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In multidrug-resistant (MDR) derivatives of the mouse lymphoid tumor P388, the emergence of MDR is
associated with overexpression and transcriptional activation of the mdr3 gene, either in the absence of
(P388/VCR-10) or concomitant with (P388/ADM-2) gene amplification. In both instances, Northern (RNA)
blotting analyses have suggested the presence of altered mdr3 transcripts in these cells, possibly originating
from novel transcription initiation sites. The mechanisms underlying mdr3 overexpression in these cells have
been investigated. In P388/VCR-10 cells, Southern blotting analyses together with genomic DNA cloning and
nucleotide sequencing have demonstrated the presence of an intact mouse mammary tumor virus (MMTYV)
within the boundaries of intron 1 of mdr3. cDNA cloning and nucleotide sequencing indicated that this
integration event results in the synthesis and overexpression of a hybrid MMTV-mdr3 mRNA which initiates
within the U3 region of the 5’ long terminal repeat (LTR) of the provirus. Consequently, this mRNA lacks the
normal exon 1 of mdr3 but contains (i) MMTV LTR-derived sequences at its 5’ end, (ii) a novel mdr3 exon,
mapping within the boundaries of intron 1 downstream of the MMTYV integration site and generated by
alternative splicing, and (iii) an otherwise intact 3’ portion of mdr3 starting at exon 2. A similar type of analysis
of P388/ADM-2 cells revealed that mdr3 overexpression in these cells is associated with the integration of an
intracisternal A particle (IAP) within an L1Md repetitive element, immediately upstream of mdr3. The IAP
insertion results in the overexpression of hybrid IAP-mdr3 mRNA transcripts that initiate within the 3’ LTR
of the IAP and which contain IAP LTR-derived sequences at the 5’ end spliced 14 nucleotides upstream of the
normal exon 1 of mdr3. Taken together, these results indicate that independent retroviral insertions were the
initial mutagenic event responsible for mdr3 overexpression and survival during drug selection of these cell
lines. Amplification of the rearranged and activated mdr3 gene copy occurred during further selection for

high-level drug resistance in P388/ADM-2 cells.

Expression of P-glycoprotein (P-gp), a phosphoglycopro-
tein of 170 kDa, causes multidrug resistance (MDR) in
cultured cells in vitro and cancer cells in vivo (23, 28). P-gps
are encoded by a small family of closely related genes, with
two members MDRI and MDR?2 (also called MDR3) in
humans and three members, mdrl, mdr2, and mdr3, in mice
(7, 19, 30, 31, 76). The MDR phenotype is linked to an
ATP-dependent decrease in cellular drug accumulation and
increased drug efflux (18). The functional role of P-gps in
drug resistance has been established in transfection experi-
ments, in which sensitive cells acquire the MDR phenotype
after expression of full-length cDNAs for either the mouse
mdrl, mouse mdr3, or human MDRI gene (19, 29, 73).
Human MDR?2 and mouse mdr2 genes do not seem to play
any role in MDR, as transfection and overexpression of
these genes do not confer drug resistance (31, 67). Highly
drug resistant MDR cell lines obtained by stepwise selection
usually show very high levels of P-gp expression, associated
with mdr gene overexpression and amplification (23). Cell
lines with low-level drug resistance usually show increased
P-gp expression either in the absence of gene amplification
or from few mdr gene copies (3, 38, 45, 50, 62, 68). Enhanced
transcriptional activity of the gene and increased stability or
translation of the mRNA have been proposed to account for
elevated P-gp expression in these cultured cells (38, 45, 46,
50, 68). In drug-resistant human tumor cells derived from
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tissues in which P-gp is not normally expressed, overexpres-
sion of MDRI mRNA and P-gp occurs in the absence of
MDRI gene amplification (17, 35, 40, 65). It has been
proposed either that MDR tumor cells expressing MDRI
emerge after selection of preexisting cells (28) or that cyto-
toxic drugs may act directly or indirectly as positive regula-
tors to increase MDRI mRNA expression (6). In cultured
cells, mdr gene expression can be modulated by a number of
factors and treatments, including exposure to differentiating
agents (53), steroid hormones (2), arsenite (9), cytotoxic
drugs (8, 41), P-gp antagonists (34), and heat shock treatment
(9). Although several cis-acting sequences and frans-acting
factors participating in constitutive and inducible mdr gene
expression have been characterized in transient transfection
assays for the human (10, 27, 50, 70, 74, 75) and rodent (15,
37, 39, 44, 46, 60, 61, 71, 72, 79) mdr gene promoters, the
mechanisms responsible for increased mdr gene expression
in cultured cells in vitro and tumor cells in vivo remain
poorly understood.

Drug resistance in independently derived MDR mouse cell
lines of lymphoid and fibroblastic origins has been found
associated with independent overexpression of either mdrl
or mdr3 but not of mdr2 (62). To study the mechanism
underlying mdr gene overexpression in mouse MDR cells,
the promoter region of the mouse mdr3 gene was cloned and
sequenced by our group (46) and other groups (37, 39). The
transcription start site of mdr3 has been mapped in MDR
cells and in normal mouse tissues (37, 39). Several cis-
regulatory elements, including consensus TATA and CAAT



VoL. 13, 1993

boxes as well as putative binding sites for transcription
factors SP1, AP-1, and AP-2 (37, 39, 46), were identified.
Only the AP-1 site has been shown to play a role in the
regulation of mdr3, as this site functioned as a negative
regulatory element in mouse hepatoma cells (39). In inde-
pendent MDR isolates of the lymphoid tumor P388 (P388/
SS), MDR is linked to the exclusive overexpression of mdr3,
either from a single-copy gene (P388/VCR-10 and P388/
ADM-1) or concomitant with gene amplification (P388/
ADM-2) (62). In P388/VCR-10 cells, run-on transcription
assays demonstrated that increased expression of mdr3 was
caused by a transcriptional activation of the gene (46). In
addition, the mdr3 transcripts overexpressed in these cells
showed alterations at their 5’ end, including absence of exon
1 and presence of additional intron 1-derived sequences.
Furthermore, in P388/ADM-2 cells, expression of mdr3
mRNAs originated from two different start sites, one located
17 nucleotides (nt) upstream of the normal transcription start
site and the other located further upstream (46). In these
cells, the extent of gene expression far exceeds the level of
gene amplification (62), suggesting that transcriptional acti-
vation of mdr3 may together with gene amplification contrib-
ute to mdr3 overexpression. In this study, we have further
characterized the two independently derived MDR isolates,
P388/VCR-10 and P388/ADM-2, and demonstrated that acti-
vation of mdr3 in these cells was caused by insertion muta-
tions, in which integration of active promoter sequences from
two different retroviral elements induced expression of the
gene.

MATERIALS AND METHODS

Cell culture. The mouse P388 lymphoid cell line and its
drug-resistant derivatives, P388/ADM-2 and P388/VCR-10,
were grown in suspension cultures in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal calf serum,
L-glutamine (2 mM), streptomycin (50 pg/ml), and penicillin
(50 U/ml). P388/ADM-2, a doxorubicin hydrochloride-resis-
tant derivative obtained from G. Tarpley (Upjohn, Kalama-
z00, Mich.), was grown in medium containing doxorubicin
hydrochloride (Adriamycin; Adria Laboratories, Missis-
sauga, Ontario, Canada) at 1.0 pg/ml. P388/VCR-10 and
P388/VCR-20 are two subclones of the vincristine-resistant
P388/VCR line (generous gift of D. Housman, Massachusetts
Institute of Technology, Cambridge, Mass.) which were
grown in medium containing vinblastine (Sigma Chemical
Co., St. Louis, Mo.) at 10 and 20 ng/ml, respectively. We
have previously established the specific drug resistance
profiles of these cell lines, their degree of mdr gene amplifi-
cation, and their levels of mRNA overexpression (62).

