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Abstract

By targeting the ATP binding conserved domain in three ATP binding
cassette superfamily proteins (P-glycoprotein, multidrug resistance pro-
tein, and cystic fibrosis transmembrane reguiator), we isolated the cDNA
of a new ATP binding cassette superfamily that was specifically enhanced
in a cisplatin-resistant human head and neck cancer KB cell line. A human
clone homologous to rat canalicular multispecific organic anion trans-
porter (¢(MOAT) was found and designated human cMOAT. Fluorescence
in situ hybridization demonstrated the chromosomal locus of the gene on
chromosome 10g24. The human ¢MOAT cDNA hybridized a 6.5-kb
mRNA that was expressed 4- to 6-fold higher by three cisplatin-resistant
cell lines derived from various human tumors exhibiting decreased drug
accumulation. Human cMOAT may function as a cellular cisplatin trans-
porter.

Introduction

Acquirement of drug resistance by tumor cells is frequently ob-
served in cancer patients receiving chemotherapeutic treatment. Two
ABC? proteins, the M, 170,000 Pgp and the M, 190,000 MRP, are
known to confer multidrug resistant phenotypes to cancer cells (1-3).
Although the primary structures of Pgp and MRP share only 15%
amino acid homology (4), both Pgp and MRP are involved in drug
resistance to a similar profile of chemotherapeutic agents that include
anthracyclines, vinka alkaloids, and epipodophyllotoxins (1-3). By
contrast, cancer cells that overexpress Pgp or MRP do not show
cross-resistance to platinum-containing compounds, alkylating agents,
and antimetabolites (1-3). MRP-transfectant cells show resistance to
anthracyclines, vinka alkaloids, epipodophyllotoxins, and heavy metal
anions but are sensitive to platinum-containing compounds (5, 6).
However, MRP can transport the cysteinyl leukotriene C4 and other
glutathione conjugates (7-9), suggesting that MRP may be a gluta-
thione-conjugate transporter.

Of the platinum-containing compounds, cisplatin is a potent anti-
cancer agent that has been widely used to treat various malignant
tumors, including testicular, head and neck, esophageal, lung, ovarian,
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and bladder cancers. However, clinical application of long duration is
often limited because of the development of cisplatin-resistant tumors.
To further improve the chemotherapeutic efficacy of this potent
anticancer agent, we must understand the mechanisms that control
sensitivity to cisplatin (10, 11). Cisplatin accumulation is decreased in
many specific cisplatin-resistant cells (12-14), and the ATP-depend-
ent active outward efflux of cisplatin is enhanced in both cisplatin-
resistant human epidermoid cancer KB and human prostatic cancer
PC-3 cell lines (12, 14).

Because the overexpression of two ABC-superfamily genes,
MDR1/mdrl (15) and MRP (4, 5), is closely associated with Pgp- and
non-Pgp-mediated multidrug resistance, we initially isolated other
genes belonging to the ABC superfamily to explain the decreasing
cellular accumulation of cisplatin by tumor cells. Specifically, we
targeted the ATP binding domain conserved in MDRI, MRP, and
CFTR genes in the present study and compared the difference in
mRNA from both cisplatin-sensitive and -resistant cells. In this study,
we isolated full-length human cMOAT cDNA that is highly homol-
ogous to rat cMOAT (16), a homologue of the human MRP gene. We
will also discuss a possible correlation between human cMOAT and
cellular cisplatin accumulation.

Materials and Methods

Cell Lines. Cisplatin-resistant cell lines were derived from various drug-
sensitive parental counterparts: T24/DDP10 from human bladder cancer T24
cells (13); P/CDPS from human prostatic cancer PC-3 cells (12); and KB/
KCP4 from human head and neck cancer KB cells (14, 17). Etoposide/
teniposide-resistant KB/VP4 cells were derived from KB cells (18). 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 (Sera-lab, Sussex, United Kingdom), Bactopeptone (1 mg/ml; DIFCO
Laboratories, Detroit, MI), glutamine (0.292 mg/ml), kanamycin (100 mg/ml),
and penicillin (100 units/ml).

