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Introduction

Resistance of tumor cells to anticancer agents is a major
clinical problem in cancer chemotherapy. Tumors that are sensitive
to anticancer agents often recur and become resistant to multiple
chemically and functionally wunrelated drugs such as colchicine,
adriamycin, vinblastine, vincristine, and actinomycin D.
Mammalian cultured cells selected for resistance to an anticancer
agent have been studying these phenomenon as in vitro models
because these cells are also cross-resistant to multiple drugs (1, 2).
The characteristics of this phenotype include (a) a net decrease of
the intracellular concentration of drugs resulted from an increased
rate of an energy-dependent drug efflux (3-5), (b) overproduction of
a 170 kilodalton glycoprotein called P-glycoprotein or P-gp in the
plasma membrane, (¢) karyotypic abnormalities such as homogenous
staining region or double minute chromosomes (6, 7), suggesting
that a part of chromosome is amplified, (d) reversing multidrug
resistance by calcium channel blockers such as verapamil (4, 8).

The MDRI gene, which encodes P-glycoprotein, was isolated
from a multidrug-resistant cell line KB-C2.5 wusing amplified DNA
fragments as a probe (9, 10). Overexpression of MDRI genc can
confer multidrug resistance on'drug;sensitive cell lines afier
transfection (10). P-glycoprotein has been proved to bind colchicine
(11), vincristine (12), and verapamil (13) and to have an ATPase
activity (14), indicating that P-glycoprotein plays as an energy-
dependent drug efflux pump.  P-glycoprotein is composed of two
homologous halves (Figure 1), Each half :has six transmembrane
domains and an ATP binding domain, and shares high homology with
bacterial transport protein (ex. HlyB: hemolysin transport protein)
(9, 15), yeast STE6 (a factor transport protein) (16, 17), and human
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Figure 1. Shematic representation of the putative

structure of P-glycoprotein

CFTR (cystic fibrosis transmembrane conductance regulator) (18).
These proteins form a superfamily of membrane-associated transport
proteins. .

It has been reported that some multidrug-resistant cell lines
are more resistant to the drugs used for the selection than other
drugs (1, 19), and in some cases EMS treatments are used during the
selection to obtain multidrug-resistant cell lines (1). These results
indicate that some genetic mutations, such as the mutations that
change the P-glycoprotein structure and function, and that increase
the MDRI! gene expression, might be involved in acquiring
multidrug resistance. Some physiological stresses might affect the P-
glycoprotein function or the MDRI gene expression.

In this thesis, the author intends to clalify the mechanism of
acquiring the multidrug resistance by MDRI gene and describes:
differences between MDRI genes expressed in normal tissues and in

colchicine-selected multidrug-resistant cell line KB-C2.5 (Chapter 1):



development of a RNase protection assay using MDRI promoter
rcgioﬁ isolated from human normal tissue to detect MDRI mRNA
accurately (Chapter 2): induction of MDR! gene expression after
exposure to sodium arsenite (Chapter 3): and inhibition of the
increase of MDRI mRNA by quercetin, a bioflavonoid (Chapter 4).
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Chapter 1 MDR1 ¢DNA from Human Adrenal:
Normal P-glycoprotein carries Glyl85 with an altered pattern.
of multidrug resistance

The MDRI mRNA is found at substantial level in the Iliver,
kidney, colon, and small intestine and at high level in the adrenal
(1). Immunohistochemical analysis has demonstrated the specific
localization of P-glycoprotein at the apical surface of biliary
hepatocytes, columnar epithelial cells of the colon and small
intestine and on the brush border of proximal tubule cells in the
kidney (2). P-glycoprotein is also found in specialized capillary
endothelial cells of the brain and testis (3, 4). These resulis suggest
that P-glycoprotein helps excrete metabolites and mnatural cytotoxic
substances in the diet (5) or act as part of the blood-brain or blood-
testis barrier. In the adrenal, however, P-glycoprotein was found to
be diffusely distributed (2), suggesting that it might have a role
different from in other organs.

Recent studies revealed high levels of MDRI expression in
tumors derived from adrenal, colon and kridney which are known io
be intrinsically drug resistant (1, 6, 7). These results indicate that
high level of expression of P-glycoprotein can be associated with
multidrug resistance in human tumors.

One strategy to circumvent multidrug resistance in tumors is
to inhibit the function of P-glycoprotein. It is very important to
clarify the structural and functionl difference between the M DRI
genes expressed in normal tissues and in multidrug-resistant cell
line, In order to foresee the possible side effects caused by
preventing its activity, it is necessary to elucidate the physiological
function of P-glycoprotein in human organs, As a first step the
author isolated a full-length MDRI] cDNA from a normal human



adrenal.

MATERIALS AND METHODS

Materials and cells
[0~32P]dCTP was purchased from Amersham. All cell lines

used in this chapter were cultured in Dulbecco's Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum. XB-3-I,
a HeLa subline, is the drug-sensitive human carcinoma cell line. KB-
Cl.5 and KB-C3 were multidrug-resistant cell lines selected in
successive steps from KB-3-1 by colchicine.  Multidrug-resistant cell
lines KB-V1 was isolated from KB-3-1 by vinblastine. The details of
isolation and characterization of the cell lines have been previously
described (8, 9).

¢DNA cloning and sequencing

Poly(A)* RNA from human adrenal was isolated by the
standard procedure. ¢cDNA was synthesized essentially as described by
Gubler and Hoffman (10) except for using an oligo(dT) primer with a
Notl site at its S'-end. After blunt-end synthesis, cDNA was digested
with Notl, and inserted into Smal and NotI digested and
dephospholylated Bluescript vector (Stratagene). The library was
screened with the MDR! cDNA clones pMDR5A and pMDRI10 (11).
Sequencing of c¢DNA clones was done by the dideoxy sequencing

procedure (12) after subcloning intc M13mpl8 and M13mpl9.

Dried-gel Southern hybridization
To detect single copy genes with oligonucleotide probes, the
author used dried-gel hybridization (13). EcoRI digested genomic

DNA was denatured in 0.5% agarose after electrophoresis. The dried-



gel was hybridized in 0.9 M NaCl, 6 mM EDTA, 0.5% SDS, 90 mM Tris-
HCI, pH 7.5, 200 png/ml denatured salmon testis DNA, and 2 x 106
cpm/ml 32p.labeled oligonucleotide at 37°C.  Oligonucleotide probes
were labeled by synthesizing complementary strands from a primer
with Klenow polymerase and [q—32P}dCTP (111TBg/mmol). The gel
was then washed in a solution containing 3M tetramethylammonium
chloride at 2°C-5°C below the postulated Tm for the oligonucleotides
(14).

