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The human multidrug resistance protein (MRP)
gene encodes a membrane protein involved in the
ATP-dependent transport of hydrophobic compounds.
We previously isolated a canalicular multispecific or-
ganic anion transporter, cMOAT1/MRP2, that belongs
to the ATP binding cassette (ABC) superfamily, which
is specifically expressed in liver, and cMOAT1/MRP2 is
responsible for the defects in hyperbilirubinemia 11/
Dubin-Johnson syndrome. In this study, we isolated
a new cDNA of the ABC superfamily designated
cMOAT2/MRP3 that is homologous to human MRP1
and cMOAT1/MRP2: cMOAT2/MRP3 is 56% identical to
MRP1 and 45% identical to cMOAT1/MRP2, respec-
tively. Fluorescence in situ hybridization demon-
strated the chromosomal locus of this gene on chromo-
some 17g22. The human cMOAT2 cDNA hybridized to a
6.5-kb mMRNA that was mainly expressed in liver and to
a lesser extent in colon, small intestine, and prostate.
The cMOAT2/MRP3 gene was not overexpressed in
cisplatin-resistant cell lines with increased ATP-
dependent transport of cisplatin over their parental
counterparts derived from human head and neck can-
cer and human prostatic cancer cell lines. The human
cMOAT2/MRP3, a novel member of the ABC superfam-
ily, may function as a membrane transporter in liver,
colon, and prostate. © 1998 Academic Press
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Two ATP binding cassette (ABC) transporter super-
family proteins, P-glycoprotein (P-gp) and multidrug
resistance protein (MRP), are well known to confer
multidrug resistance to cancer cells through enhanced
drug efflux (1-4). Treatment of cancer cells with many
of the natural product anticancer drugs including the
vinca alkaloids (vincristine and vinblastine), anthracy-
clines (doxorubicin and daunomycin), colchicine, tax-
anes, and epipodophyllotoxins (etoposide and tenipo-
side), often results in overexpression of Pgp and MRP1
(1, 2). Overexpression of human multidrug resistance
(MDR)1 cDNA and MRP1 cDNA in cancer cells results
in acquired resistance to anthracyclines, vinka alka-
loids, epipodophyllotoxins, and heavy metal anions (3,
4), but does not result in any cross-resistance to
platinum-containing compounds, alkylating agents,
and antimetabolites (3, 5). These studies suggest the
involvement of other ABC proteins in the ATP depen-
dent efflux of cisplatin and other agents.