Southern hybridization. Genomic DNA was isolated from
P388/SS, P388/VCR-10, and P388/ADM-2 cells according to
standard procedures (66), using proteinase K (Gibco/BRL,
Montreal, Quebec, Canada) treatment, sequential phenol
and chloroform extractions, and ethanol precipitation. High-
molecular-weight genomic DNA (or bacteriophage DNA)
was digested to completion (37°C, 4 h), using a 10-fold
excess of restriction endonucleases (10 U/pg of DNA) under
conditions recommended by the supplier (Pharmacia/LKB,
Montreal, Quebec, Canada). Digested DNA was electro-
phoresed in a 1% agarose gel containing 1Xx TAE (40 mM
Tris acetate, 20 mM sodium acetate, 20 mM EDTA [pH 7.6])
and transferred by capillarity to a nylon hybridization mem-
brane (Hybond-N; Amersham Corp., Arlington Heights,
Il1.). Prehybridization was at 65°C for at least 4 h in 6x SSC
(Ix SSC is 0.15 M NaCl and 0.15 M sodium citrate)-5x
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Denhardt’s solution (1x Denhardt’s solution is 0.02% bovine
serum albumin, 0.02% Ficoll, and 0.02% polyvinylpyrroli-
done)-0.5% sodium dodecyl sulfate (SDS)-denatured
salmon sperm DNA (200 pg/ml). Hybridization was in the
same buffer containing 10° cpm of the 3*P-labelled probe per
ml. Blots were washed to a final stringency of 0.1% SDS-
0.2x SSC. The probes used were (i) intron —1 (I-1), pro-
duced by the polymerase chain reaction (PCR) using a pair of
oligonucleotides flanking sequences upstream of the 5’ end
of the mdr3 gene (positions —192 to —40 with respect to the
normal transcription start site) (46); and (ii) intron 1 to exon
2 (I1-E2) (positions +289 to +639), produced by PCR using
two oligonucleotides, the first one mapping within the intron
1 of mdr3 and of sequence 5'-CTGTGCTGTGGATCTCGC
TG-3' (positions +289 to +308) and the second one mapping
at the 3’ end of the mdr3 exon 2 on the complementary
strand and of sequence 5'-CTCTTTTTGCCCATCTTTG
AG-3’ (positions +639 to +619) (46). Probes were labelled to
high specific activity (1 X 108 to 5 x 10® dpm/ug of DNA)
with [a-*P]dATP (3,000 Ci/mmol, Amersham), using the
Klenow fragment of DNA polymerase I and random hexa-
deoxyribonucleotides (25).

Cloning the 5' end of mdr3 mRNA expressed in P388/VCR
cells. Primer extension cDNA products were obtained by
using P388/VCR-10 poly(A)* RNA and a synthetic oligonu-
cleotide overlapping exon 2 of sequence 5'-GAAGTTCT
TGTCTGCTCTTCCCTTAAGGTC-3' (primer A in Fig. 2A;
positions +619 to +590 on the complementary strand), as
described previously (46). These cDNAs were cut out of a
5% polyacrylamide gel after visualization by autoradiogra-
phy, eluted in 0.5 M ammonium acetate by constant agitation
for 16 h at 37°C, and subjected to ethanol precipitation. To
clone the primer extension product, a modification of the
PCR-derived method, rapid amplification of cDNA ends
(RACE) (26), was used. A poly(dA) tail was added to the 5’
end of the eluted products, using terminal deoxynucleotidyl-
transferase (30 U) under conditions recommended by the
supplier (Gibco/BRL), and nucleic acids were recovered
after phenol-chloroform extraction and ethanol precipita-
tion. The poly(dA)-tailed single-stranded cDNA products
were amplified by PCR using a synthetic oligonucleotide
mapping within exon 2 and of sequence 5'-GCTCTTCCCT
TAAGGTC-3' (positions +607 to +590 on the complemen-
tary strand) and an adaptor oligonucleotide of sequence
5'-ATCGATCTCGAGTTTTTTTTTTITTTTT-3') (primer B
in Fig. 2A) as amplimers. The parameters for PCR were 1
min at 94°C, 1 min at 45°C, and 1 min at 72°C for 30 cycles.
The PCR products were separated on a 1.5% low-melting-
point agarose gel, and discrete fragments were eluted from
the gel and used in a second round of amplification. For this
second PCR, a third internal oligonucleotide mapping up-
stream of primer A within exon 2 and of sequence 5'-
CTTCAAGTTCCATCACGAC-3' (primer C in Fig. 2A; po-
sitions +587 to +569 on the complementary strand) was
used in conjunction with the adaptor oligonucleotide (primer
B). The parameters for the PCR were 1 min at 94°C, 1 min at
50°C, and 1 min at 72°C for 20 cycles. The PCR products
were gel purified; their 5’ termini were repaired with T4
DNA polymerase and then cloned into the Smal site of
plasmid vector pUCI18. The nucleotide sequence of the
cloned PCR fragments was determined by the chain termi-
nation method using a modified T7 DNA polymerase (Se-
quenase; United States Biochemical Corp., Cleveland,
Ohio).

Northern (RNA) blotting. Frozen cell pellets of P388/SS,
P388/VCR-10, and P388/ADM-2 cells and of normal mouse




7382 LEPAGE ET AL.

colon were dissolved in a solution containing 6 M guanidin-
ium hydrochloride, and total RNA was purified by sequential
ethanol precipitation (11). The polyadenylated mRNA frac-
tion was obtained by chromatography on oligo(dT)-cellu-
lose. One to 3 ug of poly(A)* RNA was electrophoresed in
denaturing agarose gels containing 7% formaldehyde, and
the RNA was transferred to a nylon hybridization membrane
(GeneScreen Plus; DuPont NEN Research Products, Bos-
ton, Mass.) by capillary blotting in 10x SSC for 24 h and
cross-linked to the membrane by UV irradiation. The blots
were prehybridized at 60°C for 1 to 3 h in 7% SDS-5x SSPE
(1x SSPE is 0.15 M NaCl, 0.001 M EDTA, and 0.01 M
NaH,PO, [pH 7.4])-10x Denhardt’s solution-10% dextran
sulfate-heat-denatured salmon sperm DNA (100 pg/ml).
Hybridization was in the same buffer containing the 3?P-
labelled oligonucleotide for 18 h at 60°C. The oligonucleotide
probe used, of sequence 5'-CTTGCCGCGCCTGCAGCA
GATATGGTTGAACTCCCGAG-3', was derived from the
complementary strand of the novel 5'-end sequence detected
in the mdr3 mRNA expressed in P388/VCR-10 cells gsee Fig.
2B). The oligonucleotide probe was labelled with [y->?P]ATP
(7,000 Ci/mmol; ICN, Montreal, Quebec, Canada), using
T4 polynucleotide kinase under conditions recommended by
the supplier (Pharmacia/LKB). The blots were washed once
in 3Xx SSC-1x Denhardt’s solution-5% SDS-0.025 M
NaH,PO, (pH 7.5) for 30 min at 60°C and once in 1%
SDS-1x SSC for 30 min at the same temperature. The blots
were exposed to Kodak XAR film for 16 h at —80°C with an
intensifying screen.

