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Abstract

Recent molecular cloning studies have identified six members in the multidrug-resistance MiR&ngene family. However, the
regulation of expression of these genes is largely unknown. We previously reported that exprelsEitigéncoding multidrug-resistance
associated protein, angdGCSh,which encodes the heavy subunit fglutamylcysteine synthetase-GCS), could be up-regulated by
prooxidants [Yamanet al.,J Biol Chem 1998;273:31075-85]. In the present study, we investigated whether different membekRPthe
family exhibit different responses to induction by prooxidants, and whether p53 status influences the levels of induction. A panel o
colorectal cancer cell lines with different p53 status, i.e. HCT116 containing wild-type p53, and HT29, SW480, and Caco2 containing
mutant p53, was treated witert-butylhydroquinone (t-BHQ) and pyrrolidinedithiocarbamate (PDTC). MRP1a@CSh mRNA levels
were determined by the RNase protection assay, using gene-specific probes. We report here that indlietrdrantl y-GCShexpression
by these prooxidants varied among the different cell lines, and p53 mutations were not always associated with elevated levels of inductic
These results suggest that the effects of p53 on the induced expresdi&Pdfand y-GCShdepend on the environment of the cell and/or
nature of p53 mutations. In an isogenic HCT116 cell line contaip®g-/-) alleles, we demonstrated that, as MRP1, expression of
MRP2and MRP3was induced by the prooxidants, whereas expressidviRIP4and MRP5was not. MRP6 mRNA was not detectable.
Induction ofMRP2expression by prooxidants seemed to be independent of p53 status. Our results demonstrated the differential regulati
of the MRP gene family by p53 mutation under oxidative stress. © 2001 Elsevier Science Inc. All rights reserved.

Keywords:Multidrug-resistance protein; Drug transporter; Chemotherapy; Antioxidants; Gene regulation

1. Introduction sponsible for the development of MDR: one is mediated by
P-glycoproteins encoded by tiMDR gene family (see the
Cultured cells exposed to a single cytotoxic agent often review in Ref. 1), and the other is mediated by the MRPs
develop cross-resistance to a wide range of structurally encoded by th&/1RP gene family (review in Ref. 2). Both
unrelated compounds. Two important mechanisms are re-P-glycoproteins and MRPs contain multiple transmembrane
domains and two cytoplasmic ABCs. It is generally be-
lieved that these ABC transporters utilize ATP as an energy
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source to extrude CytOIOXIC compounds.

4672.

E-mail addresstkuo@mail.mdanderson.org (M.T. Kuo). MammalianMRP1was first isolated by molecular clon-
AbbreviationsMDR, multidrug resistance; MRP, multidrug-resistance  ing from a doxorubicin-selected MDR cell line [3]. A trans-
protein; ABC, ATP-binding cassette; GSH, glutathioneGCS, y-glu- port assay using plasma membrane vesicles prepared from

tamylcysteine synthetase; c-MOAT, canalicular multispecific organic an- MRP1-overproducing cell lines demonstrated increased

ion transporter; DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal . .. R
bovine serum; CRC, colorectal cancer cell; t-BH®rt-butylhydroqui- ATP-dependent, h|gh-aff|n|ty transport activities of cyto-

none; PDTC, pyrrolidinedithiocarbamate; PCR, polymerase chain reaction; tO)fiC compqunds conjugated with GSH or other Organic
cDNA, complementary DNA; and ROS, reactive oxygen species. anion moieties [4—6]. There are also reports suggesting that
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GSH may serve as a cofactor in MRP1-mediated transportdependent [8]. Expression ®iRP1and y-GCShis up-
[7]. regulated by prooxidants such as t-BHQ, 2,3-dimethoxy-

It has been demonstrated that GSH levels play an impor- 1,4-sulfoximine, and menadione, which enhance the pro-
tant role in the regulation of MRP1 expression [Be novo duction of ROS. Likewise, suppression of ROS
synthesis of GSH is mainly controlled by the rate-limiting production by enhanced expression of GSH results in
enzymey-GCS (EC 6.3.2.2). The mammalignGCS holoen- down-regulation oMRP1and y-GCSh.
zyme is a heterodimer consisting of a 73-kDa heavy (catalytic) The present investigation was initiated to address two
subunit ¢-GCSh) and a 29-kDa light (regulatory) subunit. important issues relevant to regulation of thHRP gene
In a number of biological systems, the expression patternsfamily. First, in light of the diverse expression patterns
of MRP1andy-GCShare frequently coordinated [8—11].  among various members of thdRP family, we investi-

