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Abstract
The human cMOAT gene encodes a membrane protein involved in the
ATP-dependent
transport of hydrophobic compounds. To determine
whether cMOAT is associated with drug sensitivity, we transfected an
expression vector containing cMOAT antisense cDNA into the HepG2
human hepatic cancer cell line. We observed a reduction in cMOAT
protein, as well as an enhanced level of glutathione, in the antisense
transfectants. The transfectants displayed an increased sensitivity to cisplatin, vincristine, doxorubicin, and the camptothecin derivatives, (45)4,ll-diethyl-4-hydroxy-9-[(4-piperidinopiperidino)carbonyloxy]dione
hydrochloride triethydrate and 7-ethyl-10-hydroxycamptothecin,
but not to
etoposide, 3-[4-amino-2-methyl-5-pyrimidinyl)methyl]-l-(2-chloroethyl)1-nitrosourea, 5-fluorouracil, and mitomycin C. Results suggest that
cMOAT levels are inversely correlated with those of glutathione, and that
cMOAT and its related genes may be involved in the sensitivity of cells to
certain anticancer agents.

Introduction
The acquisition of MDR3 by cancer cells is thought to play a critical
role in the resistance of tumors to multiple anticancer agents (1-3).
Many of the natural anticancer drugs, including the Vinca alkaloids
(vincristine and vinblastine), anthracyclines (doxorubicin and daunomycin). colchicine, taxols, and epipodophyllotoxins (etoposide and
teniposide), induce the overexpression of a membrane glycoprotein,
Pgp. encoded by the MDRI gene. This results in a decreased accu
mulation of drug and the acquisition of the MDR phenotype. Pgp is an
integral membrane glycoprotein of MT 170.000 that binds to anticancer agents, effluxes them from the cells, and is distributed in the colon,
small intestine, adrenal gland, kidney, and liver (1,2). MRP is another
well-characterized Mr 190,000 integral membrane protein associated
with the acquisition of the MDR phenotype (3, 4). Introduction of
MRP cDNA into cells induces enhanced resistance to etoposide,
anthracyclines, and Vinca alkaloids (5). MRP and Pgp confers similar
patterns of sensitivity against various naturally occurring anticancer
agents. However, the tissue-specific expression and intracellular dis
tribution of both MRP and Pgp differ (3, 4). Consistent with these
findings, MRP and MDRI cDNAs exhibit a relatively low homology
(3, 4).
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It has been shown that cMOAT activity mediates the ATP-depend
ent transport of various hydrophobic anionic compounds in liver
canalicular membranes and other tissues (6). The finding that MRP
can transport the cysteinyl leukotrienes (e.g., LTC4), as well as other
GSH conjugates (7-9), suggests that this protein may be a GSH
conjugate/organic aniÃ³ntransporter. MRP confers resistance to heavy
metals that interact with GSH (5) and transports oxidized GSH,
steroid glucuronides, and bile salt derivatives (3). The spectrum of
hydrophobic anionic compounds transported by the cMOAT resem
bles that of MRP (6). The expression of cMOAT is decreased in
Dubin-Johnson syndrome model rats (10-12), which are defective in
the transport of a number of conjugates including LTC4 and the
glucuronides of bilirubin and thyroxine (13). These findings suggest
that MRP may be one of several transporters that contribute to
cMOAT activity. Both rat and human cMOAT cDNAs have been
shown to be highly homologous to human MRP cDNA (10-12, 14).
Similar pharmacological features have been reported for the MRPand cMOAT-mediated transport of oxidized GSH, steroid glucu
ronides. and leukotrienes (3, 6). The recent cloning of the rat (10-12)
and human (14) cMOAT genes has demonstrated that cMOAT and
MRP are different genes that are located on different chromosomes.
Both are expressed in the liver (10-12, 14), with cMOAT being
localized to hepatocanalicular membranes and MRP found in the
basolateral sides of liver cells (15).
Although we had previously observed that an increased expression
of cMOAT'm cisplatin-resistant lines derived from human cancer cells
that showed decrease in drug accumulation (14), it is not clear whether
cMOAT is specifically associated with a sensitivity to cisplatin or
other anticancer agents. We now tested this possibility by introducing
cMOAT antisense cDNA into cancer cell lines to determine the effect
on drug resistance.
Materials and Methods
Drugs and Chemicals.