Cisplatin is a potent and representative platinum-
containing anticancer agent that has been widely used
to treat various malignant tumors. One can expect that
decreased intracellular accumulation of cisplatin has a
key role in limiting drug sensitivity to this potent an-
ticancer agent (6, 7). The ATP-dependent active out-
ward efflux of cisplatin is enhanced in some human
cancer cell lines resistant to cytotoxic effects of cispla-
tin (8-10). Cisplatin forms glutathione(GSH)-conju-
gates in cancer cells, and a GS-X pump is expected to
be involved in ATP-dependent efflux of GSH-cisplatin
conjugates (11). MRP1 and yeast cadmium factor play
an important role as active transporters for anticancer
agents, and MRP1 can transport cysteinyl leukotriene
C, (LTC,) and other GSH-conjugates, suggesting that
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CMOATL /MRP2 LFNTLREPLS MLEMMISEML [0ASVSITERLE KMLGGD SAT{RH---D CNFDKAMOFS EA HDS DVNLD IMAGHLUA GHGRES 680
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CMOAT1 /MRP2 EDDDYGLISS VEEIPEDAAS TTMRRENSFR RTLSRSSRSN GRHLKSLRNS LKTRNVN-SL [KEDEELVKGQ -HLIKKEFIE SfryL q s 978
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CMOAT2 /MRP3 TLAICLLYVG QSAAAIG A-DSRQ-~-N NTS: LG 51 [LLHNKIREP DIFF TrEHS 1066
MRP1 NLUNHFSKEL MIPEV IKMFMGSLFN IBACTYTLL AATIIP [PILIfg HF/AqSROL HsVHRS? L EE 1170
CMOAT1 /MRP2 RIYWHFRGDI S LPQS LRSWITCFLG JI|STL M TIVI [PLEIRVVAVO MFYVSTISROL RRLASVIIRSP (I S EH 1178
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MRP1 ﬂil APVWRIOE TRPHS W L RyrE: RHINVTINGG [ERMGIVGRTG AGKSS 1370
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MRP1 [FTTPODRMLF SGHLRMNLDP whdyis drE]] D ALPDI HECAEGH! SMeQrOL}CL WRALLRKr{T LVLDEATARY [DLETTHLI 1470
CMOAT1 /MRP2 TIIPODHILF SELRMNLDP FNMY 1 ELAHLKS SLQ! E' SIGORQLYCL, [{RALLRKFSKI LVLDEATAAY [DLETDNLI 1477
CMOAT2 /MRP3 TTIPQDRILF SGILRMNLDP FRIYd LELHLHT SQPA FocdeReENL sfdoororhier. BRALLRKEHI LviDEATAR) [pLETONLT 1466
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FIG. 1. (A)cDNA and deduced amino acid sequence of human cMOAT2/MRP3 genes. Walker A and B motifs and active transport family
signature are indicated by single lines and denoted A, B, and C, respectively. A poly(A) additional signal is also underlined at 3' noncoding
region. (B) Comparison of amino acid sequences of human MRP1, cMOAT1/MRP2 and cMOAT2/MRP3. Boxes, amino acid identity. Amino
acid differences are shown in their corresponding positions. Dashes, gaps that are introduced to maximize identity.

MRP1 may be a GS-X pump (11). However, there ap- whether any member of the ABC transporter super-
pears no apparent overexpression of MRP1 in family could function as a GS-X pump for cisplatin.

cisplatin-resistant cancer cell lines which have de- We previously isolated the human canalicular mul-
creased cisplatin accumulation (12). Moreover, trans- tispecific organic anion transporter 1 (cMOAT1) gene
fection of MRP1 cDNA failed to confer resistance to belonging to the ABC superfamily by targeting the
cisplatin in cancer cells (13). It remains unclear ATP binding domain conserved in MDR1, MRP1, and
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cystic fibrosis transmembrane regulator (CFTR) genes
(14). The human cMOAT1 gene is highly homologous to
rat cMOAT, a homologue of the human MRP1 gene (14,
15). Mutations of cMOAT1/MRP2 are observed in
Dubin—Johnson syndrome (16) and its model animals
(17-19). Dubin-Johnson model animal is defective in
ATP-dependent transport of glucuronic acid conjugates
of bilirubin. The cMOAT1/MRP2 activity appears to
mediate the ATP-dependent transport of various hy-
drophobic anionic compounds including the camptoth-
ecins and methotrexate in liver canalicular mem-
branes and other tissues in the Dubin—-Johnson model
animals (20). The finding that cMOAT1/MRP2 can
transport the cysteinyl leukotrienes (e.g., LTC,) as well
as other GSH conjugates (Kawabe et al., unpublished
data) suggests that cMOAT1/MRP2 may be a GS-X
pump. The spectrum of hydrophobic anionic com-
pounds transported by cMOAT1/MRP2 resembles that
of MRP1 (21).

Expression of the cMOAT1/MRP2 gene is enhanced
in cisplatin-resistant lines derived from various hu-
man cancer cell types (15). Koike et al. have reported
that introduction of cMOAT1/MRP2 antisense cDNA
into human hepatic cancer HepG2 cells results in in-
creased sensitivity to cisplatin, vincristine, doxorubicin
and the camptothecin derivatives (22). In these trans-
fectants, cellular level of cisplatin and vincristine as
well as GSH were increased, suggesting that cMOAT1/
MRP2 and its related genes are involved in the mem-
brane transport of the above drugs including cisplatin
(22). However, these studies did not show if cMOAT1/
MRP?2 itself is directly involved in drug transport of
cisplatin, or if other homologues of cMOAT1/MRP2 are
involved in drug transport of cisplatin.