Cloning of the MMTYV provirus genomic DNA. A genomic
DNA library was constructed by using DNA isolated from
P388/VCR-10 cells. Genomic DNA was digested to comple-
tion with a 10-fold excess of Sacl (10 U/pg of DNA) under
conditions recommended by the supplier (Pharmacia/LKB).
The genomic DNA was size selected on a continuous su-
crose gradient (10 to 40%, wt/vol), and fragments (10 to 20 kb
in size) were inserted into the Sacl cloning site of the
ADASH II bacteriophage vector (Stratagene, Edmonton,
Alberta, Canada). The library was propagated in Escherichia
coli host strain P2392, which allows direct selection of
recombinant bacteriophages, and was screened with an mdr3
genomic probe corresponding to I-1 (described above). This
led to the identification of a bacteriophage containing a
12.5-kb Sacl insert fragment designated A\MMDR3 and con-
taining the entire mouse mammary tumor virus (MMTV)
provirus flanked by mdr3 sequences. A 1.2-kb HincllI-Scal
fragment and a 1.5-kb Pvull-Smal fragment overlapping the
5’ and the 3' MMTV/mdr3 junctions, respectively, were
subcloned into the Smal site of M13mpl8 and M13mp19
vectors. The nucleotide sequence of the 5’ and 3’ junctions
was determined by the dideoxy-chain termination method,
using modified T7 polymerase (Sequenase).

Cloning the 5’ end of mdr3 mRNA expressed in P388/
ADM:-2 cells and determination of the integration site of an
IAP. A cDNA library was constructed in bacteriophage
Agtll from poly(A)* RNA isolated from P388/ADM-2 cells,
using a specific mdr3 oligonucleotide primer (positions
+1017 to +999 on the complementary strand, with respect to
the translation initiator ATG) for reverse transcriptase-
directed first-strand synthesis, as previously described (19).
Clones overlapping the 5’ end of the mdr3 mRNA overex-
pressed in these cells were identified by hybridization to a
partial mdr3 cDNA probe (19), and their nucleotide se-
quence was determined. Nucleotide sequencing of the 5’ end
of these clones led to the identification of additional 5’
sequences that did not correspond to genomic DNA near the
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identified transcription start site of mdr3. These novel se-
quences were found to be identical to the long terminal
repeat (LTR) of intracisternal A particle (IAP) retroviruses
(24). To isolate genomic segments overlapping the IAP
insertion site in mdr3, an IAP-specific oligonucleotide
(5'-CCGCAGAAGATTCTGGTCTG-3') (24) and an mdr3-
specific oligonucleotide derived from sequences of the exon
1 (5'-GAGCCTTGGAAGATGGG-3'; positions +48 to +32
on the complementary strand) were used in a PCR. The
template was P388/ADM-2 genomic DNA, and the reaction
conditions were 94°C for 1 min, 50°C for 1 min, and 72°C for
2 min. A second round of PCR using the first PCR product as
a template was carried out with the IAP LTR-specific
oligonucleotide primer and a second mdr3-specific oligonu-
cleotide derived from sequences upstream of exon 1 and
of sequence (5'-GGTCAATTAGACAAACTC-3') (positions
—199 to —216 on the complementary strand). A unique PCR
product was obtained, gel purified by electrophoresis on a
2% low-melting-point agarose gel, and inserted into a dT-
tailed (52) EcoRYV site of the pBluescript II KS(+) plasmid
vector (Stratagene), and its nucleotide sequence was deter-
mined.

RESULTS

Southern blotting analysis of the 5’ end of mdr3 in P388/
VCR-10 and P388/ADM-2. We have shown by nuclear run-on
transcription assay that the increased expression of mdr3
mRNA and protein detected in P388/VCR-10 cells is caused
by transcriptional activation of the gene (46). On the other
hand, in P388/ADM-2 cells, the extent of mdr3 mRNA
overexpression far exceeds the level of gene amplification
(seven to nine copies of the gene), suggesting that transcrip-
tional activation of mdr3 may also occur in these cells.
Increased mdr3 expression in these two cell lines is associ-
ated with the appearance of novel mdr3 mRNAs with altered
5’ ends (46). Northern blot analyses using 5' exon and intron
mdr3 probes have revealed the absence of the normal exon 1
and the presence of additional sequences derived from the
intron 1 in the mdr3 mRNAs overexpressed in P388/VCR-10
cells (46). RNase protection assays identified two novel
mdr3 transcription start sites used in P388/ADM-2 cells, one
located 17 nt upstream of the normal start site used in normal
mouse colon and a second located further upstream (46). To
characterize the molecular basis of these altered mdr3
mRNAs and to determine whether these alterations were
related to transcriptional activation of the gene, we analyzed
the integrity of genomic DNA sequences corresponding to
the 5’ end of the mdr3 mRNA. Genomic DNA from parental
P388/SS and from P388/VCR-10 and P388/ADM-2 cells was
digested to completion with EcoRI and analyzed by South-
ern blot analysis (Fig. 1) using a hybridization probe derived
from sequences upstream of the exon 1 of mdr3 (Fig. 1, solid
bar in the diagram). This probe hybridized in all cell lines to
a single-copy 2.8-kb genomic fragment defined by an EcoRI
site located within a L1Md repetitive element upstream of
the mdr3 gene and a second EcoRlI site located within intron
2 of the gene (Fig. 1). However, in P388/ADM-2 and P388/
VCR-10 cells, additional hybridizing fragments of 5.9 kb
(P388/ADM-2) and 6.4 kb (P388/VCR-10) were also detected
by this probe, indicating that one of the two mdr3 alleles is
rearranged in these cells. While the rearranged allele of
P388/VCR-10 cells (6.4 kb) produced a single-copy hybrid-
ization signal, the rearranged allele of P388/ADM-2 cells (5.9
kb) was present at several copies. This finding suggests that
the rearranged mdr3 copy is amplified in P388/ADM-2 cells
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FIG. 1. Southern blotting analysis of the 5' end region of mdr3 in
P388/SS, P388/ADM-2, and P388/VCR-10 cells. EcoRI-digested
genomic DNA from P388/SS (SS), P388/ADM-2 (ADM-2), and
P388/VCR-10 (VCR-10) cells was analyzed by using an mdr3-
specific hybridization probe. A schematic representation of the 5’
region of the mdr3 gene, encompassing part of an L1Md repetitive
element, exon 1 (E1), and exon 2 (E2), is shown at the top. The
hybridization probe used (I-1) is identified by a solid bar, and the
two diagnostic EcoRI sites are shown. The probe detects on
Southern blot a single hybridizing EcoRI fragment in all cell lines,
whereas an additional rearranged hybridizing fragment is seen in
P388/ADM-2 and in P388/VCR-10 DNAs. The HindlII fragments of
bacteriophage \ are used as size markers. Sizes are indicated in
kilobases.

and that the gene rearrangement preceded gene amplification
in these cells. Taken together, these results indicate that
mdr3 overexpression in independently derived P388 MDR
leukemic lines is linked to rearrangements near the 5’ end of
mdr3.