Construction of chimera plasmids and drug resistance
assay of transfectants

The plasmid pHaMDRI1/A contains an MDRI cDNA derived from
the colchicine-selected KB cell line KB-C2.5, carrying valine at codon
185 and alanine at codon 893 (15). The plasmid pHaMDRA1 carrying
glycine at codon 185 and serine at codon 893 was constructed by
replacing the 3.5-kb Sacll-PstI fragment of pHaMDRI1/A with the
equivalent fragment of pMDRA1. The plasmid pHaMDRGA, encoding
glycine at codon 185 and alanine at codon 893, was obtained by
replacing the 2.2-kb SaclI-HindHI fragment of pHaMDRI/A with the
equivalent fragment of pMDRAL,

Plasmids were cotransfected into drug-sensitive NIH3T3 cells
with pSV2neo by the calcium phosphate coprecipitation method as
described (11). Transfected cells were first enriched by selection  in
medium containing G418 at 0.8 mg/ml; then pooled G418-resistant
cells (about 800 colonies each) were selected in medium containing
colchicine at 60 ng/ml.  After two weeks of selection, about 500
colonies per 10 pg of pHaMDRI1/A and 200 colonies per 10 pg of
pHaMDRA1 or pHaMDRGA were obtained. Five independent clones
from each transfection were picked and expanded for further
analysis.

The colony-forming ability of transfectants was measured by



plating aliquots of 300 cells in duplicate or triplicate into 60 mm
dishes. After 10 days of incubation in 4 ml medium containing
different concentration of the drugs, colonies were stained with

methylene blue and counted.

RESULTS

Cloning and sequencing of full-length ¢DNA from human
adrenal

A cDNA library from human normal adrenal was constructed
and screened as described in MATERIALS AND METHODS. Two positive
clones pMDRA1 and pMDRA2 were isclated (Fig. 1A).  Sequence
analysis revealed that the larger clone, pMDRAI, contained the
entire coding region. The S5'-noncoding region of pMDRA1l was 137
bases long and was shorter than the previously isolated MDRI cDNA.
The MDRI cDNA was initially isolated from the colchicine-selected
multidrug-resistant KB carcinoma cell line, KB-C2.5, and appeared to
represent a transcript from the upstream promoter of the MDRI gene
(16). The downstream promoter is mainly used in human organs
including adrenal (17). The 5'-end of pMDRAI corresponded to the
transcription start site of the downstream promoter of MDRI gene.
These results indicate that pMDRAI1 is a ful]-length MDRI c¢DNA from

the human adrenal.

Figure 1. Structural analysis of MDRI c¢DNA. (A) Restriction
maps of KB-C2.5 derived MDR1 cDNA and the MDR cDNA clones
isolated from human adrenal. B, Ball; E, EcoRI; H, Hindlll; X, Kpnl; N,
Ncol; P, Pstl; S, Sacl. (B) The different nucleotides and deduced aminc
acid sequences between MDRJ and pMDRAL. The different
nucleotides and amino acids are wunderlined. Nucleotides are
numbered from the putative translation initiation site.
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MDR1

554
AAT GAA GTT ATT GGT
val (185)

2671
GAA GGT GCT GGG AAG
Ala (893)

-43
CTTCCAAGATTTCAC

540
ATGTCTCIAAGATTA

1236
TGAAGGGCCTGAACC

1641
TGGTTCGCAACCCCA

3435
AAGAGATCGTGAGGE

4036

|1kbl

MDRA1

554
AAT GAA GGA ATT GGT
Gly (185)

2677
GAA GGT TCT GGG AAG
Ser (893)

-43
CTTCCRAAATTTCAC

540
ATGTCTCCAAGATTA

1236
TGAAGGGTICTGAACC

1641
TGGTTCGITAACCCCA

3435
AAGAGATTGTGAGGG

4036



There were, however, nine nucleotide differences between the
sequence of KB-C2.5 derived cDNA and pMDRA1 (Fig. 1B). Recently a
full-length MDRI! c¢DNA was isolated from the vinblastine-selected KB
cell line, KB-V1, and was found to have three nucleotide differences
compared to the sequence of KB-C2.5 derived cDNA (18). These three
nucleotide differences were found also in pMDRAI at positions 540,
554 and 555 and these nucleotides in pMDRAL were identical to those
in KB-V1 derived ¢cDNA. The differences at positions 554 and 555
resulted in a single amino acid substitution (Val= Gly) at codon 185.
The nucleotide difference at position 2677 also resulted in an amino
acid substitution {Ala= Ser) at codon ‘893. One of nine differences was
found in the 5'-nonceding region at position -43. This sequence was
confirmed by analyzing the first exon of the MDR/ gene in genomic
DNA (see chapter 2). Other nucleotide differences were in the third
position of each codon or in the 3'-noncoding region and did not

result in amino acid substitutions.

Analysis of twe amino acid substitutions in adrenal
derived c¢DNA

As noted above, there were two amino acid substitutions
between adrenal derived and KB-C2.5 derived MDRI cDNAs. Dried-gel
Southern  hybridization analyses were performed using
oligonucleotide probes (Fig. 2) specific to each sequence to determine
which amino acids are found in the human genome and in DNA from
multidrug-resistant KB cells.  The probe Al (Gly at codon 185)
hybridized to a fragment of approximately 10-kb DNA from
multidrug-resistant cells (Fig. 2) and human kidney (data not
shown). This fragment was amplified in vinblastine-selected
multidrug-resistant KB cells, KB-V1 (lane 4). The probe C1 (Val at
codon 185) hybridized to DNAs only from colchicine-selected
multidrug-resistant KB cells (KB-C1.5 and -C3) (lanes 6 and 7). The

10
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Figure 2. Dried-gel Southern hybridization of DNA from
KB cell lines. The oligonucleotides used for preparing the 32P -
labeled probes are shown at the bottom. Al and C1 correspond to
positions 545 to 564 of the adrenal derived MDRI cDNA and the KB-
C2.5 derived MDRI cDNA, respectively. P1 was used as a primer for

preparing the 32P-labeled antisense probes. 10 pg of EcoRI digested
DNA from KB3-1 (lanes 1 and 5), 2.5 pg of EcoRI digested DNA from
KB-C1.5 (lanes 2 and 6), KB-C3 (lanes 3, 7 and 9), and KB-V1 (lanes 4
and 8) were analyzed by dried-gel Southern hybridization with
probes Al (lanes 1-4), C1 (lanes 5-8), and mixed probes of Al and Cl1
(lane 9). The upper signal in lane 9 looks strong because the Al
probe contains three cytidine sites which can incorporate [o -

32P)1dCTP, but the probe C1 has only two.

