucleotide sequences at
their 5' ends distinct from those of normal mdr3 mRNAs detected in
colon. The appearance of novel exons at the 5' end of mdri mRNAs

not only has implication for regulation of mdri transcription in these
cells, but may also play an important role in generating mRNA tran
scripts with different biological properties conferred by their distinct
5' ends (54). Nucleotide sequence variations in the 5' untranslated
region (5' UTR) of several mammalian mRNAs have been found to

influence the final amount of translated products from these mRNAs.
This has been shown to occur through the creation or elimination of
binding sites for /ra/i.v-acting factors such as reported for ferritin

mRNAs (55) or through the formation of stable secondary structures
which can modulate the overall translation efficiency (56). Sequence
variations in the 5' UTR may also influence mRNA steady state levels

(transport from the nucleus, stability in the cytoplasm) as previously
reported for c-myc mRNA (57). At this point, we cannot exclude the
possibility that TS3 used in P388/VCR and TS2 used in P388/ADM-2

cells are the same site. In addition, the possibility that the mdri gene
is rearranged at its 5' end in these cell lines cannot be excluded.

Cloning of corresponding genomic sequences from P388/SS, P388/
VCR. and P388/ADM-2 cells should allow the identification of pu
tative m-acting sequence elements and/or rra/i.s-acting cellular factors

implicated in transcriptional activation of mdri. Finally, we cannot
formally distinguish between increased initiation from a very minor
start site, new initiation from a novel start site, and released from an
elongation block.

Comparison of the primary amino acid sequences of P-gp encoded

by the murine and human mdr gene families reveals that mouse indri
is the homologue of human MDRI (28, 47). In vivo, overexpression of
MDRI mRNA and P-gp have been clearly associated with failure of

drug treatment and poor overall prognosis, particularly in the case of
soft tissue sarcomas (58) and neuroblastomas (59). In clinical speci
mens, human MDRI expression seems to occur in the absence of gene
amplification by a mechanism!s) yet to be identified. Therefore, the
findings reported here for mdri overexpression in P388/VCR cells
may also be relevant to the study of MDRI overexpression in human
tumors. Moreover, there is significant structural and functional ho-

mologies between the promoters of the two genes; both genes pro
moter regions (pst -240 to +21) share around 70% nucleotide se

quence identity, and the human MDRI gene also appears to have two
distinct promoters shown to be simultaneously active in colchicine-
selected drug-resistant KB carcinoma cell lines (40). The downstream

MDRI promoter corresponds to the downstream mdri promoter
(TS1), and the upstream MDRI promoter gives rise to a mRNA
transcript which includes and extends 5' of exon I and contains

additional sequences corresponding to an upstream exon, exon -I

(40). Long range physical mapping experiments have established that
in human MDRI, exon -1 maps at least 70 kilobases upstream of the

downstream promoter (51). Interestingly, the human MDRI upstream
promoter utilized in drug-resistant KB cells (40) was recently shown

to be active in two patients with leukemia (35). This suggests that even
though utilization of the upstream promoter in MDRI may be a rare
event, it could be responsible for overexpression of MDRI in certain
types of tumors, by a mechanism perhaps similar to that described
here for mdri in P388/VCR cells.
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