In this study, we isolated another clone which is
homologous to MRP1 and cMOAT1/MRP2, and we
designated this clone as the cMOAT2/MRP3. The
cMOAT2/MRP3 gene is 56% identical to MRP1 and
45% identical to cMOAT1/MRP2, suggesting the
cMOAT2/MRP3 gene is a member of MRP family. We
also examined if expression of cMOAT2/MRP3 was al-
tered in human cisplatin-resistant cancer cell lines
with enhanced ATP-dependent efflux of cisplatin.

MATERIALS AND METHODS

Cell lines. We used cisplatin-resistant cell line, P/CDP5, and its
cisplatin-sensitive revertant cell line, P/CDP5-R from human prostatic
cancer PC-3 cells (8, 23). We also used another cisplatin resistant cell
line, KB/KCP-4, and its cisplatin-sensitive revertant cell line, KB/KCP-
4R, from human head and neck cancer KB cells (10, 24). These cell lines
were cultured at 37°C under a humidified atmosphere of 5% CO, in
Eagle's MEM (Nissui Seiyaku, Tokyo, Japan) containing 10% fetal
bovine serum, glutamine, kanamycin and penicillin.

cDNA cloning. For the isolation of cMOAT2/MRP3, we used a low
stringency hybridization method. cMOAT2/MRP3 cDNA clones were
isolated by screening a pCMVSPORT human liver cDNA library
(Life Technologies, Inc. Gaithersburg, MD) , using a 2-kb fragment of
a human cMOAT1 clone as a probe under low stringency conditions.
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Several clones were isolated, subcloned into the pUC18 plasmid and
sequenced. Except for MRP1 and cMOAT1/MRP2 clones, we ob-
tained a novel cDNA clone homologous to MRP1 and cMOAT1/
MRP2. For cloning of a full-length cDNA of the cMOAT2 gene,
pCMVSPORT human liver cDNA library was screened with a cDNA
fragment as a probe by standard procedures (25). Chain elongation
and termination were performed with a DyeDeoxy Terminator Cycle
Sequencing kit (Applied Biosystems, Tokyo, Japan), and nucleotide
sequencing was performed with a DNA sequencing system (Model
377; Applied Biosystems). Data were analyzed using GeneWorks
software (IntelliGenetics, Mountain View, CA). Sequences have been
deposited with GenBank (cMOAT2/MRP3: Accession No. AF083552)

Northern blot analysis. Northern blot analysis was performed
with 20 ug of total RNA prepared with RNeasy spin columns (QIA-
GEN). After transfer to Hybond-N membrane (Amersham) and UV
cross-linking, the blot was hybridized with a human cMOAT2/MRP3
cDNA probe generated by random primer labeling (Amersham). Af-
ter hybridization, the blots were washed twice in washing buffer 1
(2 X SSC, 0.1% SDS) at 42°C and twice in washing buffer 2 (0.2 X
SSC, 0.1% SDS) at 65°C. A human multiple tissue Northern blot was
commercially obtained (Clontech). The amount of human cMOAT2/
MRP3 encoding mRNA was quantified with a Fujix BAS 2000 image
analyzer (Fuji, Tokyo, Japan).

Cisplatin accumulation. Cells were incubated overnight, then
incubated with 20 uM cisplatin for 2 h at 37°C. Cells were then
harvested, air-dried, and digested in nitric acid. After evaporation,
the platinum content was measured by atomic absorption spectro-
photometer (10, 24).

Colony formation assay. To assay colony formation, 300 cells were
seeded in a 35-mm dish in the absence of any drug and incubated for an
additional 7 days with various concentration of cisplatin.

FISH analysis. Probe labeling and in situ hybridization were
performed as described previously (26).