11



hybridized fragment was about 4.4 kb and was amplified in these
cells. These results indicate that the M DRI gene in the human
genome has glycine at codorn 185 and that one allele of the MDRI
gene was mutated during selection and amplified in colchicine-
selected multidrug-resistant KB cells. Furthermore, to account for
the different size of the EcoRI fragment, one allele of the MDRI gene
in colchicine-selected multidrug-resistant KB cells must have
another mutation or rearrangement in an intron 1o create a new
EcoRI site.

The sequence at codon 893 was also analyzed using
oligonucleotide probes A3. DNAs from KB cell lines hybridized only
with the probe which codes Ala at codon 893, suggesting two
possibilities.  The first possibility is that the amino acid substitution
Ala= Ser at codon 893 in pMDRAI is an artifact of cDNA cloning. This
is unlikely because two independent clones (pMDRA1 and A2) had the
same sequence at codon 893. The second possibility is that this
mutation represents a genetic polymorphism.

To investigate this possibility, genomic DNAs isclated from
human leukocytes were investigated by dried-gel Southern
hybridization (Fig. 3). Probe A3 (Ser at codon 893) hybridized to
leukocyte DNA from three (lanes 1, 4, and 5) out of five persons.
Under these conditions, probe A3 did not hybridized to the amplified
MDR1 gene from KB-Cl1.5, but did hybridized to the plasmid pMDRAL
(Fig. 3). These results indicate that the differences at position 2677

could result from genetic polymorphism,

Functional analysis of two amino acid substitutions

To determine whether the amino acids at codons 185 and 893
have functional roles, the author constructed three expression
vectors.  These expression plasmids were cotransfected with pSV2neo
into NIH3T3 cells. Transfectants were first selected with G418 and

12
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Figure 3. Detection of the sequence at position 2677 of
human leukocyte DNA. A3 corresponds to the position 2668 to
2686 of the adrenal derived MDRI cDNA. P3 was used as a primer for
preparing the 32p-labeled antisense probe. 10 ng of pMDRAI1, 2.5 pug
of EcoRI digested DNA from KB-C1.5, and 10 pg of EcoRI digested DNA
from human leukocytes (lanes 1-5) were hybridized with probe A3.
The position of the hybridized band is shown by an arrow.
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Table 1 Relative resistance of transfectants

Transfected Relative resistanceb
cell lined MDR mRNAC
Colchicine Adriamycin Vinblastine

NVAl (pHaMDRI1/A) 9.3(1.0) 2.2(1.0) 4.7(1.0) 1.0
NVA2 12.1(1.3) 2.5(1.1) 5.3(1.1) 0.96
NGS1 (pHaMDRAL)  6.8(0.73) 5.1(2.3) 14.0(3.0) 2.6
NGS2 7.7(0.83) 5.0(2.3) 15.0(3.2) 3.7
NGA1 (pHaMDRGA) 5.7(0.61) 3.2(1.5) 11.0(2.3) 3.6
NGA2 6.5(0.70) 3.2(1.5) 12.0(2.6) 2.7
NIH 3T3 1.0(0.11) 1.0(0.45) 1.0(0.21) NDd

aTwo independent clones transfected by the plasmid in parentheses are shown.
The plasmids pHaMDR1/A, pHaMDRA1 and pHaMDRGA carry Vall83 and
Ala893, Gly135 and Ser823, and Gly185 and Ala893, respectively.

bRelative resistance is the ratio of IC5p of the transfected cell lines relative to
that of NIH3T3. Values in parentheses are the relative resistance io thecell
line NVAIL.

CRelative amount of MDR mRNA expressed from transfected chimeric M DR
genes was determined using an RNase protection assay (5). The amounts are
presented relative to that in the cell line NVAL.

dNot detected.

then with colchicine.

The relative resistance of transfectants to colchicine,
vinblastine and adriamycin were analyzed by a quantilative colony
formation assay and compared to the expression levels of the
transfected MDR gene (Table 1). The expression levels of MDR mRNA
in transfectants corresponded well to the relative resistance to
vinblastine. The resistance to colchicine relative to the MDR mRNA

expression level, however, drastically decreased in cells transfected

14



with pHaMDRA1 (NGS1 and NGS2) and pHaMDRGA (NGA1 and NGA2)
which contain wild type MDRI c¢DNAs compared to cells transfected
with pHaMDRI1/A (NVAl and NVA2). These results confirm previous
finding of Choi et al. (18) using a cDNA from vinblastine-selected
multidrug-resistant cells and indicate that the amino acid
substitution at codon 185 from glycine to wvaline, which occurred
during the selection by . colchicine, increases the resistance to
colchicine but has a little effect on the resistance to vinblastine. The
amino acid substitution at codon 893 from alanine to serine does not
affect the resistance to colchicine but may slightly increase

resistance to adriamycin.

DISCUSSION

To determine the difference between the MDRI genes
expressed in normal tissues and in multidrug-resistant cell lines, the
author isolated a full-length ¢cDNA of the MDRI gene from the human
adrenal in which P-glycoprotein is extensively expressed.  Human
MDRI c¢DNA has been isclated from multidrug-resistant mutant
sublines of KB epidermoid carcinoma cells (17'-19). Therefore
pMDRA1 is the first full-length cDNA clone isolated from human
normal tissue and analyzed. The author indicated that the expression
of the normal adrenal derived MDRI gene can bonfcr the multidrug
resistance (MDR) phenotype.