¢DNA Cloning. Total RNA was isolated from KB/KCP4 cells and 1-2 ug
were then reverse-transcribed using molony muline leukemia virus reverse
transcriptase (Life Technologies, Inc., Gaithersburg, MD). The resulting
cDNA was used as a template for PCR using various primer combinations. In
both nested PCR and heminested PCR, cDNA was reacted with the outer
primer pairs (C1; Fig. 1A), and an aliquot of the reaction product was then
reamplified with the inner primers (C2, C3, and C4). The primer sequences
used for C-series PCR are shown in Fig. 1B, and the expected sizes of PCR
products are shown in Fig. 1A. PCR cycle temperatures and times were 94°C
for 30 s, 50°C for 30 s, and 72°C for 30 s for a total of 35 cycles for all
reactions. The PCR products were subcloned in pMOSBIlue vector (Amer-
sham, Buckinghamshire, United Kingdom) and sequenced. The overlapping
c¢DNA clones were obtained by screening a Agtll HeLa cell cDNA library
(Clontech, Palo Alto, CA), a pPCMVSPORT human kidney cell cDNA library
(Life Technologies, Inc.), and a Azapll human liver cDNA library with the
cDNA probe. All overlapping cDNA clones were subcloned into the pUC18
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Fig. 1. A, schematic representation of primer positions and the nested PCR strategy. Top, the conserved amino acid sequence of the ATP binding region. CI-C4, primer pairs for
PCR and the expected product sizes. B, the sequence of primers used for nested PCR. C. gel electrophoresis of PCR and nested PCR reaction products. Arrow, 204-bp C4 primer pair

products.

plasmid. 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
373S; Applied Biosystems). Data were analyzed using GeneWorks software
(IntelliGenetics, Mountain View, CA).

Genome DNA Cloning. The EMBL3 human placenta genome DNA li-
brary (19) was screened by the previously described method for cDNA library
screening. The clones were used for FISH analysis.

Northern Blots. A human multiple tissue Northern blot was commercially
obtained (Clontech), and total RNA was extracted from exponentially growing
cells by the acid guanidinium thiocyanate-phenol-chloroform method (20).
RNA (20 ug) was subjected to electrophoresis in a 1% agarose gel containing
2.2 M formaldehyde and then transferred to a nylon membrane (Hybond N™;
Amersham). The filters were hybridized with a **P-labeled cDNA probe in a
solution containing 50% deionized formamide, 10 X Denhardt’s buffer,
5 X SSC [1 X SSC = 0.15 M NaCl and 0.015 M sodium citrate (pH 7.0)], and
0.1% SDS for 24 h at 42°C and then washed twice in 42°C 2 X SSC containing
0.1% SDS. The amount of human cMOAT encoding mRNA was quantified
with a Fujix BAS 2000 image analyzer (Fuji, Tokyo, Japan).

FISH Analysis. Probe labeling and in situ hybridization were performed as
described previously (21). Briefly, chromosome spreads were obtained from
phytohemaggulutinin-stimulated blood lymphocytes of a healthy donor after
thymidine synchronization and bromodeoxyuridine incorporation. Genomic
DNA fragments were labeled with biotin-16-dUTP (Boehringer Mannheim,
Mannheim, Germany) by nick translation. In situ hybridization was performed
in the presence of the COT-1 DNA (Life Technologies, Inc.) competitor.
Hybridized probes were detected with FITC-conjugated avidin (Boehringer

Mannheim). Chromosomes were counterstained with 0.2 mg/ml propidium
iodide for R-banding. Fluorescence signals were analyzed using a Zeiss Ax-
ioskop epifluorescence microscope equipped with a cooled Charge Coupled
Device camera (model PXL 1400; Photometrics, Tucson, AZ). Image acqui-
sition was performed on a Macintosh Quadra 840AV computer using the
IPLab™ (Signal Analytics, Vienna, VA) software. The images were then
pseudocolored and merged using Adobe Photoshop™ 2.5J (Adobe Systems
Japan, Tokyo, Japan). FITC and propidium iodide images were colored white
and gray, respectively. The merged FITC and propidium iodide images were
directly printed using a Fuji Pictrography 3000 output device.