Cisplatin was donated by Bristol-Myers Squibb

K.K. (Kanagawa. Japan). Doxorubicin. vincristine. and colchicine were from
Sigma Chemical Co. (St. Louis. MO). Etoposide. 5-FU, and mitomycin C were
obtained from Nippon Kayaku Co. (Tokyo. Japan) and Kyowa Co. (Tokyo.
Japan), respectively. CPT-11 and SN-38 were donated by Yakult (Tokyo.
Japan), and ACNU was obtained from Sankyo (Tokyo, Japan). Lipofectin and
geneticin (G418) were purchased from Life Technologies. Inc. (Bethesda.
MD).
Cell Culture and Cell Lines. The human hepatic cancer cell line. HepG2
and its cMOAT antisense transfectants and the human epidermoid cancer cell
line. KB. and its vincristine-resistant
(KB/VJ300) and etoposide-resistant
(KB/VP-4) subclones were cultured as described previously (16).
Construction of Antisense cMOAT Expression Vector. Lambda phage
clone L3 was digested with Noll and Psil to isolate an 805-bp fragment
containing 770 bp of coding sequence and 35 bp of the 5' noncoding fragment
sequence. After ligation of Sail linkers, the fragment was subcloned into the
Siili sites of the pBact-S' vector (17). which was used to transform competent
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clones were ana-

ly/ed for the orientation of their inserts by restriction site mapping.
Transfection with cMOAT Antisense Expression Vector. Exponentially
growing HepG2 cells (5 X IO6) were washed with PBS and placed in
serum-free medium. A mixture of 50 fig of Lipofectin. 10 /ig of cMOAT
antisense expression vector, and l /ig of pSV2-neo DNA was added for 12 h,
after which fresh medium was added. The cells were incubated in selection
medium (i.e.. containing 400 /ig/ml G4I8) for 3-4 weeks. Two stable trans-

kDa

201 - â€”¿
Â«.*.

fectants. which also showed reduced cellular cMOAT levels, were selected
among the G418-resistant clones. As a control, we used a G418-resistant mock
transfectant

- cMOAT

that had cellular cMOAT levels similar to those in the parental

HepG2 cells.
Production of GST-cMOAT
Fusion Proteins. A full-length human
t M(M7~cDNA was digested with Mun\ and EcoRl. The 351-bp fragment was

117-

suhcloned into the Â£<oRl site of pGEX-4T expression vector (Pharmacia.
Uppsala. Sweden). The resulting GST-cMOAT fusion proteins were expressed
in E. coli and purified with glutathione-Scpharose
beads (Pharmacia) accord
ing to the manufacturer's protocol.

- MRP

Production of Human cMOAT Antibodies. Antibodies directed against
human cMOAT were elicited by synthetic peptides that corresponded to
unique sequences at the linker region. The linker region peptide. DYGLISSVEE1PEDAAS. was cross-linked to BSA. and the conjugated peptides were
used for multiple immunization of a New Zealand White rabbit (18). Anti
bodies to cMOAT were affinity purified with the GST-cMOAT fusion pro
teins. A 1:1000 dilution of antibody was able to detect I ng of GST-cMOAT
by dot-blot analysis. This antibody did not cross-react with Pgp or MRP.
Western Blot Analysis. Immunoblot analysis of YB-I. Pgp. MRP. and
cMOAT was performed as described (16). Aliquots of whole-cell lysates (150
/Â¿g)were eleclrophoresed on 7.5% SDS-polyacrylamide gels and transferred
onto Immobilon-P membranes. The membranes were incubated with antiserum
against YB-1 (YBC: Ref. 18). human Pgp (MC6-4). MRP (QCRL-1). or
cMOAT for l h at room temperature and then with horseradish peroxidase-