Sequence analysis revealed that the cDNA clone isolated from
the human adrenal has nine nucleotide differences compared to the
sequence of a previously isolated KB-C2.5 derived cDNA.  These
nucleotide differences result in two amino acid substitutions. One of
them is identical to the amino acid substitution found in KB-V1

derived c¢cDNA (18) and has been reported to alter the cross-resistance

15



patterns, This was confirmed by the results in this chapter.

The nucleotide difference which causes the amino acid
substitution at codon 893 resulted from genetic polymorphism.
Recently, another polymorphism has been reported in the M DRI
gene affecting a HindIIl site (20). The author also found a mutation
or rearrangement in an intron of the MDRI gene from colchicine-
- selected multidrug-resistant KB cells (Fig. 2). Mutations in KB-C2.5
derived ¢DNA has been presumed to occur spontaneously during
exposure to the sclecting drug (18). It might be important to
investigate whether exposure to antitumor agents during
chemotherapy causes spontaneous mutations in this gene. These
could result in the alteration of sensitivity of cancer cells to
antitumor agents,

The RNase protection analysis (unpublished results) revealed
that the MDRI gene is the major member of the P-glycoprotein gene
family expressed in human adrenal and its expression level is at least
10 times higher than that of MDR2 (MDR3), another member of this
gene family. The MDR2 gene is expressed in human liver but not in
colon or multidrug-resistant KB cells, These resulis suggest that the
products of MDRI gene and MDR2 gene may have different
physiological functions and that the product of the MDRI gene plays
the important role in the human adrenal and multidrug-resistant
cells.

The author reported in this chapter the deduced amino acid
sequence of the wild type MDR1 cDNA from the normal adrenal. The
author believes that this will facilitate the studies on the

physiological function of P-glycoprotein in the adrenal.
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Chapter 2  Detection of MDR1 Gene mRNA
Expression in Human Tumors by a Sensitive
Ribonuclease Protection Assay

Recently, a l-kb genomic fragment (PV) containing the major
transcription initiation sites for the human M DRI gene has been
isolated from the vinblastine-selected multidrug-resistant human XB
carcinoma mutant cell line XKB-VI1 (1). This fragment linked to the
chloramphenicol acetyltransferase gene showed promoter activity,
although its activity was low (1). No differences were detected in the
promoter activity of the c¢loned fragment measured as
chloramphenicol acetyliransferase activity in drug-resistant and
drug-sensitive KB cell lines. These results suggest that the cloned
promoter sequence was insufficient to allow regulation of
transcription after transfection or that the promoter itself might be
altered in the drug-resistant cell lines.

To study the sequence of the promoter in the native MDR!I
gene, the author isolated a 3-kb genomic fragment from a phage
library made from human normal tissue by Maniatis er al. (2). The
sequence of the PV fragment was identical to that of the native MDRI
gene except for a point mutation in the first exon. In this chapter,
the author shows that a ribonuclease protection assay using the
promoter sequence isolated from normal tissue is very sensitive and

reliable for studying MDRI mRNA expression in tumor samples.
MATERIALS AND METHODS

Materials and cells

[a-32P]CTP (29.6TBq/mmol) was purchased from Amersham.
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SP6 RNA polymerase was from Promega Biotec. Ribonucleases A and
T1 were from Boehringer Mannheim and Bethesda Research
Laboratories, respectively.  Multidrug-resistant cell lines KB-C4 and
KB-Al were selected in successive steps from KB-3-1 by colchicine
and adriamycin (doxorubicin), respectively.  All cell lines used in
this chapter were cultured in Dulbecco's Modified Eagle Medium

(DMEM) supplemented with 10% fetal bovine serum.

Specimens

Twelve renal cell carcinoma (RCC) samples (9 primary and 3
metastatic lesions) and 4 colon adenocarcinomas were surgically
obtained at Kyoto University Hospital and its satellite hospitals, Shiga
University of Medical Science Hospital and Mie University Hospital.
These patients had not been treated with any anti-cancer drugs prior

to surgery,

Isolation of MDR1 genomic fragment

A human genomic library in a Charon 4A vector made by
Maniatis et al. (2) was screened with the 5'-region of human MDR!
cDNA as a probe. A phage clone was identified. A 3-kb EcoR1I
fragment was subcloned intoc pUC19. The nucleotide sequence of this

fragment was determined by the dideoxy method of Sanger (3).

Ribonuclease protection assay

The 1-kb PstI fragment in the cloned fragment was inserted
into pGEM3 (pMDR-P3). The uniformly labeled antisense RNA probe
(785 nucleotides) was transcribed with SP6 RNA polymerase from
Pyull dvigcstcd plasmid pMDR-P3 according to the protocol supplied
by Promega Biotec. Total RNA (10 pg or 20 pg) was hybridized with 2 x
106 cpm of probe at 45°C in hybridization buffer (80% formamide, 0.4
M NaCl, 40 mM PIPES, 1 mM EDTA) for 14 hr. The probe was digested
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Figure 1. Schematic diagram of ribonuclease protection
assay for MDR1 mRNA. The uniformly labeled antisense RNA
probe was transcribed with SP6 RNA polymerase from Pvull digested
plasmid pMDRR-P3. Total RNA from KB cells, normal tissues and
clinical samples were hybridized with the RNA probe and were
digested with ribonucleases A and T1. The protected probe was
analyzed as described in MATERIALS AND METHODS and in the text.
The single base charge at +98 in PV probe is indicated by X. Because
of this base change, a fraction of the RNA probe was digested and
produces two extra bands of about 98 nuclectides and 36 nucleotides.

by ribonucleases A (49 pg/ml) and T1 (28 units/ml) at 30°C for 1 hr.
After proteinase K treatment, phenol/chloroform extraction and
ethanol precipitation, the protected probe was analyzed on a 6% or
8% polyacrylamide, 7 M urea gel.
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RESULTS

The 3-kb genomic fragment was isolated from the phage
library made from human normal tissue by Maniatis et al. (2). This
fragment contained the promoter region, the 134-bp first exon, the
562-bp first introm, the 74-bp second exon and a part of the second
intron of the MDRI gene (Fig. 1). The nucleotide sequence analysis
revealed that the genomic fragment (PV) previously isclated from
vinblastine-selected multidrug-resistant KB cell line (4) had a point
mutation at +98 in the first exon which is a non-coding region (Fig.
2). The nucleotide sequence of the first and second exons determined
from the normal human genomic MDRI! gene fragment was identical
with the nucleotide sequence of the full-length MDRI cDNA isolated
from normal human adrenal (Chapter 1)-