Results and Discussion

Human MDR1, MRP, and CFTR have been identified as members
of the ABC transporter superfamily (4, 22). The similarity of these
three genes resides predominantly in two ATP binding domains.
Based on their homology, we designed highly degenerate C-series
primers (Fig. 1A). We also designed PCR primer mixtures ranging in
complexity from 64 to 128. We used the C series of primer sequences
(Fig. 1B) because we could not produce PCR products of expected
size when another series of primer pairs were used. The results
obtained for C-series primer pairs show that nested PCR amplification
of a unique band from primary amplification products contains several
bands (Fig. 1C). The PCR products were subcloned, and 43 transfor-
mants were subsequently sequenced. Among these clones, only 10
had 5’ and 3’ primer sequences at opposite ends. The sequences of

4125

220z isnbny pg uo ysanb Aq ypd-yZ L #81095040/69€ L 9¥Z/VZ | 7/81/9G/sPd-al0E/SB1180UED/BI0" S[eLINOlIoR.)/:d)Y WOl papeojumOoq



CISPLATIN RESISTANCE AND HUMAN cMOAT
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human cMOAT LE S- ---TFjssF -LDsPEAPLP JVLVW HPLGFFWiLA PhQLLHvYKs RTKRSSTFRL YL FvGF L AAIE[} LvLTEpPseQa 94
rat cMOAT -D S- ---TFNPLSL -LESPEApLP QFVLVW HPLGF| LA QLYSVYRS RTKRSSIFKF YL FVVF AAID LAL TGQA 93
human MRP LRGFCEAD GSDPLIpWNV TWNTSNPPFT NFVLVH 'a FYLWACF [PFYFLYLSRH DRGYI NKTKFALGFL /cmnﬂ YSFMERSRGI 100
human CMOAT TvPARYTN LG LVIQYSRQNC VQKNBJFLSL LsILEPT FQFQTLERTL heoNshLaY scL-FFisve FQILI[}Fsa NNESSNN 193
rat cMOAT TVPPYRYTN LC LAVQHSRQNC VRKNSFFLSL LSVLE§V FQFQTLERAL RLKDSKSNMAY SYL-FFVSYG FQIVLLELTA PSDSTQT 192
human MRP FLAPVFLYS 61 TFLIQLERRK GVQSEEIMLY VALVEAL AILRSKEWTA LKEDAQVOLF RDITFYVYFS LLLIQLJLSC RSPLFSE 200

human cMOAT PSSIASFLSS ITYPNYDSII LKGYKRPLTL EDVWEVDEEM KTKTLVS HMKRELQKA RRALQRRQE; SQQNSGARL PGLNKNQPQS QDALVLEDVE 293
rat cMOAT PSVTASFLSS ITFBNYDRTV LKGYKHPLYTL EOVWDIDESF KTRSVTS AMTKDLQKA RQAFQRRL! QR-KPEATL HGLNKKRPQS QOVLVLEEAK 291
human MRP TIHOPNPCPE SSABFLSRIT FW-WITGLIV RGYRQPLESS DLWSL-N TSEQVVPVL VKNWKKEC, RKQPVKVVY SSKDPARPKE SSKVDANEEV 297