Fig. I. Western blot analysis forcMOAT.
their derivatives.

pH 7.5) containing |'H]vincristine

MRP. Pgp. and YB-I in KB and HepG2 and

(20 /iM and 0.13 /^Ci/ml) and ['Hjetoposide

lysates were mixed thoroughly with 4 ml of Scintisol EX-H (Waco Chemicals.

in 35-mm dishes in the absence of drugs, and various drugs, freshly prepared
in physiological saline or DMSO. were added 24 h later. After incubation for
7 days at 37Â°C,the number of Giemsa-stained colonies was counted. Control
experiments were performed by adding equivalent volumes of saline or
DMSO. The 909Ã•lethal dose (1C,,,) for each cell line was calculated from the
dose-response curve. Relative resistance was determined in two separate
experiments with three dishes each (16).
Determination of GSH Levels. Intraccllular total GSH was determined by
an enzymatic recycling assay based on the glutathione reducÃ-asemethod (19).
Cellular Accumulation of Vincristine, Ktoposide, and Cisplatin. The
accumulation of vincristine and etoposide was determined as described (16).
Cells (2 X IO5) were plated in 24-well plates and incubated for 48 h at 37Â°C.

Cisplatin (ng/tnl)

-YB-1

(1 /XMand I /iCi/ml). The cells were then washed three times with ice-cold
PBS and resuspended in 400 jil of 0.25 M NaOH at 37Â°Cfor 30 min. The cell

linked second antibody for l h at room temperature. Membranes were devel
oped by chemiluminescence following the ECL protocol (Amersham Interna
tional. Buckinghamshire. United Kingdom).
Drug Resistance of Antisense Transfectants. About IO1cells were plated

The plates were chilled for 15 min. washed twice with ice-cold PBS. and
incubated for 37Â°Cin 200 /il of buffer (serum-free DMEM and 20 mM HEPES.

- Pgp

Osaka. Japan), and the radioactivity was determined. All results were normal
ized to cellular protein.
The intracellular concentration of cisplatin was measured as described (20).
Exponentially growing cells were incubated for 2 h with 100 /UMcisplatin.
washed twice with ice-cold PBS. harvested, and sonicated. Platinum concen
tration was determined by nameless atomic absorption spectrophotometry
(Atomic Absorption Spectrophotometer 180-70; Hitachi. Tokyo. Japan). All
results were normalized to cellular protein.

Results
By Western blot analysis with polyclonal antibody directed against
human cMOAT. we demonstrated the presence of a Mr 19().()()02()().()00 cMOAT protein in the human KB epidermoid cancer cell line
and its vincristine-resistant (KB/VJ3(X)) and etoposide-resistant (KB/

SN-38 (ng/ml)

5-FU (ng/ml)