It has been reported that normal human adrenal, colon and
liver cells, the human hepato‘ma cell line HepG2, and vinblastine-
selected human KB multidrug-resistant cells initiate transcription of
the MDR1 pgene at the same site as detected by a ribonuclease
protection assay using the PV fragment (1). The author compared
the ribonuclease protection assay using the 1-kb Pstl fragment
isolated in this work (PN) with that using the PV fragment (Fig. 3).
Using the PV RNA probe, human adrenal RNA and kidney RNA
produced three bands (arrows I; 2 and 3) but RNAs from KB mutant
cell lines did not produce band 2 or 3 (Fig. 3). Using the PN RNA
probe, all RNA samples produced a clear major band (arrow 1) but did
not produce band 2 or 3. In both cases, RNA from KB-8-5 and KB-C4
produced a fourth band, indicating the presence of a transcript from
an upstream promoter. These results indicate that i) because of the
single base change at +98, a fraction of the PV RNA probe was
digested by ribonuclease A and produced iwo extra bands of about 98

nucleotides (arrow 2) and 36 nucleotides (arrow 3) as schematically
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fragment

Pstl
CTGC

AGAAAGGTGA
TAAATGCGAA
GGATATGAAG

ATGTCCCCAA

AGAAAAATTT
TACAGAATTG
TCCCGAGAAA
ACTTATGTGA

PvuIl
TGATTCAGCT

~391
CTCCTAGCCT TTTCAAAGGT GTTAGGAAGC

GAGAGGTCGG AGTTTTIGTA TTAACTGTAT
=291
ATTTCCCTTA ACTACGTCCT GTAGTTATAT

ACTTTGAAAG ACGTGTCTAC ATAAGTTGAA
-191
GATGCGCGTT TCTCTACTTG CCCTTTCTAG

AGAGGTGCAA
GCAGTTTCTC
TCTGTGGTGA

GAGCACAGCC

CGGAAGCCAG
GAGGAATCAG
GGCTGATTGG
GCTTCGCTCT

AACATTCCTC CTGGAAATTC AACCTGTTTC
-91
CATTCAGTICA ATCCGGGCCG GGAGCAGTCA

CIGGGCAGGA_ACAGCGCCGG GGCGTGGGCT

CTTTGCCACA

107

GGAAGCCTGA | GCTCATTCGA

GTAGCGGCTC
TAGGTCTTTIC
GGTGGCCGTT

TTCCAAGCTC
CACTAAAGTC

CCAAGGAGCG

AAAGAAGCAG
GGAGTATCIT

AGGCCGCTGT TCGTTTCCTT
110
CTTCCAA&AT TTCACGTCTIT

CGAGGTAGGG

CTATGGGACA
TTCACGGGAG
AAGTCCATGG
GCAGCGCCCA
AGCCCGCGCG
GAGGAAGCAT
CGGCGGGCAA
GGAGATGCTG

Nucleotide
isolated from
Transcripts

GTTCCCAAGT
AAGGGCTTCT
GGACCAAGTG
AACCGTAGTG
GTGCGGGGAC
CGTCCGCGGC
AGTCCAGAAC
GAGACCCCGC

sequence
human tissue,
present

GTCAGGCTTT
TGAGGCGTGG
GBGTTAGATC
GCACTGGACC
CTGCTCICTG
GACTGGAACC
GCGCTGCCAG

GCACAGGAAA

in

of the

GCACGCAAAG CTGGGAGCTA
210
CAGATTTCCT GAACTTGGTC

ATAGTGTGAA GTCCTCTGGC
310
TAGACTCAGG AGCTCCTGGA

ATGTTGCCCG GAGCGCGCAC
410
AGCCGCGCBGG CGGTGGGTGE

GGGAGGGAGA ATCGCACTGG
510
ACCCCCAACT CTGCCTTCGT
Pstl
GCCCCTGCAG

1-kb genomic Pstl
Exon 1 is enclosed with a
colchicine-selected multidrug--

resistant KB cells initiating from the upstream promoter contain the
exon enclosed by a thin line linked to exon 1. A CAAT -box (double
underlined) and GC box-like sequence (underlined) are shown. The
A residue indicated by ® at +98 is the nucleotide which is changed to
G in KB cells. The C residue at -32 and the CGCGC sequence from +356
to +369 indicated by A's were mistakenly decleted or presented as G,
respectively, in the previously published sequence (1). The numbers
are presented with the major transcription initiation site as +1.
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Figure 3. Ribonuclease protection assay. The PV RNA probe
(A) transcribed from pMDR-P2 (1) or the PN RNA probe (B)
transcribed from pMDR-P3 was hybridized with total RNA and
analyzed as described in MATERIALS AND METHODS. Al and B1, KB-3-
1 (20 pg); A2 and B3, KB-8-5 (20 pg); B2, KB-8-5 (10 pg); A3, KB-C4 (5
ng); A4, KB-V1 (5 pg); AS, KB-Al (5 pg); A6 and B4, adrenal (10 pg); A7
and BS5, kidney (10 pg); B6 and B7, renal cell carcinomas (P, primary
lesions; M, metastatic lesions). B6 and B7 correspond to B5 and B7 in
Fig. 5. A8 and B8, tRNA (20 pg); PV, PV RNA probe; PN, PN RNA probe.
Arrows 1 to 4 indicate protected RNA probes. The numbers indicate
size markers in nucleotides.

24



shown in Fig. 1; ii) the uridine residue a.t +98 in the PN RNA probe
base paired with the guanine residue in RNAs from KB mutant cell
lines (Fig. 4) and was not digested by ribonuclease A or T1; and iii)
RNAs from the KB mutant cell lines independently isolated by
colchicine (KB-8-5 and KB-C4), vinblastine (KB-V1) and adriamycin
(KB-A1l) did not produce band 2 or 3, suggesting that they have a
point mutation at the same site, and that this point mutation was
probably derived from the parent cell line KB-3-1.

The mismatch at the point mutation in the PV probe resulted
in the reduction of the strength of the major signal (arrow 1)
produced with RNAs from human adrenal and kidney (Fig. 3, A6 and
B4) compared with the signal wsing the PN probe (Fig. 3, A7 and BS5),
wherecas the strength of the band produced with RNA from KB-8-5 did
not change (Fig. 3, A2 and B3). The ribonuclease protection assay
using the PN RNA probe is 1.5 to 2-fold more sensitive for RNAs from
human tissues than using the PV RNA probe and would be, therefore,
sensitive and reliable for studying MDRI mRNA expression level in

clinical samples.