human cMOAT KKKKKSGTK PKS! LFK Ll LKEVN FTFYSPQLt KLLI»-’}SDR DTYL A AALT FCLRC LGYKVR 393
rat cMOAT KKSEK--TT YPKS! Ii I FELKLIH LVFENPQRE KLLIBFYKSS NS A VTLI FCLRS LGMCVR 389
human MRP EALIVKSPQ -NPS ! PYF F PJIH GPQEL KLLIKFYNDT KAPI TACL IK 396
human CcMOAT IMASVYRK ALFLS| RK Vi L TNFMHML| VIRQEVL$IF EL GP :'" ILST KT NMK 493
rat cMOAT MSSI LS, R YNL MSVDBRKL TNYMQL VIRET|$IF E| e VLAT RN L 489
human MRP VIGAY] I 3 NL MSVDARRF ATYINMI PLRYILALY 1 VMA KT’ HW 496
human cMOAT N 3 AWEPSFROD LRKK] ' AFSQ CVVIFYFQL N FNILRFP 593
rat cMOAT p PSFQE IRKK ) RFGQ SLLIFELQI VV| A FNILRFPL 589
human MRP AFKD AIRRE KSAY AVG C LC| N FNILRFPL 596
human CcMOAT S! R ERL EKYLEGDD TSAKF-REDC NFD--KAMQF S HD SEATTYRDVNL 689
rat cMOAT S| T R DR RY}-EGDD| TSAKF-RAVS NFD--KAVKF § PD LEATEQDVNL 685
human MRP N I R KRL RIFLBHEE PDSKERRPVK DGGGTNSITY R RS DPPITLNGITF 696
human cMOAT T QQ TIKD LFGFEFNEKR LERCAL LPDLI P GEKG. L5GGQK LARAF¥RNL P LpOPLS 789
rat CcMOAT T YYPQQ! IQNETIKDNI LFGBEYNERK KRCAL LPOLE IGEKG LSGGQKQR LARARVDDA P LpDPLS 785
human MRP A YVPQQ TQNDPSLRENI LFGEQLEEPY 04 CAL LPOLE IGEK LSGGQKQR LARAYYBNA DIYLFPOPLS 796
human cMOAT VDAHVGKHI GKTREL' PMHFLPQVD GN| 3.‘ SYBALL NL LRHTGP TVHDGSE EEDODYELIS 889
rat cMOAT VDAHVGKHI F| GKTRYF' INFLPQVD 6K .3.‘ SYRDLL P NN MKHSGP TVNNDSE AEDDDDGYIP 885
human MRP VDAHVGKHI TRYL' BMSYLPQVD G| FEMGSYRELL MR FL ---AST| AEENGV TGVSGPRI-K 391

Y

<Nno

Y

x
o

!rr—r—!

human cMOAT SVEEIPEDAA SITMRRENSF S NGRHLKSLRN PLKTRNVNSL [KEDEEL VKGQ KLEKKVFID [VKrp E FSI FFIILAFVI 989
rat cMOAT TMEEIPEPAA SLAMRRENSL S SSRRGKSLKN SLKIKNVNVL KEKEKEVEGQ KULEKKEFVE K b K SI LFIILFYGL 985
human MRP EAKQM-EFGM  LVTDSAGKQL Y SG---DISRH HNSTAELQ-- K EAKKEETW KLMEADKAQ R p ] FIS FLSEFLFMC 985S

human CcMOAT FIGPNLY NTPPIKI YPASQ R GYTEA LGLARGIFVF IAHFWSAFGF LHEQ ELRAPM HFFDTRP INNRFEGDIS 1089
rat cMOAT FIGH LSp DDN NSSSH Rl GVYFEA LGLARGIfLL ISTLWSIYAC H ! PM FFFD ! pGDIS 1085
human MRP ALAp LS pDP-I ---EH TKVRLSYTEA LGESRGIAVF GYSMAVSIGG [H ) PM N R] PKELD 1081
human CMOAT VOPTLPOSL GSWITCFLGI ISTLV FTEIYIP LEIINYS FYVBTBRQL! REP b S PV] | rKMNEVR 1189
rat cMOAT DLLPOTL RSWMMCFFGI AGTLYVI FARITIP LEILKESYQ TERQL Kp BETYT PI FLAWNEKQ 1185
human MRP DEMIPEVI KMFMGSLFNV IGACIVELL AALILP LINFFYQ SPRQL pPREP L SVI FFHQSDLK 1181
human cMOAT ISJ VFS RNLA] R FS GD VLENAL BT v v KV| N APWEVTDK 1288
rat cMOAT PH VFS RWLAY RiEH CSALEL G VLBENAL#1 NWLVR TNIVAV ERESEY[NV N APW}-VTDK 125
human MRP DH YYP RWLAY R I F A AGL SVEY S|V NWLVR TNIVAV E ETE KEAPWRIQET 1281
human CMOAT RPPPDNPRK I YRP y CDE S| VGRTGA GKSSLTNC DGpDI DLREKL Q! 1388
rat cMOAT RPPRDNPRH I RP CNEESG FGRTGA GKSSLTNCLF RI| IIDGEDVASE GLHDLRERLF IIPQDP| 1384
husan MRP RPPE SHPQV Ll NGG| FGRTGA GKSSLTLGLF RI| I11DG| '"_' GLHDLREXIF IIPQDI 1381
human CcMOAT Sk VESLRLGESH L LD vD D Q NEF BH 1488
rat cMOAT SLRMNLDPF SOEE ELAHLRS p LGLLS LS QRQLLEL RKPKIL VLDEATAAVD LETD K TV 1484
human MRP SLRMNLDPF SDEE! ELAHLKDI FALPDK{ DH LS QRQLYEL RKFKIL VLDEATAAVD LETDp TQFEDETV 1481