Characterization of the 5’ end of the mdr3 mRNAs overex-
pressed in P388/VCR-10 cells. We have previously shown by
Northern blotting analysis that the 5’ extremity of mdr3
mRNAs overexpressed in P388/VCR-10 cells lack exon 1
sequences but seem to contain additional sequences derived
from intron 1. To further define these novel mdr3 mRNAs
and to delineate the transcription start site used in P388/
VCR-10 cells, the 5’ end of mdr3 mRNAs was isolated as a
primer extension product, using a PCR-based approach
(RACE) (26) followed by cloning and nucleotide sequencing
(Fig. 2). Briefly, a specific oligonucleotide primer within
exon 2 (primer A in Fig. 2A; positions +619 to +590 [46])
was used to direct reverse transcriptase-mediated elongation
of poly(A)* RNA from P388/VCR-10 cells. Two products of
approximately 240 and 250 nt were obtained (46) and sub-
jected to PCR amoplification, using an adaptor oligonucleo-
tide (primer B) in conjunction with a second sequence-
specific oligonucleotide within exon 2 (positions +587 to
+569) (primer C). A predominant PCR product of approxi-
mately 250 bp in size was obtained, cloned, and sequenced
(Fig. 2B). This fragment was found to contain expected exon
2 sequences at its 3’ end but appeared to contain two
additional 5’ exons. The first one, designated exon 1’, maps
entirely within the boundaries of intron 1 and consists of 172
nt spliced immediately upstream of exon 2. Consensus
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100 bp

imdr3 5°
TAGG TGTAG GACAC TCTCG GGAGT TCAAC CATAT CTGCT GCAGG CGCGG 50

xon 1°'
CAFGG ACGGT GTTTT CCGCG CCAGC CCTGT GCTGT GGATC TCGCT GCCCA 100
GCTCG CAGCC AGGGG CTGGT GGAGG AGCGC GCCAG GGCGG AGGGG ACCCA 150

GCAGG GCGGG GTGGC CGGAC CTAGA GCCGA GCACC CGGTC CACGC AGGTG 200

xon 2
ACACA GCTTC CCGGG ATTCC ccc; TCGTG ATGGA ACTTG AAG... 243
10 20 30 40 50
mdr3 5' CTAGGTGTAG GACACTCTCG GGAGTTCAAC CATATCTGCT GCAGGCGCGG CA

MMTV LTR CTAGGTGTAG GACACTCTCG GGAGTTCAAC CATTTCTGCT GCAGGCGCGG CA
43 33 23 18 3

"
T

FIG. 2. Characterization of the 5’ end of mdr3 mRNA transcripts
overexpressed in P388/VCR-10 cells. (A) Strategy used to clone the
5’ end of the mdr3 mRNA overexpressed in P388/VCR-10 cells
(RACE). RNA from P388/VCR-10 cells was reverse transcribed into
cDNA by using an mdr3-specific oligonucleotide derived from exon
2 (primer A), followed by addition of a poly(dA) tail at the 5’ end of
the product by using terminal transferase. A complementary adaptor
oligonucleotide with a poly(dT) tail at its 3’ end (primer B) was then
used in conjunction with a second mdr3-specific oligonucleotide
derived from exon 2 (primer C) to PCR amplify (RACE) an mdr3-
specific product. (B) Nucleotide sequence of the 5’ end of mdr3
mRNA from P388/VCR-10 amplified by RACE. Sequences derived
from exon 2 and intron 1 (exon 1’) of mdr3 are shown, together with
the novel 52 nt of upstream sequences. Numbering is from the 5’
extremity of the cDNA. (C) Sequence alignment of the 52 nt from
the 5' end of mdr3 mRNA transcripts in P388/VCR-10 cells with the
MMTV LTR. Numbering for mdr3 is as in panel B; numbering for
MMTYV is according to reference 55. (D) Northern blotting analysis
of polyadenylated mRNA (2 pg) from P388/SS cells (lane 1),
P388/ADM-2 cells (lane 2), two P388/VCR subclones (P388/VCR-10
[lane 3] and P388/VCR-20 [lane 4]), and normal mouse colon (lane
5). The blot was hybridized to an oligonucleotide probe derived from
the 5’ end of the mdr3 mRNA from P388/VCR-10 cells (solid bar in
panel A). Arrows indicate the approximate 4.5- and 5.0-kb of the
mdr3 mRNAs overexpressed in the P388/VCR subclones.

AG/GT splice sites are found immediately upstream and
downstream of this novel exon. Upstream of exon 1’, an
additional 52-nt segment corresponding to a novel exon was
also identified. This novel exon showed no sequence homol-
ogy to mdr3 genomic sequences upstream of exon 1 but
showed 98% identity to sequences derived from the LTR of
MMTV (55) (Fig. 2C). This finding suggested that at least