RESULTS

Human MDR1, MRP1, and cystic fibrosis transmem-
brane regulator (CFTR) have been identified as mem-
bers of the ABC transporter superfamily. The similar-
ity of these three genes resides predominantly in two
ATP binding domains. Based on their homology, we
designed highly degenerate C-series primers and iso-
lated the cDNA clone of cMOAT1/MRP2 gene (14). For
isolating the full-length cDNA of cMOAT1/MRP2, we
screened a human colon cDNA library using as a probe
a PCR product, and obtained several clones. After se-
guencing these clones, we obtained a new clone (C51)
that is homologous to MRP1 and cMOAT1/MRP2.
Screening of human liver cDNA library by this clone,
we isolated a 5.5-kb single clone designated cMOAT2/
MRP3 (Fig. 1A). Sequencing of these clones revealed an
open reading frame coding for 1527 amino acids that
showed 56 and 45% similarity to human MRP1 and
cMOAT1/MRP2, respectively (Fig. 1B and Table 1).

To determine the chromosome localization of the
cMOAT2 gene, FISH analysis was performed. Hybridiza-
tion of the cMOAT2 cDNA probe revealed positive signals
at 17922 (Fig. 2). Human MDR1, CFTR, MRP1 and
CMOAT1 genes are thus localized on 7qg2l.l, 7931,
16p13.1, and 10924 respectively (13, 14, 27, 28), suggest-
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TABLE 1

Amino Acid Homology among Various ABC Transporter Superfamily Genes:
MRP1, cMOAT/MRP2, cMOAT2/MRP3, MDR1, CFTR, EBCR, and SUR?

MRP1 cCMOAT1/MRP2 cMOAT2/MRP3 MDR 1 CFTR EBCR SUR
(%) () (%) (%) (%) (%) (%)
MRP1 100
cMOAT1/MRP2 a7 100
cMOAT2/MRP3 56 45 100
MDR1 17 18 18 100
CFTR 3 3 22 7 100
EBCR 44 80 43 14 3 100
SUR 30 2 25 12 19 25 100

Note. CFTR, cystic fibrosis transmembrane regulator; EBCR, epithelial basolateral conductance regulator; SUR, sulfonyl urea receptor.
2 Percentages of identity and similarity were determined using the protein alignment program of Gene Works.

ing that the human cMOAT2/MRP3 gene is different
from those relevant ABC transporter superfamily genes.

Multiple-tissue northern blot analyses with the
cDNA probe revealed that human cMOAT2/MRP3
MRNA was highly expressed in liver, and slightly ex-
pressed in colon, small intestine, prostate and pan-
creas (Fig. 3). The tissue profile of human MRP1 and
cMOAT1/MRP2 expression was different from that of
cMOAT2/MRP3 (14).

To determine if cMOAT2/MRP3 is involved in the
cisplatin-resistance phenotype mediated by ATP-
dependent enhanced drug efflux, we examined expres-
sion of cMOAT2/MRP3 gene in cisplatin-resistant can-
cer cell lines with decreased ATP-dependent accumu-

lation of cisplatin. ATP-dependent efflux of cisplatin
was enhanced in a cisplatin-resistant line, KB/KCP-4,
derived from human head and neck cancer KB cells
(10, 24). Another cisplatin-resistant cell line, P/CDP-5,
derived from human prostatic cancer PC-3 cells also
showed decreased ATP-dependent efflux of cisplatin (8,
23, 24). In this study, we used cisplatin-sensitive re-
vertants, KB/KCP-4R and P/CDP5-R, which were iso-
lated after long-term culture of KB/KCP-4 and P/CDP5
in the absence of cisplatin (Table 2). Both cisplatin-
sensitive revertants showed a partial restoration in
their drug sensitivity to cisplatin and cellular accumu-
lation of cisplatin in their respective drug-sensitive
parental counterparts (Table 2).

FIG. 2.

Mapping of the gene region encoding human cMOAT2 by FISH. Human metaphase spreads were hybridized with cMOAT2 cDNA

probe. Arrows, fluorescence signals on the R-banded metaphase chromosomes. Based on observations of more than 20 spreads, a band is

identified at 17g22.
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FIG. 3. Northern blot analysis. Human multiple tissue northern
blots were probed with human cMOAT2/MRP3 and GAPDH cDNA
probe. Arrow, the position of the cMOAT2/MRP3 transcript.