human cMOAT | R MDE DK' 154S
rat cMOAT | DB DK X 1541
human MRP DY TRVI 1531

Fig. 2. A, schematic representation of overlapping cDNA clones. These cDNA clones encompass the coding region for human cMOAT. B, comparison of amino acid sequences of
human ¢cMOAT, human MRP (HUMMRPX), and rat cMOAT. Boxes, amino acid identity. Amino acid differences are shown in their corresponding positions. Dashes, gaps that are
introduced to maximize identity.
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Fig. 3. Mapping of the gene region encoding
human ¢cMOAT by FISH. Four genomic clones
were isolated using a cDNA probe and subjected to
FISH analysis. Arrowheads, fluorescence signals
on the R-banded metaphase chromosomes. Based
on observations of more than 10 metaphase chro-
mosomes, a band is identified at 10q24.

five clones were identical to those of MRP, and four clones had
unrecognized sequences with no homology to sequences in the Gen-
bank database. One clone, pATP2-28, showed homology with MRP
(4) and, more significantly, with rat cMOAT (16). Therefore, we
tentatively designated this product human cMOAT. Screening of the
human cervical cancer HeLa cell cDNA library, the human kidney cell
cDNA library, and the human liver cDNA library with a 207-bp
ATP2-28 and walking probe allowed the isolation of overlapping
cDNA clones (Fig. 24). Sequencing each of these clones revealed an
open reading frame coding for 1545 amino acids that showed 46%
similarity to that of human MRP (Fig. 2B). The EMBL3 human
placenta genomic DNA library was also screened, and several positive
clones were identified and then used for FISH analysis, revealing
positive signals at 10q24 (Fig. 3). Because human MDRI, CFIR, and
MRP genes are localized on 7q21.1, 7q31, and 16p13.12-13, respec-
tively (4, 23, 24), the human cMOAT gene seems to be different from
these other genes.

Multiple-tissue Northern blot analyses with the C5-1 cDNA probe
revealed that human ¢ctMOAT mRNA was expressed in liver but
undetectable in other tissues (Fig. 4A4). The tissue profile of human
cMOAT expression was identical to that of rat cMOAT expression.
TR™ rats, an animal model of the Dubin-Johnson syndrome, are
defective in cMOAT, which mediates the hepatobiliary excretion of
numerous organic anions including glutathione S-conjugates. We have
previously reported that cellular cisplatin accumulation was markedly
decreased in the cisplatin-resistant human head and neck cancer KB
cell line KB/KCP4 (14), the cisplatin-resistant human prostatic cancer
PC-3 cell line P/CDPS (12), and the cisplatin-resistant human bladder
cancer T24 cell line T24/DDP10 (13). The transport of leukotriene C4
in membrane vesicles prepared from cisplatin-resistant KB/KCP4
cells was facilitated by an ATP-dependent pump that seemed similar
to the GS-X pump (17). Therefore, we examined whether expression
of the human cMOAT gene was enhanced in these drug-resistant cell
lines exhibiting decreased cisplatin accumulation. Human cMOAT
mRNA was overexpressed 4.0- to 6.0-fold in all three cisplatin-
resistant cell lines as compared to their parental drug-sensitive coun-

terparts (Fig. 4B). In contrast, human cMOAT gene expression was not
enhanced in KB/VP4 celis that overexpress the MRP gene (Fig. 4, C
and D). The KB/VP4 cell line, derived from KB cells resistant to the
epipodophyllotoxin anticancer agent etoposide, had a multidrug re-
sistance phenotype and exhibited decreased drug accumulation (18).
The size of the human cMOAT mRNA was estimated to be about 6.5
kb (Fig. 4B), similar to that of MRP mRNA (Ref. 4; see Fig. 4D) but
larger than the 4.5-kb human MDR1 mRNA.