7384 LEPAGE ET AL.

part of an MMTYV has been inserted in the vicinity of the
mdr3 gene, producing a novel MMTV-mdr3 hybrid mRNA in
these cells. The region of MMTYV fused to mdr3 originates
from the U3 region of the LTR, which would position the
retrovirus in a transcriptional orientation opposite that of
mdr3. To ascertain that the novel upstream exon detected in
the P388/VCR-10 mRNA primer extension product was not a
PCR artifact and was indeed part of the mdr3 mRNA over-
expressed in these cells, a synthetic oligonucleotide primer
corresponding to the predicted sequence of this exon (solid
bar in Fig. 2A) was used to probe Northern blots containing
poly(A)* RNA from normal mouse colon, P388/SS cells, and
drug-resistant P388/VCR-10, P388/VCR-20, and P388/ADM-2
cells (Fig. 2D). This probe detected the two mdr3 species of
4.5 and 5 kb (37) found to be overexpressed only in the two
P388/VCR subclones (lanes 3 and 4) and absent from P388/SS,
P388/ADM-2, and normal colon RNA (lanes 1, 2, and 5,
respectively). These results confirm that the cloned MMTV
sequences form part of the mdr3 mRNAs overexpressed in
P388/VCR cells. Therefore, mdr3 overexpression in P388/
VCR-10 cells is caused by activation of transcription from a
new promoter and initiation site, tentatively designated TS3,
and presumably located within the LTR element of the
MMTYV provirus integrated in the vicinity of the gene.
Cloning and characterization of the MMTYV provirus inte-
grated near the mdr3 gene of P388/VCR-10 cells. Southern
blotting analysis was used to locate a putative site of MMTV
integration near mdr3 in P388/VCR-10 cells. For this, a
probe derived from the 5’ end of mdr3 (I-1) and mapping
immediately upstream of exon 1 of the gene was used to
probe Southern blots of genomic DNA from P388/SS and
P388/VCR-10 cells, digested with several restriction en-
zymes (Fig. 3A). Except for Sphl, which generated a single
8.8-kb hybridizing fragment in both cell lines, all restriction
enzymes identified novel rearranged mdr3 fragments in
P388/VCR-10 cells: BamH]I, Bglll, EcoRl1, Hindlll, Kpnl,
Pstl, Sacl, and Xbal digestions produced mdr3 fragments of
2.7, 4.2, 2.8, 3.8, 6.0, 8.6, 2.5, and 7.0 kb, respectively, in
P388/SS cells, whereas additional rearranged mdr3 frag-
ments of 3.7, 4.4, 6.4, 6.6, 10.7, 7.9, 12.4, and 13.5 kb,
respectively, were detected in P388/VCR-10 cells. Since a
single Sphl site is located immediately downstream of the
hybridization probe used (Fig. 3A and C), these results
suggest that the mdr3 genomic rearrangement identified in
P388/VCR-10 cells has occurred within the interval defined
by the Sphl site proximally and the EcoRI site distally (see
Fig. 1). The presence of MMTV LTR sequences at the 5’ end
of mdr3 mRNA overexpressed in P388/VCR-10 cells, to-
gether with the known restriction map of MMTV and the
Southern blotting analysis of the 5’ end of the rearranged
mdr3 gene copy (Fig. 3A), is compatible with the presence of
an MMTYV provirus integrated between the Sphl and EcoRI
sites. According to this scheme, the size of the 12.4-kb Sacl
fragment (arrow in Fig. 3A), the position of endogenous Sacl
sites within normal genomic DNA (on either side of the Sphl
and EcoRlI sites; Fig. 3C), and the absence of Sacl sites in
MMTYV DNA (Fig. 3C) (55) together suggest that this 12.4-kb
fragment may contain the entire integrated MMTYV provirus.
To verify this proposal and to further define the MMTV
integration site, we cloned the rearranged 12.4-kb Sacl
fragment from P388/VCR-10 cells in the corresponding site
of ADASH II replacement vector, to generate clone
AMMDR3. The restriction map of A\MMDR3 was then con-
structed by Southern blotting using a series of restriction
enzymes used in combination with Sacl and two mdr3-
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specific hybridization probes (Fig. 3B, solid bars in dia-
grams) mapping on either side of the proposed integration
region (Fig. 3B, arrows in diagrams). Both probes detected a
12.4-kb fragment upon Sacl digestion of \MMDR3 (Fig. 3B).
The hybridization fragments generated by double digests of
AMMDR3 (Fig. 3B) are in agreement with the published
restriction map of a full-length MMTYV (55) and confirm the
presence of an apparently intact MMTYV provirus integrated
within the boundaries of the rearranged mdr3 Sacl fragment.
Compiled physical maps of the normal mdr3 allele of
P388/SS cells and the rearranged allele of P388/VCR-10 cells
are shown in Fig. 3C. The map of the normal gene was
derived from Southern blotting analysis shown in Fig. 3A
and is in agreement with that of independent cosmid clones
of the region isolated from the normal mouse DNA (45a) and
that of the known sequence of the L1Md element located 5’
of the gene (47). From the map of the rearranged allele of
mdr3, we have located the provirus within intron 1, up-
stream of exon 1’ (see below). To precisely identify the
integration site within intron 1, 1.2-kb HinclI-Scal and
1.5-kb Pvull-Smal fragments likely to overlap the 5’ and 3’
junctions of the integration site, respectively, were gel
purified, subcloned, and sequenced. Partial nucleotide se-
quence of these fragments identified the MMTV-mdr3 junc-
tion points which are shown in Fig. 4. A 6-nt repeat
originating from the host (AGGACG:; underlined in Fig. 4A)
is present on both sides of the provirus integration site. A
6-nt repeated sequence element from the host DNA is a
hallmark of MMTYV integration sites and has been previously
described for MMTYV integration at other unrelated loci (51).
The integration site is located at position +270 in intron 1,
immediately upstream of exon 1’ (Fig. 2B), and gives rise to
a novel 5' exon containing sequences derived from the U3
region of the MMTV 5’ LTR, with transcription possibly
initiating at a site designated TS3 (Fig. 3C) and located well
downstream of the transcription start site used in normal
mouse tissues (TS1; Fig. 3C). This novel transcription start
site (TS3) explains the absence of exon 1 sequences in the
mdr3 mRNA overexpressed in P388/VCR-10 cells (46). It is
interesting to note that the MMTV 5’ LTR from which
transcription would occur is in a transcriptional orientation
opposite that of the mdr3 gene. Taken together, our results
indicate that mdr3 transcriptional activation in P388/VCR-10
cells is caused by promoter activation due to MMTYV inser-
tion within intron 1 of the gene. The consequence of this
integration event is the production of a hybrid mdr3 mRNA
transcript containing MMTYV sequences at its 5’ end fused to
mdr3 intron 1 sequences (E1’) spliced to the downstream
exon 2.

Characterization of the genomic rearrangement identified in
the mdr3 gene of P388/ADM-2 cells. To initiate the character-
ization of the mdr3 genomic rearrangement identified in
P388/ADM-2 cells, we sought to determined whether this
rearrangement caused alterations in the 5’ end of mdr3
mRNAs overexpressed in these cells. For this, we con-
structed a cDNA library using an mdr3-specific oligonucle-
otide mapping with the coding portion of the gene (positions
+1017 to +999 on the complementary strand, with respect to
the initiator ATG [19]) to prime first-strand cDNA synthesis
of mdr3 mRNA from P388/ADM-2 cells. mdr3-hybridizing
clones with additional 5’ sequences extending beyond the
normal transcription start site (TS1) were obtained, and the
nucleotide sequence of the longest one was determined (Fig.
5). This clone was found to contain the complete sequence of
exon 2 and exon 1 but to extend 103 nt upstream of the
normal exon 1. The first 14 nt upstream of exon 1 in this
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FIG. 3. Genomic organization of the 5’ end region of mdr3 in P388/SS and P388/VCR-10 cells. (A) Southern blotting analysis of genomic
DNA from P388/SS and P388/VCR-10 digested with restriction enzymes BamH]I, Bglll, EcoRl, HindIll, Kpnl, Pstl, Sacl, Sphl, and Xbal.
The blot was hybridized with probe I-1, which is identified as a solid bar in the diagram. This probe detects common hybridizing restriction
fragments in both P388/SS (lanes 1) and P388/VCR-10 (lanes 2) cells, whereas additional hybridizing fragments are detected in P388/VCR-10
cells for all enzymes analyzed except Sphl. The arrow identifies the 12.4-kb Sacl P388/VCR-10 genomic fragment, containing a full-length
MMTYV, which was cloned in the unique Sacl site ADASH II vector to generate \MMDR3. (B) DNA from the A\MMDR3 clone was digested
with Sacl either alone or in combination with BamHI, Bglll, EcoRIl, Kpnl, and Pstl, and analyzed by Southern blotting using two
hybridization probes (solid bars in the diagrams) flanking the integration site on either side. The HindIII fragments of bacteriophage A were
used as size markers in panels A and B. Sizes are indicated in kilobases. (C) Restriction map of the 5' region of mdr3 in P388/SS and
P388/VCR-10 cells deduced from Southern blotting analyses shown in panels A and B. The integration site of MMTYV in P388/VCR-10 cells
was located within intron 1 of the gene. The normal transcription start site of mdr3 (TS1) and the approximate location of the novel
transcription start site used in P388/VCR-10 (TS3) are shown. The novel 5’ exon (E1’) present in mdr3 mRNA overexpressed in P388/VCR-10
cells and derived from normal intron 1 sequences is shown downstream of TS3. Restriction endonucleases used for mapping: B, BamHI; Bg,
Bgill; E, EcoRI; H, HindIll; K, Kpnl; P, Pstl; S, Sacl; Sp, Sphl; X, Xbal. The two Sacl sites used to generate A\MMDR3 are boxed.