Fig. 2. Dose-response curve to cisplalin (A). SN-38 (ÃŸ).and 5-FU (O of HepG2 and its sublines. Hach point indicates the average value for two separate experiments with triplicale
dishes. 100^ corresponds to the number of colonies in the absence of any drug.
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VP-4) sublines, as well as in the human HepG2 hepatic cancer cell
line (Fig. 1). To determine whether cellular sensitivity to anticancer
agents was closely associated with cellular levels of cMOAT, we
established cell lines with reduced levels of cMOAT by introducing
the cA/CMTantisense expression plasmid into HepG2 cells. Compared
with HepG2 cells, two G418-resistant clones, HA6 and HA7, had
decreased levels of cMOAT; in contrast, cells transfected with pSV2neo plasmid alone (HV1 ) had the same level of cMOAT as HepG2
cells (Fig. 1). Pgp and MRP were not expressed in HepG2, HV1,
HA6, and HA7 cells (Fig. 1). KB cell lines and HepG2 cell lines had
the same levels of YB-1, human Y-box binding protein, respectively
(Fig. 1).
When we assayed the sensitivity of the HepG2, HV 1, HA6, and
HA7 cells to cisplatin and to the camptothecin derivative, SN-38, we
found that HA6 and HA7 were 5-15-fold more sensitive to the
cytotoxic effect of both drugs than were HepG2 and HV 1 (Fig. 2, A
and B). In contrast, all four cell lines showed similar sensitivities to
the cytotoxic effect of 5-FU (Fig. 2C). HA6 and HA7 were also
3-10-fold more sensitive to doxorubicin, vincristine, and CPT-11 than
were HV1 and HepG2, whereas both antisense transfectants showed
either similar, or only slightly enhanced, sensitivity to etoposide,
ACNU, and mitomycin C (Table 1).
Because the altered cellular MRP levels, a protein homologous to
cMOAT, often alters the intracellular level of GSH (21-23), we
examined whether GSH levels were also influenced by decreased
cMOAT levels in HepG2 cells. Compared with HV1 cells, cellular
GSH levels in the HA6 and HA7 cells were increased about 4-fold
(Fig. 3). In contrast, HepG2 and its three sublines had the same level
of mRNA encoding -y-glutamylcysteine synthetase, a rate-limiting
enzyme in the synthesis of GSH (data not shown).
We also determined whether the cellular accumulation of drugs was
affected by the reduced cellular levels of cMOAT. Compared with the
HV1 cells, cellular levels of vincristine and cisplatin were increased
1.5-1.8-fold in HA6 and HA7 cells, whereas levels of etoposide were
the same in the three cell lines (Fig. 4).
Discussion
We have shown that the stable transfection of HepG2 cells with a
cMOAT antisense construct leads to a marked increase in cellular
GSH, which suggests a close relationship between intracellular GSH
levels and cMOAT. GSH has also been implicated in ATP-dependent
transport by MRP, a protein highly homologous to cMOAT (7-9,
21-23). For example, ATP-dependent vincristine transport was found
to be markedly enhanced in the presence of increasing concentrations
of GSH (9), and ATP-dependent transport of GSH-conjugates (e.g.,
LTC4) is mediated via MRP (7-9). GSH levels were shown to be
altered in M/?P-overproducing cells that were selected by drug resist-

HV1

HA6

HA7

Fig. 3. Total intracellular GSH levels in stably transfected HepG2 cell lines. Each point
is the average of three separate experiments; bars, SD. *, P < 0.01 compared to HV1.

ance (21). Cells transfected with MRP cDNA had significantly lower
GSH levels than untransfected cells (23). Increased intracellular con
centration of GSH has been observed in the MRP double-knockout
cell line and in RBCs isolated from MRP double-knockout mouse (31,
32).
Overexpression of MRP. which confers resistance to daunorubicin,
vincristine, and other drugs, has been demonstrated to reduce ATPdependent accumulation of drugs and to enhance drug efflux (5),
whereas buthionine sulfoximine, an inhibitor of GSH synthesis, in
duced a decrease in cellular GSH levels and overcame resistance to
vincristine or daunorubicin (22). We have shown here that reduced
cellular levels of cMOAT markedly enhanced cell sensitivity to vin
cristine and reduced the cellular accumulation of this drug. Because
GSH conjugates of vincristine were not detected in the culture me
dium of cells overexpressing MRP (22), however, it is unclear
whether MRP and cMOAT can cotransport GSH and drugs without
the formation of conjugates.
We also found that hepatic cancer cells transfected with cMOAT
antisense cDNA displayed an enhanced sensitivity to cisplatin, CPT11, SN-38, vincristine, and doxorubicin but not to etoposide, ACNU.
mitomycin C, and 5-FU. Human epidermoid carcinoma KB cell lines
transfected with cMOA T antisense cDNA also enhanced sensitivity to
cisplatin and CPT-11.4 It has also been shown that cells transfected