In addition toMRP1,otherMRPhomologues, designated gated whether expression of other members of this family
MRP2-6, have been identified by human expressed se- would also respond to redox-regulation. This is particularly
quence tags or by using low stringency hybridization relevant considering that, as alluded to above, different
screening conditions (for a review, see Ref. 1¥IRP2, members of MRP-encoding proteins exhibit overlapping but
expressed mainly in the canalicular membrane of hepato-distinct substrate specificities. Co-induction of different
cytes, encodes cMOAT for hepatobiliary excretion of bili- MRP members would alter the drug resistance profile. Sec-
rubin glucuronides and other multivalent organic anions, ond, recent studies have revealed a strong correlation be-
including GSHS-conjugates [13-17]. LikeMARP1[18, 19], tween the increased expression of p53 and MRP1 in clinical
transfection ofMRP2 into cultured cells confers elevated specimens [33]. Moreover, transfecting the temperature-

resistance to various antitumor agents [20, 2URP3, sensitive p53 mutant into human LNCaP prostate cancer
which is the closest homologue MRP1among theMRP cells up-regulatedRP1expression in cells cultured under
family, shares 58% amino acid identity withRP1[22, 23]. a nonpermissive temperature [34]. These findings are con-

While MRP3transfected cells confer resistance to antitu- sistent with the notion that expressionMRPlis regulated
mor agents (etoposide and methotrexate), unlike those over-by p53 status. Since it has been implicated that p53 plays an
expressing MRP1 and MRP2, these cells do not show in- important role in regulating intracellular redox conditions
creased GSH export [22]. Aim vitro transport assay using  [35-39], we investigated whether p53 mutations would af-
membranes prepared froMRP3transfected cells demon- fect the induced expression BiRP1andy-GCShin several
strated that MRP3 has substrate specificity different from human colorectal cancer cell lines containing mutant as well
that of MRP1 and MRP2, that is, GSH conjugates, such as as wild-type p53. We chose human colorectal cancer cell lines
leukotriene G and 2,4-dinitropheny&-glutathione, are  because it has been suggested that redox conditions play an
poor substrates of MRP3 [23]. WhilkIRP1, MRP2,and important role in the progression of colorectal carcinogenesis
MRP3are frequently overexpressed in many drug-resistant [40]. Moreover, we previously reported that expression of
variants, overexpression MRP4is infrequent in these cell MRPlandy-GCShis frequently up-regulated in human colo-
lines [24]. A recent study demonstrated that elevated ex- rectal cancers [10], a disease that frequently contains p53
pression of MRP4, resulting from amplification of the mutations [41]. We report here that liR¢RP1,expression of
MRP4gene, is correlated with resistance of these cells to the MRP2andMRP3but notMRP4andMRP5could be induced
antiviral acyclic nucleoside analogues [25]. MRP5 and by the prooxidant t-BHQ. We also found that not all the p53
MRP6 share 36 and 45%, respectively, of their amino acid mutations in the colorectal cancer cell lines could affect in-
identities with MRP1. MRP5 is expressed in many human duced MRP1 and y-GCSh expression levels. In a pair of
tissues with relatively high levels of expression in skeletal isogenic colorectal cancer cell lines, we found that null expres-
muscles and brain, whereas expression of MRP6 is rela-sion of p53 enhanced the induction BRP1, MRP3,and
tively restricted, with elevated levels of expression in the y-GCShby t-BHQ as compared with its wild-type containing
liver and kidney [26]. Recent studies demonstrated that counterpart. These results demonstrated the differential re-
MRPS5 functions as an ATP-dependent transporter of nucle- sponse of théIRP gene family to prooxidant treatments and
otide analogues [27] and the natural cyclic nucleotides cy- the effects produced by p53 in a gene-specific manner.
clic GMP and cyclic AMP [28], whereas the substrate spec-
ificities of MRP6 remain to be determined.