clone showed 100% homology to mdr3 genomic sequence as in P388/VCR-10 cells, activation of mdr3 expression in
immediately upstream of exon 1 (lowercase letters in Fig. 5), P388/ADM-2 cells may be linked to a retroviral insertional
suggesting that the normal transcription start site (TS1) is not event in the 5’ end of the gene. To further investigate this
used for the synthesis of this novel mRNA in P388/ADM-2 possibility, genomic DNA from P388/SS and P388/ADM-2
cells. The additional 89 nt, however, shared no homology to cells was digested with different restriction enzymes and
mdr3 genomic sequences but shared 97% (86 of 89 nucle- analyzed by Southern blotting using the mdr3-specific probe
otides) homology to a retrovirus-like LTR element. This I-1 mapping immediately upstream of exon 1 of the gene
sequence corresponds to the US region of the LTR (positions (positions —192 to —40) (Fig. 6A, solid bar in the diagram).
250 to 338 [24]) of a family of murine defective retroviruses In P388/SS cells DNA (Fig. 6A, lanes 1), unique hybridizing
named IAP, which are present at approximately 1,000 copies fragments of 2.7, 2.8, 5.6, 3.8, and 2.5 kb were detected by
in the normal mouse genome (48). This finding indicates that probe I-1 upon digestion with BamHI, EcoRI, EcoRV,
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FIG. 4. Nucleotide sequence of MMTV-mdr3 junctions at the
integration site. (A) Nucleotide sequence encompassing the 5’ and 3’
junctions between the integrated MMTV (MMTV 3’ LTR and 5’
LTR) and intron 1 (I1) of mdr3. Numbering for mdr3 is from the
normal transcription start site, TS1 (37, 39). A direct repeat of 6 nt
originating from mdr3 and flanking either side of the provirus is
underlined. (B and C) Autoradiograms of sequencing gels showing
the 5’ (B) and 3' (C) MMTV-madr3 junctions. The parental origin of
the respective nucleotide sequences and the precise junctions se-
quences between the U5 region of the 3’ LTR (B) or the U3 region
of the 5’ LTR (C) with mdr3 intron 1 (I1) are shown at the left of each
gel.

HindIIl, and Sacl, respectively, in agreement with the
established restriction map of the normal mdr3 gene. Diges-
tion with the same enzymes produced an additional set of
rearranged hybridizing fragments in P388/ADM-2 cells DNA
(lanes 2) of 7.7, 5.7, 4.2, 2.9, and 5.5 kb. Interestingly, and as
noted in Fig. 1, only rearranged fragments were found to be
amplified in P388/ADM-2 genomic DNA. Digestion with
Nisil produced a single 2.6-kb amplified hybridizing fragment
identical in size to that produced by the wild-type allele in
P388/SS cells. Since a single Nsil site is located 160 nt
upstream of the 5’ end of the I-1 hybridization probe used, it
appeared that the site of rearrangement in mdr3 would be
located within the interval defined by the Nsil site distally
and the Sacl site proximally (600 nt further upstream of the
Nisil site), since the Sacl genomic fragment detected by the
I-1 probe is rearranged in P388/ADM-2 cells. A physical map
of the rearranged fragment was established (Fig. 6B) on the
basis of Southern blot analyses shown in Fig. 6A. The
generated restriction map of this rearranged mdr3 is compat-
ible with the presence of an IAP integrated within the L1Md
repeat located upstream of mdr3 (Fig. 6B). However, this
analysis also suggests that the integrated IAP is not intact,
since its restriction map does not fit perfectly the predicted
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CCTGAAGATG TAAGCAATAA AGTTTTGCCG CAGAAGATTC TGGTCTGTGG 299
..............................................
..............................................

CACGAGGA’I’G ‘TAAGCAATAA AGTTTTGCCG CAGAAGATTC TGGTCTGTGG -54

IAP-LTR

mdr3 ADM-2 S5'

IAP-LTR TGTTCTTCCT GGCCGGGCGT GAGAACGCGT CTAATAACA 338
.......................................
.......................................

TGTTCTTCCT GGCCGGGCGT GAGAACGCGT CTMTAACM AAAGCCCAGG -4

..........
..........

(-14) q aaagcccagg -4

mdr3 ADM-2 5'
mdr3 colon 5'

Exon 1
mdr3 ADM-2 5' CACAGTGGAA CAGCGGTTTC CAGGAGCTGC TGGTCCCATC TTCCAAGGCT 47

..................................................
..................................................

mdr3 colon 5' CacAGTGGAA CAGCGGTTTC CAGGAGCTGC TGGTCCCATC TTCCAAGGCT 47

mdr3 ADM-2 5' CTGCTCAACT CAGAGCCGCT TCTTCCAAAG TCTACATCTT GGTGGACTTT 97

..................................................
..................................................

mdr3 colon 5' CTGCTCAACT CAGAGCCGCT TCTTCCAAAG TCTACATCTT GGTGGACTTT 97

----------------------------------------------
................................................

mdr3 colon 5' GCAGAGGAAA CCGGGAGGTA GAGACACGTG AGGTCGTGAT GGAACTTG.. 145

FIG. 5. Nucleotide sequence of the 5’ end of mdr3 mRNA
transcripts overexpressed in P388/ADM-2 cells. The nucleotide
sequence of the 5’ end of the mdr3 cDNA isolated from P388/ADM-2
cells (mdr3 ADM-2 5’) and encompassing, from 3’ to 5, exon 2,
exon 1, and novel upstream sequences is shown. The nucleotide
sequence of the cDNA is identical to mdr3 genomic exon 1 and exon
2 sequences expressed in normal mouse colon (mdr3 colon 5'). An
additional 5’ segment of 14 nt upstream of exon 1 corresponds to
genomic sequences upstream of TS1 (lowercase letters). Finally, an
additional segment of 103 nt further upstream is 97% identical to the
US region of the LTR of an IAP (IAP-LTR) (24). Numbering for
madr3 is from the normal transcription start site (TS1); numbering for
the JAP LTR sequences is according to reference 24.

map of a full-length IAP of 7.2 kb (54) but would be
rearranged or truncated. The location of the HindIII site
near the 3' end of IAP is in agreement with the published
sequence, whereas the EcoRI, EcoRV, and Sacl sites seem
to be approximately 2 kb closer to the HindIII site than
expected if the IAP was intact. Furthermore, two BamHI
sites normally found at the 3’ end of the IAP are absent.
These discrepancies may be indicative of the presence of a
truncated IAP, missing a 2-kb DNA segment overlapping the
two known BamHI sites. The precise identification of the
IAP by Southern blotting is complicated by the relative high
degree of sequence heterogeneity amongst IAPs sequenced
to date (49, 69). Nevertheless, taken together, these results
strongly suggest that mdr3 overexpression in P388/ADM-2
cells is linked to the presence of a retroviral IAP inserted in
the promoter region of the gene.