+98
Normal RNA -aafauu-
PV RNA Probe ~-UUcUAA -
+98
KB Cell RNA ~ARGAUU -
PN RNA Probe -0UUUUAA~

Figure 4. Nucleotide sequence (+96 to +101) of RNAs from
human normal tisseue and XB mutant cells hybridized with
PY RNA probe and PN RNA probe, respectively.
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The author measured MDRI mRNA levels in 12 renal cell
carcinoma samples (9 primary and 3 metastatic lesions) and 4 colon
adenocarcinomas (Fig. 5) using the PV RNase protection probe. The
RNA levels in many of these carcinoma cells were as high as the
levels in the multidrug-resistant KB-8-5 cells. Elevated MDRI mRNA
levels were also observed in 2 out of the 3 metastatic lesions. These
two -cases were confirmed by using the PN probe (Fig. 3). All of these
samples produced band 2 when using the PV RNA probe (Fig. 5),
indicating that the nucleotide at position +98 in these RNA samples

was adenosine (wild-type).

DISCUSSION

The nucleotide sequence analysis of the 3-kb genomic
fragment containing the promoter region, the first and second
exons, and the first intron of the human MDR! gene isolated from
human normal tissue revealed that this gene from the multidrug-
resistant KB mutant cells has a point mutation in the first exon. A
ribonuclease protection assay of several independently isolated KB
multidrug-resistant mutants suggested that this point mutation was
derived from the drug-sensitive KB-3-1 parent cell, and that all the
tested RNAs from human tissues and carcinoma cells were "wild
type". It remains to be determined if this point mutation affects the
regulation of MDRI gene expresssion.

The author has isolated a full-length ¢cDNA of the MDRI gene
from normal human adrenal and found that the MDRI c¢DNA
previously isolated from a colchicine-selected multidrug-resistant KB
cell has 9 point mutations (Chapter 1). These mutations include one
in the first exon noted in this work, as well as those in the coding

sequence. It has previouly been reported that mutations occur in the
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Figure 5. Ribonuclease protection assay. The PV RNA probe
was hybridized with 10 pg of total RNA from clinical samples. A: 1,
tRNA; 2, KB-8-5; 3, normal kidney; 4-9, renal cell carcinomas; 10-13,
colon adenocarcinomas. B: 1, KB-8-5; 2, KB-C4; 3, KB-V1 (5 pg); 4,
normal kidney; 5-7, renal cell carcinomas (P, primary lesions; M,
metastatic lesions); PV, PV RNA probe. Arrows 1-3 indicate protected
RNA probes. Arrow 2% indicates the band 2 in a long exposed
autoradiograph.
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coding sequence of the MDRI gene during the selection of resistant
cells in colchicine (5). Two point mutations resulting in a Gly= Val
mutation at codon 185 alter the pattern of cross resistance (Chapter
1) (5). The other amino acid substitution Ser= Ala at codon 893
probably reflects genetic polymorphism and may slightly alter the
pattern of cross resistance (Chapter 1).

Whatever the functional significance of a mutation in the
first exon, the nucleotide change produced a mismatched nucleotide
which caused partial digestion by ribonucleases as shown in Fig. 3.
'This may result in underestimation of the MDRI mRNA level if the
mutant PV probe is used with wild type RNA. The RNA probe isolated
in this work contains the wild-type MDRI RNA sequence from the
first non-coding exon. Therefore, the ribonuclease protection assay
using this probe is expected to be very sensitive and specific.

Detection of MDR! mRNA with DNA and RNA probes and of P-
glycoprotein with monoclonal antibody revealed that the MDRI gene
is expressed in normal adrenal, kidrey, liver and colon (4, 6-8) and
in cancers which originated from these organs (4, 6, 7, 9, 10).
Occasional high expression of the MDRI gene is also found in
leukemias and lymphomas, and in a wvariety of other tumors (11).
MDR1I RNA levels are also higher in cancers, such as neuroblastomas
and leukemias, relapsing after chemotherapy (11).

It has been reported . that in colchicine-selected multidrug-
resistant XB cell lines, transcription started also from another
promoter upstream of the promoter used in normal tissues (1). In all
the clinical samples studied in this work including two metastatic RCC
samples of high RNA levels, only the normal promoter was active.
Although some clinical samples appear to use the upstream as well as
downstream promoters (11), further investigations are necessary (o
clarify the role of the upstream promoter in clinical samples.

In the study of MDR! expression level in clinical samples,
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overestimation of MDRI RNA levels may result from the cross-
hybridization of DNA probes to the closely related MDR2 (MDR3) gene
(12) which has not been shown to be associated with multidrug
resistance.  The ribonuclease protection assay using the PN RNA
probe is specific for MDRI mRNA, since the detection of the specific
134 nucleotide band eliminates problems of cross-hybridization and
background. The degradation of RNA may also result in
underestimation of MDRI mRNA. Because the probe is at the 5'-end of
the MDRI mRNA, the 134 nucleotide band may be the last to be
affected by degradation of RNA samples. This ribonuclease
protection assay using the PN probe will be a sensitive and specific
method to study MDRI mRNA levels in clinical samples, and can be
employed to show the threshold level of the MDRI mRNA expression

as an indicator for senmsitivity te the standard in vive chemotherapy.
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Chater 3 Transcriptional Activation of MDRI1 Gene
in Response toe Arsenite Treatment

The development of multidrug resistance (two- to severalfold)
in cultured cells is initially accompanicd by elevated expression of
the MDRI gene without gene amplification (1). During further
selection for increased levels of resistance, expression of M DRI
mRNA is extraordinarily increased simultaneously with
amplification of MDRI gene. However because no amplification of
the MDRI gene has been reported in clinical samples, the mechanism
of acquiring low levels of resistance accompanied by a moderate
increase of MDRI expression without gene amplification is not
known.