The mechanisms of expression of thi&kP gene fam- 2. Materials and methods
ily in normal and drug-resistant tissues are not well
understood. While gene amplification has been associated?.1. Materials
with the elevated expression MRP1in some MDR cell
lines [29-31], transcriptional up-regulation without DNA Cell culture media (DMEM and McCoy’s 5a) were pur-
amplification has been implicated in some MRP-overex- chased from GIBCO/Life Science. FBS, t-BHQ, PDTC, and
pressing cell lines [32]. We previously demonstrated that oligonucleotides were obtained from the Sigma Chemical
expression oMRP1 and y-GCShis co-regulated by in-  Co. *P-Labeled nucleoside triphosphates were purchased
tracellular redox conditions that are ROS concentration from DuPont NEN Research Products.
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2.2. Cell lines

The human colorectal carcinoma cell lines HCT116,
SW480, HT29, and Caco2 were obtained from Dr. Li-
Kuo Su (M. D. Anderson Cancer Center). Cell lines 4016,
379.2, and 8054 were obtained from Dr. Bert Vogelstein
(The Johns Hopkins University). All cell lines except for
HT29 were grown in DMEM supplemented with 10%
FBS. HT29 cells were grown in DMEM/McCoy’s 5a
(50% each) supplemented with 10% FBS and 20 mM
glucose. Cells were maintained in a 5% C@mosphere
at 37 Cells in exponential growth were used for the
induction experiments.

2.3. RNA isolation and RNase protection assay

The procedures used for the isolation of RNA, the prep-
aration of humarMRP1 and y-GCShprobes, and RNase
protection assays have been described previously [8]. Quan
titative analyses of mMRNA levels were performed by den-
sitometric scanning of the autoradiographs using an Sl per-
sonal densitometer (Molecular Dynamics, Inc.). The
autoradiographic signals corresponding to each mRNA spe-
cies were converted into digitized images using computer
software provided by the vendor.

RNase protection assays were also used to determin
MRP2-MRP6 mRNA levels. The respective antisense
probes were synthesized from recombinant plasmid tem-

plates containing the PCR products generated using the

following primer sets (numbers refer to the translation start
cite; forward/reverse primers):

MRP2. 5 88CCTGGCTTGAACAAGAATCA/S 195%cC
AATCCACAAATATGTGTC;

MRP3. B 3"GATACGCTCGCCACAGTC/5 342 CAGT
TGCCGTGATGTGGCT;

MRP4. B Y"®5TAGTGACTCATCAGTTGCAG/5 228G
TACCAGTTAAGATCTAGC;

MRP5. B 215GATAACTTCTCAGTGG/5 °***ATGGCAA
TGCTCTAAAG; and

MRP6. 5B “3*CTTGCCAGCTACCAACGCT/5 88TTGC
CTTGTTGTGCCT.

The PCR products were cloned into a pCRII-TOPO vector

(Invitrogen) and sequenced. For synthesizing antisense

probes, the respective plasmid DNAs were linearized by
restriction endonucleasebval, EcdRV, Dral, Foki, and
Xhd, respectively, and probes were synthesized using either
T7 (for MRP2, MRP4,and MRP5 or SP6 MRP3 and
MRP@ polymerase to generate the expected protection frag-
ments.

2.4. Other procedures

Measurements of total cellular glutathione (GSH
2xGSSG) followed the methods described previously [8].

e
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3. Results

3.1. Induction of MRP1 ang-GCSh expression by
prooxidants in colorectal carcinoma cell lines with
different p53 status

We previously demonstrated that expressionviRP1
and y-GCShcould be induced by prooxidants [8]. To in-
vestigate the effects of p53 status on the induction of these
genes, we used a panel of colorectal cancer cell lines con-
taining either wild-type p53 (HCT116) or mutant p53
(SwW480, HT29, and Caco2). SW480 and HT29 contain
mutations at codon 273 (CG¥ CAT) [42], and Caco2
contains a deletion and a termination signal at codon 204
[43]. These cell lines were treated with 1001 t-BHQ for
various lengths of time. Total cellular RNA was prepared,
levels of MRP1 andy-GCSh RNA were determined by the
RNase protection assay (Fig. 1A), and the corresponding
transcripts were quantified by densitometry. Results from