Identification of the IAP insertion site within the 5’ end of
mdr3 in P388/ADM-2 cells. To precisely identify the integra-
tion site of IAP upstream of mdr3 in P388/ADM-2 cells, we
used a consensus oligonucleotide corresponding to the IAP
LTR (Fig. 5, positions 277 to 296) together with an mdr3-
specific primer mapping within exon 1 (positions +48 to +32
on the complementary strand) to PCR amplify the mdr3
genomic fragment from P388/ADM-2 DNA containing the
predicted mdr3-IAP junction point. A second round of PCR
using the same IAP LTR-specific primer and a second
mdr3-specific primer (positions —199 to —216 on the com-
plementary strand), located upstream of exon 1, was used to
generate a single specific fragment of approximately 700 nt
(Fig. 7A, solid bar). This PCR fragment was gel purified,
cloned, and sequenced. The structure of the rearranged gene
is depicted in Fig. 7A, and a partial nucleotide sequence of
the cloned PCR fragment, identifying the junction between
IAP and mdr3, is shown in Fig. 7B and C. The integration
site of the IAP is within the repetitive element L1Md and is
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FIG. 6. Genomic organization of the 5’ end of mdr3 in P388/ADM-2 cells. (A) Southern blotting analysis of genomic DNA from P388/SS
(lanes 1) and P388/ADM-2 (lanes 2) cells, digested with restriction enzymes BamH]I, EcoRI, EcoRV, HindlIll, Nsil, and Sacl. The blot was
hybridized with mdr3 probe I-1, which is identified by a solid bar in the diagram. This probe identifies common hybridizing fragments in both
P388/SS cells (lanes 1) and P388/ADM-2 cells, whereas additional hybridizing fragments are detected in P388/ADM-2 DNA (lanes 2) for all
enzymes analyzed except Nsil. The HindlII fragments of bacteriophage A were used as size markers. Sizes are indicated in kilobases. (B)
Restriction enzyme map of the 5’ region of mdr3 in P388/SS (SS) and P388/ADM-2 (ADM-2) cells as deduced from Fig. 3 and Southern blotting
analysis shown in panel A. The L1Md repetitive element and mdr3 exon 1 (E1) and exon 2 (E2) are shown, together with the identified
integrated IAP. The integration site of the IAP within the L1Md element was positioned by Southern blotting analysis in panel A and
nucleotide sequencing of the 3’ IAP-mdr3 junction (Fig. 7). The mdr3 transcription start site used in normal mouse tissues (TS1) and in
P388/ADM-2 cells (TS2 and TS4) are indicated. TS4 is located within the IAP 3’ LTR and direct synthesis of the 4.5-kb and 5.0-kb mdr3
transcripts overexpressed in P388/ADM-2 cells (46). TS2 would be located within the IAP 5’ LTR and may direct synthesis of the large 9-kb
mdr3 mRNA transcript also overexpressed in P388/ADM-2 cells (46). Restriction endonucleases used for mapping: B, BamH]I; E, EcoRI; H,
HindIII; N, Nsil; RV, EcoRV; S, Sacl.

located 472 nt upstream of the Nsil site, at position —824, in
agreement with the predicted restriction map deduced in Fig.
6B. A comparison of the nucleotide sequence of the 5’ end of
the mdr3 transcript overexpressed in P388/ADM-2 cells (Fig.
5) with the genomic sequence of the IAP insertion site
suggest that the mdr3 mRNA initiates at a site identified here
as TS4 (Fig. 6B) and located within the 3’ LTR of the IAP.

This site is not yet precisely identified but may involve one
of the 3' LTR promoter elements (24). Mature mdr3 mRNAs
initiating at that site would be created by a splicing event
with the 5' splicing donor site located 2 nt downstream of the
integration site of the IAP (Fig. 7B, position —823) and the 3’
splicing acceptor site located 14 nt upstream of the normal
exon 1 (Fig. 7B, position —14). Taken together, these results
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FIG. 7. Nucleotide sequence of the 3’ boundary of the IAP
integration site near mdr3 in P388/ADM-2 cells. (A) Schematic
representation of the rearranged 5' region of mdr3 in P388/ADM-2
cells encompassing part of the integrated IAP, part of the L1Md
element, and mdr3 exon 1. A PCR product (solid bar), overlapping
the 3’ junction between IAP and mdr3, was generated by using IAP
and mdr3-specific oligonucleotides (see Materials and Methods),
cloned, and sequenced. (B) Nucleotide sequence of the IAP-mdr3 3’
junction region. Numbering is from the normal transcription start
site of mdr3, TS1 (37, 39). Consensus splicing donor and acceptor
sequences used to generate the final mRNA transcripts in P388/
ADM-2 (GT-AG) are underlined. (C) Autoradiogram of the sequenc-
ing gel showing the precise IAP-mdr3 junction site which is sche-
matized at the right as in Fig. 4.

indicate that overexpression of mdr3 in P388/ADM-2 cells is
caused by IAP insertion in the 5’ end of the gene and gene
amplification. The insertion results in the overexpression of
a hybrid IAP-mdr3 mRNA initiating within and containing
sequences derived from the 3' LTR of the IAP.

DISCUSSION

The goal of this study was to elucidate the mechanism
underlying mdr3 overexpression in independently derived
MDR isolates of the murine leukemic tumor line P388
(P388/SS). The three MDR isolates of this line, P388/VCR,
P388/ADM-1, and P388/ADM-2, are characterized by over-
expression of a single member (mdr3) of the mdr gene family
from either a single copy (P388/VCR and P388/ADM-1) or
amplified copies (P388/ADM-2) of the gene. We have shown
previously that transcriptional activation of mdr3 was di-
rectly responsible (P388/VCR-10) or highly likely to account
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(P388/ADM-2) for mdr3 overexpression in these cells (46).
Moreover, it was noted that mdr3 transcripts overexpressed
in these cells have altered 5'-end structures and originate
from start sites distinct from the one used in normal mouse
colon or other independently derived MDR cell lines over-
expressing mdr3 (37, 39). To characterize the molecular
mechanism underlying these alterations, we have cloned and
sequenced the 5’ end of these novel mdr3 mRNAs and have
analyzed the structural integrity of the gene in the corre-
sponding 5’ end region. Southern blot analyses have re-
vealed that in both P388/VCR-10 and P388/ADM-2 cells,
genomic rearrangements have occurred within a 2.8-kb
EcoRI fragment overlapping the transcription start site and
the first two exons of mdr3 (Fig. 1). Genomic DNA cloning
and sequencing showed that these rearrangements were
caused by independent insertion of retroviral elements in
this part of the gene. These integrations result in high-level
expression of hybrid mRNAs generated by novel splicing
events and comprising LTR-derived sequences at their 5’
end linked to the entire coding region of mdr3, suggesting
that transcription initiation from the viral LTR generates
these novel mdr3 mRNAs.

In the rearranged mdr3 allele of P388/VCR-10 cells, an
intact full-length MMTV (9.9 kb) provirus was found inte-
grated within the boundaries of intron 1 (Fig. 3C). Integra-
tion of an MMTYV provirus within mdr3 resulted in transcrip-
tional activation of the gene in P388/VCR-10 cells, providing
a selective growth advantage to these cells during drug
selection. The provirus is integrated upstream of the initiator
AUBG located in exon 2 and is arranged in a transcriptional
orientation opposite to that of mdr3. It is flanked by a direct
repeat of 6 nt from the host, which is characteristic of
MMTV integration sites (51). A fusion transcript generated
from the rearranged gene contains the entire coding se-
quences of mdr3 as well as sequences derived from the
intron 1 of the gene (exon 1') and from the U3 region of the
MMTV LTR. Together, exon 1' and sequences derived from
the U3 region of MMTV include 224 nt, generating mdr3
transcripts in P388/VCR-10 cells of size indistinguishable by
Northern blotting from mdr3 transcripts expressed in normal
mouse colon (46). This would suggest the presence of a
cryptic promoter (TS3) at the 5’ end of the U3 region capable
of functioning in the orientation opposite that normally seen
in MMTV. This promoter is not the same as the one used to
transcribe MMTYV genes, which is located near the 3’ end of
the U3 region, more than 1 kb distal (55). MMTV is a
cis-acting oncovirus which causes mammary carcinomas in
certain inbred strains of mice after insertion near and acti-
vation of cellular oncogenes (20, 58). At least five cellular
proto-oncogenes have been shown to be activated after
integration of an MMTV provirus. wnt-1 (int-1) (58) and
wnt-3 (int-4) (64) are homologs of the Drosophila wingless
gene, fgf-3 (int-2) (20) and hst/K-FGF (59) are members of
the fibroblast growth factor gene family, and inz-3 is a
member of the notch gene family (63). The presence of a
fusion MMTV LTR-mdr3 transcript is indicative of an acti-
vation by promoter insertion, frequently seen in the case of
avian leukemia virus integration (43) but rare in the case of
MMTV (13). MMTYV integration is generally upstream of the
target gene in an antisense (3' LTR to 5’ LTR) orientation or
downstream of the target gene in a sense (5" LTR to 3’ LTR)
orientation (13). However, it is unusual that an MMTV
integrated in the antisense orientation upstream of a gene
leads to the production of fusion transcripts. MMTYV provi-
rus are frequently found upstream of wnt-1 or fgf-3 genes in
the antisense orientation, where they have been shown to
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up-regulate the normal promoter of these genes as a result of
the presence of an enhancer element within the LTR region
(57). Nevertheless, two cases have been documented (21, 56)
in which the integration of an MMTV in the antisense
orientation disrupted the normal promoter of the activated
gene, suggesting the presence of a cryptic promoter in the
U3 region capable of functioning in the opposite orientation.
Our findings on MMTYV integration in mdr3 in P388/VCR-10
cells are in agreement with this proposal. The activation of a
gene by an antisense LTR has also been noted in the case of
the retrovirus-like element IAP, found to activate c-mos (36)
and also the interleukin-3 gene (33). Even though no gross
rearrangement of the integrated MMTYV provirus were de-
tected in our study (Fig. 3C), the possibility that the LTR
region of the provirus has undergone a small rearrangement