The MDRI1 gene is expressed in normal tissues such as adrenal,
liver, kidney, colon, small intestine, and the blood-brain barrier (2-
4).  These localization of P-glycoprotein suggests that this protein
helps excrete metabolites and natural cytotoxic substances in the
diet. Interestingly the expression of P-glycoprotein mRNA is
elevated in chemically induced preneoplastic and neoplastic liver
nodules and in regenerating rat liver after partial hepatectomy (5,
6), but it is not clear how MDRI gene expression is regulated in
human liver. ‘

Recently Chin et. al. reported that exposure of a renal
adenocarcinoma cell line to heat shock and sodium arsenite
increased the MDR! mRNA level (7). In this chapter, the author
shows that the expression of MDRI gene in a hepatocarcinoma cell
line HepG2 is increased by exposure to sodium arsenite and that this
response is dependent on a promoeter region containing a tandem

repeat of heat-shock responsive elements (HSEs).
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MATERIALS AND METHODS

Materials, Plasmids and Cells

[35Simethionine and [!4Clbutyryl coenzyme A were purchased
from NEN Research Products. [0-32P]JCTP was from Amersham. Anti-
P-glycoproiein monoclonal antibody was from Centocor. Plasmid
pSVOOCAT (8), pBLCAT2 (9), pact-B-gal, pGAD28 (10) and LSNWT (11)
were provided by Dr. Y. Ebina, Dr. B. Luckow, Dr. S. Ishii, Dr. M.
Hatanaka and Dr. R.I. Morimoto, respectively. All cells in this
chapter were cultured in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum. Hela cells were provided

by Japanese Cancer Research Resources Bank.

Slot blot hybridization and RNase protection

A part of MDRI c¢DNA, pMDRS5A, encoding the nucleotide
binding region (12) was used as a probe for slot blot hybridization.
Total RNAs extracted from cells were transferred to GeneScreen Plus
{Du Pont). Hybridizations were done at 60°C for 16 hr in 1% SDS, 1 M
NaCl, 10% dextran sulfate, and 200 pg/ml of denatured salmon sperm
DNA. Filters were washed to a final stringency of 2 x SSC and 1% SDS
at 60°C. Comparable RNA loading was confirmed using a human j-
actin -probe (13). RNase protections were performed as previously
described using probe PN (14). Autoradiography was performed at -

- 70°C with intensifying screens.

Immunoprecipitation of P-glycoprotein

Cells in 35-mm dishes were labeled with [3°S]methionine (>37
TBg/mmol) for 1 hr. Cells were harvested by adding the lysis buffer
(1% Nonidet P-40, 150 mM NaCl, 50 mM Tris-HCI, pH 8.0, 5 mM EDTA, 2
mM  N-ethylmaleimide, 2 mM (p-aminophenyl)methanesulfonyl
fluoride hydrochloride, lug/rrﬂ leupeptin, and 1 pg/ml pepstatin).
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Lysates with the same amount of radioactivity were reacted with
anti-P-glycoprotein monoclonal antibody C219 for 1 hr at 4°C. The P-
glycoprotein-C219 complexes were precipitated using protein
A/Sepharose. Electrophoresis was done with 7% PAGE as described by
Ling et al. (15). The gel was treated with 1 M sodium salicylate and
dried. Fluorography was done at -70°C.

Nuclear run-on assay

Plasmid templates (30 pg) were denatured and bound to
nitrocellulose filter,  Approximately 2 x 107 cells in two 100 mm
dishes were harvested with a rubber policeman. Cell pellets were.
incubated on ice in 0.5 ml of NP-40 buffer (0.5% Nonidet P-40, 10 mM
Tris-HCl, pH 7.4, 10 mM NaCl, and 3 mM MgCl2) for 10 min and
centrifuged at 3000 rpm. Nuclei were rinsed twice with 1 ml of NP-40
buffer and resuspended in 200 pl of suspension buffer (50 mM Tris-
HCI, pH 8.3, 40 % glycerol, 5 mM MgClz, 0.1 mM EDTA). Then nuclei
were mixed with 100 pl of transcription buffer (15 mM Tris-HCl, pH
8.0, 7.5 mM MgClp, 450 mM KCI, 0.75 mM each ATP, GTP, and UTP, 0.18
puM CTP, and 3.7 MBq of [0-32P]CTP) and incubated at 30°C for 30 min.
Labeled RNAs (3 x 106 cpm) extracted from nuclei were hybridized in
1 ml of hybridization solution (50% formamide, 3xSSC, 10 mM NaPO4,
pH 7.0, 10xDenhardt's, 0.1% SDS, 100 pg/ml denatured salmon sperm
DNA, and 100 pg/ml yeast tRNA) at 50°C for 48 hr. Filters were
washed to a final stringency of 2xSSC and 0.1% SDS at 65°C.

Plasmid construction and CAT assay

A three kilobasepair fragment containing the MDRI promoter
region, first exon, first intron, second exon, and a part of the second
intron (14) was excised from the 3'-terminal using exonuclease III
and mungbean nuclease. The deleted promoter from the 3'-terminal

to the sixth nucleotide of the second exon (Fig. 5) was cloned into
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pSVOOCAT (pMP1CAT). pMPICAT was excised from the 5-terminal to
construct pMP5CAT, pMPS6CAT, and pMPS8CAT. The exon-intron region
of pMPICAT was deleted using the Sacl site to construct pPICAT (Fig.
6).

Ten micrograms of plasmid DNA was transfecied into HepG2
cells with five micrograms of the internal control plasmid, pact-B-
gal, which carries the p-galactosidase gene under the control of the
chicken f-actin promoter (16), wusing the calcium phosphate
coprecipitation method as previously described (17). Cells were
exposed to 100 pM of sodium arsenite 96 hr after the transfection
because DNA transfection and glycerol shock may cause some
stresses. When cells were exposed to sodium arsenite 48 hr after the
transfection of LSNWT containing the CAT gene under the control of
the hsp70 promoter, no significant increase in CAT activity was
detected (data not shown). Cells were treated with sodium arsenite
for 4 hr. Cell extracts which showed the same B-galactosidase activity
were added to the assay solution containing 100 mM Tris-HClL, pH 7.8, 1
mM chloramphenicol, and 1.85 kBq of [!4C]butyryl coenzyme A. The
reaction mixture was gently overlaid with 5 ml of Econoffuor and
then incubated at 37°C. At 30 min intervals, individual vials were
counted for 0.1 min. The CAT activities were compared at the time

where all the samples show the linearity over time.