three independent assays were statistically analyzed (Table
1). In most cases, increasgdsCSh mRNA levels could be
seen 2 hr after the treatment, and levels continued to in-
crease throughout the entire 24-hr testing period. The max-
imal levels of y-GCSh induction varied among these cells
lines, in descending order: HT29, Caco2, HCT116, and
SW480. These results showed that inductionye&CSh
expression by t-BHQ in these cell lines was independent of
p53 status, perhaps because of the nature of p53 mutations
and/or cell environment. Induction of MRP1 mRNA expres-
sion by t-BHQ was also seen in HCT116, HT29, and Caco2
cells. The levels of induction were only modest (1.5- to
2.5-fold), but were statistically significant. These levels of
induction were low compared with those in other cell lines
treated with the same amount of t-BHQ [8] and other cyto-
toxic agents [9,11]. Time—course dependent induction of
v-GCShwith another prooxidant, PDTC (10QM), was
also seen in these cell lines (Fig. 1B). However, the levels
of induction were generally lower than those induced by
t-BHQ. No statistically significant induction of MRP1 by
PDTC was evident in these cells (Table 1), suggesting that
PDTC is, comparatively, a weaker inducer.

To further analyze whether p53 plays a role in the mod-
ulation of y-GCShinduction by prooxidants, we used a set
of isogenic HCT116 cell lines constructed by a somatic cell
knockout technique. In the 4016 cell line, goie3allele was
replaced by a drug-resistance marker (neomycin), whereas
in 379.2 cells, both alleles were replaced [39]. In the 8054
cell line, p53 alleles remain wild-type, but both21 alleles
have been knocked out. [40]. These cells were similarly
treated with t-BHQ, and induction dfiIRP1 and y-GCSh
expression was analyzed by the RNase protection assay.
Figure 2A shows that the induced expression levels of
v-GCSh mRNA in 4016 and 8054 cells were comparable to
those of HCT116 cells, whereas the induced expression
levels in 379.2 cells were much higher than those in the
other two cell lines (Table 1). These results indicated that
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Fig. 1. Induction of/MRP1andy-GCShexpression in four human colorectal cancer cells treated with prooxidants, as determined by RNase protection assays
(A) t-BHQ (100 M), and (B) PDTC (100uM). Signals at 293, 192, and 80 nucleotides (nt) correspondRé1, y-GCSh,and 18S rRNA protection
fragment sizes, respectively. The autoradiographs were densitometrically scanned. Fold increases or decreases in levels of expression twih O hr as
reference point were calculated for each cell line and are indicated underneath each lane. Numbers are averages of two independent experiments.

homozygous deletion of p53 is associated with elevated by the prooxidants. Moreover, Table 1 shows that the

levels of y-GCSh mRNA induced by t-BHQ. Moreover,
induction of MRP1 mRNA by t-BHQ in 379.2 cells was

prooxidant-induced expression levelafS3CSh mRNA was
correspondingly higher that that of MRP1 mRNA in all the

higher than in 4016 cells, suggesting that homozygous de-cell lines, indicating thaty-GCSh is more sensitive than

letion of p53 also affects the induced expressionMiRP1.
Deletion ofp21did not increase the induction RPland

MRP1 to induction by these prooxidants.
Attempts to determine MRP1 protein by western blot

v-GCSh expression by t-BHQ (compare the 8054 and using polyclonal antibody prepared in this laboratory [11]
HCT116 lines in Table 1). When the 379.2 cells were were not successful due to the low level of MRP1 expres-
treated with PDTC, the expression levelswGCSh and sion, although this antibody could faithfully detect the ex-
MRP1 mRNA were enhanced when compared with the pression of MRP1 in other cell lines. We note that treating
other cell lines (Fig. 2B, Table 1). These results suggestedthese cell lines with t-BHQ and PDTC under the current
that null expression of p53 influences the inducibility of conditions dramatically sensitized the cells to MRP1-related
v-GCSh and, to a much lesser extent, that of MRP1 mRNA antitumor drugs, e.g. doxorubicin and VP-16 (data not