Northern blot analysis with specific cDNA probes of
MRP1, cMOAT1/MRP2 and cMOAT2/MRP3 showed that
the human cMOAT2/MRP3 gene was not overexpressed
in both KB/KCP-4 and P/CDP5 compared to their paren-
tal drug-sensitive counterparts, KB and PC-3, and also
that cellular mRNA levels of cMOAT2/MRP3 were not
decreased in the revertant cell lines (Fig. 4). MRP1
MRNA levels were similar in all three cell lines derived
from KB and PC-3. In contrast, the human cMOAT/
MRP2 gene was expressed in KB and PC-3, but markedly
decreased in their cisplatin-resistant cell lines, KB/
KCP-4 and P/CDP5 (Fig. 4). Although cellular mRNA
levels of cMOAT2/MRP3 were similar between KB/
KCP-4 and KB/KCP-4R, cMOAT2/MRP3 gene were over-
expressed in P/CDP5-R cells in comparison with PC-3
and P/CDP5 (Fig. 4 and Table 2).
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DISCUSSION

During characterization of the human ABC super-
family genes using the expressed sequence tags data-
base, Allikmets et al. identified 21 new ABC genes includ-
ing genes for transporters related to MRP1 (29). We ob-
served an EST with an identical amino acid sequence on
the C-terminal region of the cloned cMOAT2/MRP3
gene. In our present study, we isolated a full length
human cMOAT2/MRP3 cDNA which was a homologue of
the human MRP1 and human cMOAT1/MRP2 gene.
cMOAT2/MRP3 is composed of 1527 amino acids contain-
ing two ATP-binding cassette regions with Walker mo-
tifs. The cMOAT2/MRP3 gene as well as MRP1 and
cMOAT1/MRP2 genes had about 40% homology with the
yeast cadmium factor gene, YCF1 (data not shown), sug-
gesting that cMOAT2 gene belongs to the GS-X pump
family genes including MRP1, cMOAT1/MRP2 and YCF1
genes within the ABC transporter superfamily.

The human MRP1 and human cMOAT1/MRP2 genes
have been mapped to chromosome 16p13.1 and chro-
mosome 10924, respectively (13, 14). In contrast, the
cMOAT2/MRP3 gene was located at chromosome
band 17g22. These facts demonstrated that there is no
cross hybridization among MRP1, cMOAT1/MRP2 and
cMOAT2/MRP3 genes, suggesting that cMOAT2/
MRP3 is a single gene on the human chromosome.
Expression of the cMOAT2/MRP3 was high in liver,
and to a less extent in colon, small intestine and pros-
tate, consistent with the previous study (15). Immuno-
histochemical analysis and/or RNA in situ hybridiza-
tion analysis should be required for determination of
exact localization of cMOAT2/MRP3 in human tissues.

Kool et al. (1997) have reported expression of MRP
family genes in cisplatin resistant cell lines from var-
ious human tumor types (15), but the underlying mech-

TABLE 2
Comparison of Cisplatin Accumulation, Drug Resistance, and Expression of MRP1, cMOAT1/MRP2, and cMOAT2/MRP3

Relative cisplatin

Cisplatin accumulation

Expression of ABC transporter®

Cell lines resistance® (%)° MRP1 cMOAT1/MRP2 cMOAT2/MRP3
KB 1 100 1 1 1
KB/KCP-4 25 13 1.3 0.1 1
KB/KCP-4R 4 93 1.4 1 2.1
PC-3 1 100 1 1 1
P/CDP5 23 18 1.1 0.3 1
P/CDP5-R 4 71 1.1 0.9 3.0

2 Relative resistance to cisplatin was presented when 1C90 for the resistant line and its drug-sensitive revertant were normalized by that
for each parental KB and PC-3. Cell survival curves for each cell line were determined by colony formation assay. The data were comparable

to previous reports (23, 24).

b Cellular platinum content was determined by atomic absorption spectrophotometer. 100% corresponds to 120+ pmol/10° cells in KB and
80+ pmol/10° cells in PC-3 when incubated for 120 min with 20 uM cisplatin.