with MRP cDNA as well as drug-selected A/flP-overproducing cells
acquired resistance to etoposide, doxorubicin. and vincristine but not
to CPT-11, SN-38, and cisplatin (5, 16). Thus, cMOAT appears to
modulate the sensitivity to certain anticancer agents as MRP.
ATP-dependent MRP has been reported to efficiently transport
glucuronidated etoposide (24). Etoposide, however, may not be a
specific substrate for ATP-dependent cMOAT. In contrast, cellular
sensitivity to the topoisomerase I-targeting derivatives of the naturally
Table 1 Sensitivity of HepG2 and sublines IÂ»variuus drugs"
occurring camptothecins. CPT-11 and SN-38, appeared to be rather
resistanceHV11.1
specifically modulated by cMOAT. not by MRP. CPT-11 and its
active form, SN-38. are glucuronidated, and their secretion into bile
(jig/ml)1.0
DragsCisplatin
acid is blocked in the Dubin-Johnson syndrome model rat in which
CPT-11SN-38VincristineDoxorubicinEtoposide
2.00.00800.100.120.381.00.80.90.91.0 0.30.070.10.20.70.30.060.10.20.7cMOAT activity is decreased (25). Although it is not known whether
CPT-11 or SN-38 forms GSH conjugates (25). ATP-dependent

ACNU5-FUMitomycin

1.50.410.020Relative 0.90.90.8HA60.21.00.80.8HA70.20.90.70.7

CHepG2IC90
u The sensitivity of each cell line was assayed by colony formation as described in
"Materials and Methods." The IC,,, for each drag was obtained from two separate

cMOAT transporter may be involved in the efflux of these campto
thecin derivatives.
Of the pleiotropic mechanisms involved in drug resistance, a de
crease in drug accumulation is believed to play a major role in limiting
the sensitivity to cisplatin (26). Goto et al. (27) have reported that

experiments with triplicated dishes. Relative resistance was obtained by dividing the mean
IC,Â»of each subline by that of the HepG2 cells.

4 Unpublished data.
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Fig. 4. Cellular accumulation of vincristine (A},
eloposide (B). and cisplatin (Ci in stably transfected
HepG2 cell lines. All results were normali/ed to
cellular protein, and relative accumulation was cal
culated by dividing the radioactivity (A and H] or
the amount of drug (C) in HA6 and HA7 cells by
that in the HV1 cells. Each value represents the
average of two separate experiments with triplicate
dishes; bars, SD. Â«,P < 0.05 compared to HVI.

3

HVI

HA6

HA7

Vincristine

cisplatin rapidly interacts with GSH. Thus, MRP may be a GS-X
pump that promotes the ATP-dependent efflux of GSH-conjugated
cisplatin (28). However, cells transfected with sense MRP cDNA
and drug-selected A/flP-overproducing
cells did not show any
altered sensitivity to cisplatin (3, 5, 16). In contrast, elevated levels
of cMOAT mRNA were observed in cisplatin-resistant
cell lines
derived from various human tumors. Kool et al. (29) recently
examined the expression of message encoded by the MRP family,
including cMOAT, in a large number of cisplatin- and doxorubicinresistant cell lines and showed a correlation between cMOAT
transcript levels and sensitivity to cisplatin but not to doxorubicin.
These findings are in agreement with those shown here in that
sensitivity to cisplatin was enhanced in cMOAT antisense transfectants of HepG2 cells.
Our results also indicate that cMOAT antisense cDNA did not
increase the expression of MRP and MDRI. although cellular levels of
these proteins in HepG2 cells were not high enough to determine
whether their expression was decreased in the transfectants. The effect
of cMOAT antisense cDNA on the expression of other cMOAT family
genes is not yet known. Our results support the hypothesis that
cMOAT and its related genes may constitute a novel ATP-binding
cassette superfamily of genes that are associated with cellular drug
sensitivity and/or ATP-dependent drug transport. Transfection exper
iment with total cMOAT cDNA should be required to understand
whether cMOAT itself could specifically alter drug sensitivity, which
is now in progress in our laboratory.
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Note Added in Proof
We identified mutations in the cMOAT gene in patients with DubinJohnson syndrome (30), strongly implicating the human cMOAT transport
glucuronide conjugates, including biliruhin.
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