Table 1

Relative levels of MRP1 ang-GCSh mRNA in colon cancer cells treated with t-BHQ or PDTC

Cell lines p53 Status t-BHQ PDTC
Maximal induction (fold) Maximal induction (fold)
MRP1 v-GCSh MRP1 v-GCSh

HCT116 Wild type 1.52+ 0.33* 2.78* 0.63* 1.48+ 0.35 1.31+ 0.30
10y (10) (24) (24)

SW480 p53 Mutant 1.250.25 1.77+ 0.34 1.00+ 0.15 2.29+ 0.34%*
(6) (6) (6) (6)

HT29 p53 Mutant 1.61 0.28* 7.07=% 1.14%* 0.94 = 0.10 2.05* 0.50%**
(6) (24) (24) (10)

Caco2 p53 Mutant 249 1.11* 4,51+ 0.60*** 1.36 = 0.27 3.57+ 1.21%*
(24) (24) (10) (10)

4016 p53 (+/—) 1.14+0.11 2.76x 0.30* 1.40+ 0.29 4.02+ 0.30***
(10) (10) 4 4)

379.2 p53 /) 2.32% 0.42%* 5.01 = 1.63*** 4.42 = 1.09%** 4.89 = 1.60%**
(10) (10) (24) (24)

8054 p21l ¢/-) 144+ 0.38 2.14+ 0.38 1.04+ 0.10 2.00* 0.49
(6) ) ) (6)

Values are means SD (N = 3).
2Time (in hr) at which maximal levels of induction were observed.

* Statistically significant P = 0.05, Student’s-test), compared with the untreated control.

** Statistically significant P = 0.05, Student’s-test), compared with HCT116 p53-(+).
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Fig. 2. Induction ofMRP1andy-GCShexpression by prooxidants in four isogenic cell lines with different genotypes. HCT116 contains wilps%pad
p21,the 4016 line contains a heterozygqi3 deletion, the 379.2 line contains homozygous deletions, and the 8054 line contains homozygous deletion of
p21.For details, see the legend to Fig. 1. Cells were treated withyMd@-BHQ (A) or with 100 uM PDTC (B).

shown). These findings preclude the investigation into using gene-specific probes to determine the levels of differ-

whether the induced expression of MRP1 anGCSh by ent MRP mRNAs in the treated cells. Figure 4 shows an

these prooxidants would confer elevated drug resistanceexample of autoradiographs using probes specific for the

(data not shown). MRP2-MRP6sequences. Densitometric analyses of signals
in the autoradiographs are presented in Table 2. Several

3.2. Induction of GSH by prooxidants in colorectal cancer important conclusions may be drawn. First, [ikéRP1,

cells expression oMRP2andMRP3can be induced by t-BHQ
and PDTC, whereas expression MRP4 and MRP5 was

The observation that elevatedGCSh mRNA levels  induced only marginally. Expression dfIRP6 was not
could be induced transiently by prooxidants suggests thatdetectable in these cell lines. The inability to deteli?P6
the intracellular GSH pool may also be altered in these cells. €xpression in these cells was not due to the RNase protec-
y-GCS is the rate-limiting enzyme in the biosynthesis of tion assay, because a predicted protection signal of 360 nt
GSH. Its regulation involves many signaling pathways [44— Was detected in RNA prepared from human liver, a tissue
47] including the feedback suppressionyeSCSh expres- ~ source that expresses MRP6 mRNA [26]. Similar results
sion [8] and of its enzymatic activities [48]. It is important Were obtained in cells treated with PDTC (Fig. 4B). Second,
to determine the homeostatic levels of GSH in these cells it appears that expression MRP3,like MRP1,was mod-
upon exposure to the prooxidants. Figure 3A shows that, ulated by p53 knockout, whereddRP2expression seemed
among the six colorectal cancer cell lines tested, signifi- t0 be independent of p53 status. Third, the kinetics of
cantly increased GSH levels were seen in HCT116, 8054, induction ofMRP expression varied. Induced expression of
and HT29 cells treated with t-BHQ, whereas in cells treated MRP1and MRP2occurred at earlier time points than did
with PDTC, a significant increase was seen in only the induced expression oMRP3 (Figs. 1, 2, and 4). These
HCT116 cells. No Significanﬂy increased GSH levels were results demonstrated the differential inducibilities of the
seen in the other cell lines. Moreover, the levels of GSH MRP gene family to the treatment of prooxidants in colo-
induction apparently did not correlate with the levels of rectal cancer cells and the influence of p53 status on the
y-GCSh mRNA induction. These results suggest that there I€vels of induction.
is post-transcriptional regulation of GSH levels in the colo-
rectal cancer cells exposed to prooxidants.