leading to the appearance of a novel promoter in that region

cannot yet be excluded. Deletions of about 500 nt similar to
the ones noted in the LTR of MMTYV causing T-cell lympho-
mas (77) were not seen here, as shown by the size of a 1.5-kb
Pyull-Smal fragment containing the entire 1.3-kb 3" LTR.
We have determined that in P388/ADM-2 cells, an IAP
was integrated 824 nt upstream of the normal mdr3 transcrip-
tion start site, within a L1Md mouse repetitive element (Fig.
6B). IAP is a defective retrovirus-like element, or retrotrans-
poson, which is present at approximately 1,000 copies per
mouse haploid genome (48). Integration of this element in
the vicinity of certain genes was found to up- or down-
regulate their normal level or pattern of expression. IAP
integrated in the x light-chain immunoglobulin gene dis-
rupted the expression of that gene (32), whereas IAPs
integrated upstream or downstream of c-mos (16), hox-2.4
(5), or the interleukin-3 (1, 78) or interleukin-6 (4) gene
caused the overexpression of these genes either by transcrip-
tional activation (4, 5, 16, 78) or by stabilization of the gene
transcript (1). In vitro studies have clearly established that
the promoters of some IAPs can be bidirectional, working in
both the sense and antisense orientations, whereas promot-
ers of other IAPs work only in the sense orientation (12). The
IAP integrated upstream mdr3 in P388/ADM-2 cells is in the
sense orientation and, as for the MMTYV provirus in P388/
VCR-10 cells, provided a growth advantage to these cells
during selection in drug-containing medium. Interestingly,
Southern blot analyses (Fig. 6A) indicated that only the
rearranged IAP-containing allele of mdr3 was amplified in
these cells. This finding suggests that IAP integration leading
to mdr3 transcriptional activation was the initial mutagenic
event during drug selection, which was followed by gene
amplification upon subsequent stepwise selection for high-
level drug resistance in these cells. The integration of IAP in
the sense orientation upstream of mdr3 leads to the produc-
tion of a fusion transcript with sequences derived from the
US region of the IAP LTR, fused to genomic sequences
which include 13 nt upstream of exon 1 and the entire exon
1 of mdr3 (Fig. 5). This transcript may initiate at the junction
of the U3 and R regions in the 3' LTR (TS4), which is the
known IAP transcription start site produced from the pro-
moter located in the U3 region (24). The novel intron
upstream of exon 1 is flanked by a 5’ splice donor site
immediately downstream of the integration site (from posi-
tion —823) and a 3’ splice acceptor site upstream of the
extended exon 1 (up to position —14) (Fig. 7B). The novel
splicing event described here is in agreement with our
previous identification of an altered mdr3 transcription start
site in P388/ADM-2 cells detected by RNase protection using
cRNA probes derived from the region (46) (in fact, identify-
ing the 5’ boundary of extended exon 1). The possibility that
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IAP-mdr3 fusion transcripts detected in P388/ADM-2 cells
could be generated by splicing of mRNAs initiating within
the 5' LTR of the IAP cannot be formally excluded. Finally,
transcription initiation within the 5" LTR may also produce,
by readthrough of the IAP element, a large mdr3 transcript
of over 9 kb (initiating from TS2) which we have also
detected in these cells (46). According to the physical map
(Fig. 6B), the IAP integrated near mdr3 contains a deletion
of approximately 2 kb, compared with the full-length type I
IAP, which is 7.2 kb (54). This deleted portion encompasses
two BamHI sites near the 3’ end of the element and may be
the same variant that was detected in a cDNA isolated from
a T-cell hybridoma (54). This variant was designated IA2 and
is the only known variant with a deletion encompassing the
two BamHI sites near the 3’ end of IAP (42).

Taken together, these results indicate that overexpression
of mdr3 in the two drug-resistant P388 derivatives analyzed
here is caused by the insertion of active promoter/enhancer
elements upstream of the gene. A third MDR isolate of P388,
P388/ADM-1, was previously shown to also overexpress
mdr3 from a single copy of the gene (62). Southern blotting
analysis using an mdr3-specific probe derived from the 5’
region of the gene also revealed an altered mdr3 allele
rearranged in the same EcoRI fragment disrupted in P388/
VCR-10 and P388/ADM-2 cells (not shown). In addition to
the normal 2.8-kb EcoRI fragment, an additional 2.4-kb
EcoRI fragment was detected in P388/ADM-1 cells, indicat-
ing that the gene rearrangement observed in these cells is
independent from those of P388/VCR-10 and P388/ADM-2
cells (Fig. 1). Although the rearrangement seen in P388/
ADM-1 cells awaits further characterization, the observation
that a third P388-derived MDR cell line shows a genomic
rearrangement near mdr3 suggests that promoter disruption
and recruitment of strong cis-acting promoter/enhancer ele-
ments is required to activate the otherwise silent mdr3 gene
in P388 cells. Indeed, expression of mdr3 mRNAs could not
be detected in parental P388/SS cells, even with a very
sensitive PCR-based method (not shown), suggesting a lack
of an essential frans-acting factor required for mdr3 tran-
scription or indicative of active repression of mdr3 in P388
cells. Retroviral sequences inserted in cis could relieve
negative regulation of the gene by disrupting the normal
architecture of the promoter region required for active
repression, or this new promoter/enhancer complex could be
active even in absence of a key positive regulator of mdr3. It
is interesting to note that only mdr3 and not the other
biologically active mdrl gene is overexpressed in all MDR
derivatives of P388 cells analyzed to date, even when both
genes are amplified, as is the case for P388/ADM-2 cells. It is
tempting to speculate that the L1IMd element found up-
stream of the mdr3 gene (but not in mdrl) may contribute to
local genomic instability and favor the integration of retro-
viral elements near the 5’ end of the gene. Indeed, MMTV
integration sites are often located near an L1Md element
throughout the mouse genome (22). This situation would
lead to preferential retrovirus-mediated activation of the
mdr3 rather than mdrl gene in these cells. Interestingly, in a
taxol-resistant MDR isolate (J7.T1-50) of the macrophage
line J774.2, a genomic rearrangement upstream of mdr3
(mdrla), implicating part of the mdrl gene and the mdr3
L1Md element, has been described (14).
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