¢ mRNA levels: Northern blot analysis shows various levels of mMRNA of three ABC transporter genes. Cellular mRNA levels of each ABC
transporter in drug-resistant lines and these drug-sensitive revertants were normalized by those in their wild-type parental counterparts.
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cMOAT2/MRP3

GAPDH

FIG. 4. Comparison of MRP1, cMOAT1/MRP2, and ctMOAT2/MRP3 mRNA levels in drug-sensitive parental, cisplatin-resistant, and
cisplatin-sensitive revertant cell lines from human head and neck cancer KB (A) and human prostatic cancer PC-3 (B) cells. Various parental,
cisplatin-resistance and revertant cell lines were analyzed using the MRP1, cMOAT1/MRP2 and cMOAT2/MRP3 cDNA probes, respectively.
GAPDH probe was used for control. Arrows indicates major transcription products.

anisms for cisplatin resistance in these cell lines are
under pleiotropic controls including drug retention, de-
toxification through glutathione, DNA damage repair
and ATP dependent efflux. In this study, we also ex-
amined expression of the cMOAT2/MRP3 gene in cis-
platin resistant cell lines with decreased cisplatin ac-
cumulation, including human head/neck cancer KB
and prostatic cancer PC-3 cell lines. KB/KCP-4 and
P/CDP5 that do not overexpress Pgp or MRP1 show
enhanced active ATP-dependent efflux of cisplatin. A
cell-cell hybridization test indicated that both the drug
resistance and the accumulation defect found in KB/
KCP-4 cells are dominant traits (10), suggesting the
existence of an active efflux system for cisplatin in
KB/KCP-4 cells. Establishment of cisplatin-sensitive
revertants thus appeared to be resulted in partial res-
toration of drug sensitive phenotype in both drug sen-
sitivity and cellular drug accumulation (Table 2). In
comparison with parental KB and PC-3 cells, the cel-
lular levels of cMOAT2/MRP3 mRNA were not in-
creased in KB/KCP-4 and P/CDP5. Kool et al. (1997)
also reported no overexpression of cMOAT2/MRP3
gene in KB/KCP-4 cells(15). Moreover, cMOAT2/MRP3
gene was not decreased in their drug-sensitive rever-
tants, KB/KCP-4R and P/CDP5-R with the partial res-
toration of both cisplatin sensitivity and cellular accu-
mulation of cisplatin (Table 2). The presence or
absence of cMOAT2/MRP3 might not be critical for
limiting cisplatin resistance and cellular accumulation
of cisplatin, possibly through its ATP-dependent efflux
activity in these cisplatin-resistant cell lines.

Taniguchi et al. (1996) reported enhanced expression
of cMOAT1/MRP2 in KB/KCP-4 cells (14), but the se-
quence of the probe employed in the previous study
could be highly homologous to other ABC transporter
superfamily genes. Human hepatic cancer cell lines
transfected with antisense cMOAT1/MRP2 showed an
increase in both sensitivity to cisplatin and drug accu-
mulation (22), suggesting that cMOAT1/MRP2 and its
related ABC transport family genes could be involved
in sensitivity to cisplatin and its cellular accumulation.
We observed that Chinese hamster ovary cell lines and
pig kidney cell lines overexpressing human cMOAT1/
MRP2 acquired a slightly increased drug resistance to
cisplatin with a decrease in cisplatin accumulation
(Kawabe et al., unpublished data), suggesting that
cMOAT1/MRP2 gene might have a partial role in lim-
iting drug sensitivity to cisplatin. However, in our
present study, we could not observe any specific change
in cellular levels of the cMOAT2/MRP3 mRNA in cis-
platin resistant cancer cell lines with decreasing drug
accumulation. Further study should be required to de-
termine which ATP dependent efflux pump has a crit-
ical role in the outward ATP transport of cisplatin in
these cancer cell lines, and also if transfection of
cMOAT2/MRP3 cDNA could change drug sensitivity to
cisplatin and other anticancer agents.
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