4. Discussion
3.3. Differential inducibility of the MRP family by
prooxidants A previous study from this laboratory demonstrated that
expression oMRPlandy-GCShis frequently up-regulated
To investigate the inducibility of othaRP members by in human colorectal carcinomas [10]. The increase in ex-
the prooxidants and the role of p53 in the induction, we pression levels ranged from several-fold to more than 100-
treated the two isogenic cell lines, HCT116 and 379.2, with fold. We also have demonstrated that expressioNBP1
either t-BHQ or PDTC for various lengths of time ranging andy-GCShis regulated by redox conditions [8]. Because
from 2 to 24 hr. RNase protection assays were carried outp53 plays an important role in regulating intracellular redox
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Fig. 3. Induction of GSH in various human colorectal cancer cell lines by prooxidants. Panels A and B show results of treatmenfaMth-BBIQ; panel

C and D, 100uM PDTC. Panels A and C show GSH contents. Panel B and D show fold increases (decrease) in reference to the 0-hr treatment. Data &
averages of at least three independent determinations. For simplicity, no standard error bars are indicated, but those values statisteatlfp sig0if)5,
Student'st-test) for increase (*) or decrease (**) compared with O-time values are marked.

conditions, and because p53 mutations are frequently foundaccumulation of p53 in malignant cells is frequently asso-
in colorectal carcinomas [41], as an initial step to elucidat- ciated with p53 mutations. A recent study showed that
ing the mechanism by whiddRP1andy-GCShexpression MRP1expression correlates with aberrant p53 accumulation
is up-regulated during colorectal carcinogenesis, we inves-[46]. Using immunohistochemistry, we observed a signifi-
tigated the expression ¢fiIRP1and y-GCShin a panel of cant correlation between MRP1 expression and p53 accu-
colorectal cancer cell lines with different p53 mutations. mulation @ < 0.03) in 68 human colorectal carcinomas.
Our results showed that prooxidants such as t-BHQ could We also observed thalRP1 expression was less frequent
only induce low levels (1.5- to 5-fold) of-GCShexpres- in adenomas (56%) than in carcinomas (88%), correlating
sion. The expression levels of inducktPR1were greatly with the p53 mutation frequency during colorectal cancer
reduced (1.3- to 3-fold). Furthermore, not all the mutant progression. Similar results have been noted by another
p53-containing cell lines exhibited elevated MRP1 or group [49]. These findings, together with those from a
v-GCSh mRNA levels as compared with cells containing human prostate cancer study [33], suggest that p53 muta-
wild-type p53. Nonetheless, in the isogenic cell lines car- tions play a role in the up-regulation 6ARP1in human
rying null p53 alleles, we observed that homozygous dele- cancers.

tion of p53 increased the induction &RP1and y-GCSh The mechanisms by which p53 reguladBRP1expres-
expression by prooxidants. These results collectively sug-sion have not been elucidated clearly. A previous study
gest that the effects depend upon cell environment. demonstrated that co-transfection of wild-type p53 mark-

Our observation that p53 mutation is associated with edly suppressesIRP promoter activity in a transient trans-
elevated expression d¥IRP1in some human colorectal fection assay using reporter constructs [50]. Moreover, res-
cancer cells may have clinical implications. Because p53 toration of wild-type p53 in a p53 null cell line suppresses
expression in normal colorectal epithelium is very low, endogenousMRP1 expression [50]. Our present study
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Fig. 4. Induction of different members of ttMRP gene family in HCT116 and 379.2 cells treated with 30@ t-BHQ (A) or 100 uM PDTC (B). Only
signals corresponding to the expected protected sizes are shown. Total RNA from human liver was used as the conthéRfB phebe because the
expression of MRP6 mRNA in the treated cells was too low to detect. Note that different member#/étRiamily responded differently to the treatment
with these prooxidants.