We isolated human cMOAT cDNA by targeting the ATP binding
domain conserved in three human ABC superfamily genes [MDRI
(P-gp), MRP, and CFTR] and found human cMOAT was a homologue
of human MRP (4) and the recently described rat cMOAT gene (Ref.
16; see Fig. 2). Mayer et al. (25) have reported that the absence of
MRP or its isoform from the canalicular membrane is the basis for the
hereditary defect of the hepatobiliary excretion of anionic conjugates
in the TR™ rat model of human Dubin-Johnson syndrome. Paulusma
et al. (16) have reported selective expression of rat cMOAT by liver
hepatocytes as well as reduced mRNA levels in the TR™ rat. Expres-
sion of human cMOAT was observed in liver but was not detectable
in other tissues, suggesting that human cMOAT may mediate the
hepatobiliary excretion of numerous organic anions and that human
c¢cMOAT mutation may result in the Dubin-Johnson syndrome. We are
now exploring this possibility in human patients.

Expression of human cMOAT was enhanced in cisplatin-resist-
ant human cancer cell lines with decreased cellular cisplatin accu-
mulation but was not enhanced in lines with normal levels of drug
accumulation. We have previously reported that two cisplatin-
resistant lines, KB/KCP4 and P/CDPS5, that do not overexpress Pgp
or MRP show enhanced active ATP-dependent efflux of cisplatin
(12, 14). We also demonstrated by a cell-cell hybridization test that
both the drug resistance and the accumulation defect found in
KB/KCP4 cells are dominant traits (14), suggesting the existence
of an active efflux system for cisplatin in KB/KCP4 and P/CDP5
cells. Ishikawa et al. (26) have suggested that an ATP-dependent
pump may function to transport glutathione-conjugates (GS-X
pump). Ishikawa and Ali-Osman (27) have additionally reported
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Fig. 4. Northern blot analysis. A, human multiple tissue blots were
probed with human cMOAT C5-1 cDNA fragment (see Fig. 2A). B, various
parental and cisplatin-resistant cell lines were analyzed using the same
probe. Northern blots of KB and KB/VP4 cell lines were probed with
human cMOAT (C) and MRP (D). C D
285 - 28S -
18S ~ 18S -
GAPDH» GAPDH»
that the GS-X pump may effuse glutathione-conjugated cisplatin  Acknowledgments

from L1210 murine leukemia cells. Cisplatin molecules were
found to interact very quickly with two glutathione molecules in
growing mammalian cells (28). It remains unclear whether human
cMOAT is closely coupled with the activity of the glutathione-
conjugated cisplatin pump.

On the other hand, MRP functions as an ATP-dependent export
pump not only for glutathione conjugates but also for glucu-
ronidated and sulfated endogenous as well as exogenous com-
pounds, including various anticancer agents (29). However, all
three cisplatin-resistant lines derived from KB, PC-3, and T24 cells
do not overexpress MRP (12-14), and cancer cell lines that over-
express MRP, including KB/VP4 cells, are not cross-resistant to
cisplatin (5, 6, 18). It is thus unlikely that MRP is involved in
intrinsic or acquired cisplatin resistance due to decreased drug
accumulation. Further studies using human cMOAT cDNA trans-
fection will confirm that human ¢cMOAT is directly involved in
cisplatin resistance and can serve as a multispecific organic anion
transporter. Transfection of the complete human cMOAT cDNA is
in progress in our laboratory.

We thank Yukiko Mine of our laboratory for preparing this manuscript. We
thank Mayumi Ono (Kyushu University) and Hiroshi Taguchi (Mie Univer-
sity) for fruitful discussion.
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