showed higher levels of induced expressionMiRP1and expression oMRP1and y-GCSh.Further research on the
v-GCShin a null-p53 cell line (379.2) than in a wild-type molecular basis underlying p53 modulation dRP1 and
isogenic counterpart. These results are consistent with they-GCShexpression in colorectal carcinogenesis is needed.
idea that p53 plays a suppressive role in the regulation of The successful molecular cloning of additiondRP
MRP1expression. No p53 consensus sequence was found irgenes has increased the complexity of the MDR system.
the MRP1reporter constructs [50]. These results rule out a While the expression of this gene family in normal tissues
direct binding to ais-acting element in th&¥IRP1promoter and in drug-resistant variants has been largely determined
region and suggest that the suppressive effects may beg22, 27], regulation of these genes by extracellular influ-
mediated by p53 downstream signals [51]. One of the im- ences has not. Our present results demonstrating the differ-
portant downstreanp53 genes isp21°'P VWAL which ential inducibilities of theVIRP gene family by prooxidants
codes for a cdk inhibitor involved in p53-mediated cell and by p53 mutations strongly suggest that diverse regula-
cycle regulation [44] and Garrest [40]. It is unlikely that ~ tion mechanisms are associated with the expression of this
the suppressive role of p53 in the regulationMRP1and gene family. We have demonstrated that among the six
v-GCShexpression is mediated by p21, however, because MRP genes investigatedyiIRP3 is the most sensitive to
homologous deletion gh21 failed to increase the induced induction by prooxidants (Table 2). It is interesting to note

Table 2

Maximal induction of MRP1, MR2, MRP3, MRP4, MRP5, and MRP6 mRNA in two isogenic colorectal cancer cell lines treated with t-BHQ or PDTC

MRP HCT116 p53¢/+) 379.2 p53 /)
Maximal induction (fold) Maximal induction (fold)
t-BHQ PDTC t-BHC PDTC

MRP1 1.52+ 0.343* 1.48+ 0.35 2.32+ 0.42%* 4.42 + 1.09%**
(105 (10) 1) (24)

MRP2 3.24+ 1.45* 1.34+ 0.41* 2.75+ 0.91* 2.16+ 0.64*
(24) (24) (10) (24)

MRP3 8.74+ 5.52* 3.45+ 0.77* 19.67+ 1.00%** 3.77 £ 1.33*
(24) (24) (24) (24)

MRP4 0.97+ 0.98 1.94+ 0.56 1.03+ 0.05 1.19+ 0.06
(10) (10) (10) (24)

MRP5 1.23+ 0.25 1.30+ 0.12 1.36* 0.47 1.23+ 0.12
(10) (24) (10) (10)

MRP6 N N N N

Values are means SD (N = 3).

2Time (in hr) at which maximal levels of induction were observed.

PN = not detectable.

* Statistically significant P = 0.05, Student’s-test), compared with the untreated control.
** statistically significnt @ = 0.05, Student’s-test), compared with HCT116 p53-(+).
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that, in the Eisai hyperbilirubinemic rat (EHBR), which
contains mutated cMORT/MRP2 and exhibits defective
transport of bile organic anions and glutathione and gluc- [
uronide conjugates [16], expressionMRP3in the liver is
increased. These results suggest a compensatory relation-
ship betweerMRP2and MRP3expression. Such compen- [11]
satory expression was also observedndrlg-/-) mice in

which expression ofmdrlbis elevated [52]. Expression of
MRP3in rats could be induced by phenobarbital treatment
[53]. These results, together with those presented here, arélz]
consistent with the notion thddRP3expression is sensitive 13
to many extracellular stimuli. Further studies are required to
elucidate the regulation of each of théRP genes under
various environmental influences. These studies should pro-
vide a better understanding of the evolution of multidrug
resistance and enable us to design strategies to combat it.
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