Results

Effects of stresses on MDR1 expression

MDR1 is expressed in human normal liver and is believed to
act as a secretory pump for physiological metabolites and natural
toxic substances in the diet (4), and the expression of the rodent mdr

gene is elevated in chemically induced preneoplastic and neoplastic
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Figure 1. Induction of MDRI mRNA expression in HepG2
(A) and HeLa cells (B). Twelve micrograms of total cellular RNA
and twofold serial dilutions were applyed to Gene Screenplus and
hybridized with probe 5A as described in MATERIALS AND METHODS.
Two micorgrams of RNA was hybridized with human B-actin probe as
a control (C, D). Panel (A, C): Total RNA from HepG2 cells (lane 1),
treated with 300 pM H709 for 1 hr (lane 2), 100 pM sodium arsenite for
4 hr (lane 3), 30 ng/ml TPA for 30 min (lane 4), 12.5 ng/ml
adriamycin for 24 hr (lane 5), heat shock at 45°C for 10 min (lane 6).
Panel (B, D): Total RNA from HeLa cells (lane 1), treated with 200 pM
H709 for 1 hr (lane 2), 50 pM sodium arsenite for 4 hr (lane 3), 30
ng/ml TPA for 30 min (lane 4), 6.25 ng/ml adriamycin for 24 hr (lane
5), heat shock at 45°C for 10 min (lane 6). Treatment with drugs were
followed by recovery in fresh medium for 3 hr. The heat shock was
followed by recovery at 37°C for 4 hr.
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liver nodules (5, 6). To investigate whether stresses and cytotoxic
agents have any effects on MDR! expression in human liver cells,
the author used a well-differentiated human hepatocarcinoma cell
line, HepG2. The slo.t blot hybridization of total RNA (Fig. 1A) showed
that when HepG2 was treated with sodium arsenite at 100 pM for 4 hr,
a two- to threefold increase of MDRI mRNA was observed (lane 3). A
level of B-actin mRNA did not change afier exposure to sodium
arsenite (Fig. 1C). This concentration (100 pM) of sodium arsenite did
not affect the colony-forming ability of HepG2 when the medium was
exchanged for a fresh one after 4 hr of treatment (data not shown).
Heat shock at 45°C for 10 min followed by recovery at 37°C for 4 hr
had a marginal effect on the level of MDRI mRNA (lane 6). Heat
shock at 42°C for 1 hr or 2 hr scarcely affect the level of MDRI
mRNA, either (data not shown). '

Some stress genes are induced by DNA-damaging agents (18),
but no significant increase of MDRI expression was observed after
exposure to hydrogen peroxide (lane 2), 4-nitroquinoline-N-oxide
(4NQO), or N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) (data not
shown). Adriamycin or 12-O-tetradecanoylphorbol-13-acetate (TPA)
did not increase MDRI! mRNA, either (lanes 5 and 4). The induction of
MDRI mRNA by scdium arsenite was also observed in HeLa cells (Fig.
1B), in which the basal level of MDR! mRNA expression is very low.

To see whether the -increased expression of MDRI mRNA
caused by exposure to sodium arsenite caused the increase of the P-
glycoprotein synthesis, afier HepG2 cells were exposed to 100 uM of
arsenite for 4 hr and had recovered for 2 hr in the fresh medium
these cells were labeled with [35S]methionine for 1 hr. The Iabeled
proteins were immunoprecipitated with monoclonal antibody C219,
and analyzed by 7% SDS-PAGE (Fig. 2). The exposure to arsenite
caused a two- to threefold increase in the P-glycoprotein synthesis
(lane 2), while heat shock (42°C for 2 hr) had a marginal effect (lane

36



Control
- NaAsO»s
Heat shock

2005

92.5-
(kDa)

i i (6

Figure 2. Induction of P-glycoprotein synthesis. HepG2 cells
were treated with 100 pM sodium arsenite for 4 hr (lane 2) or heat
shocked at 42°C for 2 hr (lane 3), followed by recovery for 4 hr.
Stress-induced cells and untreated HepG2 cells (lane 1) were labeled
with [35 S]methionine for 1 hr. Cell extracts were
immunoprecipitated with anti-P-glycoprotein monoclonal antibody
C219 and the precipitated proteins were analyzed by SDS-
polyacrylamide gel electrophoresis as described in MATERIALS AND
METHODS. The numbers on the left indicate the position of size
markers in kilodaltons.

3). These changes corresponded well with the increase of M DRI

mRNA after exposure to arsenite and heat-shock.
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Mechanism of the increase of MDRI gene expression by
sodium  arsenite

The increase of mRNA could be mediated by transcriptional
activation and/or mRNA stabilization. = To determine the mechanism
of the increase of MDRI mRNA by sodium arsenite, the author first
attempted to measure the rate of MDRI gene transcription in HepG2
cells by nuclear run-on assay. However transcriptional activity of
MDR1I gene in HepG2 cells was too low to be detected by nuclear run-
on assay (data not shown). In CV-1 cells derived from monkey
kidney, mdr gene expression was higher than in HepG2 cells and was
increased about twofold by exposure to sodium arsenite (data not
shown). To characterize the mechanism of mdr gene expression, the

author isolated the nuclei from CV-1 cells before and after exposure

0 4 0 1 2 4 (hr)
MDRf o sane R
Bluescript
GAPDH N — T
B-actin ...uh

L §

Figure 3. Transcriptional activation of mdr gene in CV-1
cells. CV-1 cells were treated with sodium arsenite for indicated
hours and then nuclei were isolated. Nuclear run-on assay was
performed as described in MATERIALS AND METHODS. Plasmid
templates used for hybridization were as follows: MDRI, full-length
MDRI cDNA cloned into pBluescript KS (Chapter 1) ; Bluescript,
pBluescript KS without insert; GAPDH, pGAD28 containing GAPDH
cDNA ; B-actin, human B-actin cDNA
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to 100 pM sodium arsenite for various hours. After extension of
nascent transcripts in the presence of [o-32P]CTP, labeled RNAs were
hybridized to MDRI ¢DNA, Bluescript DNA, PB-actin cDNA, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) c¢DNA.  Sodium
arsenite significantly increased the transcriptional activity of mdr
gene, while the transcription of B-actin or GAPDH did not increase
but rather decreased (Fig. 3). Transcription of mdr gene was
increased twofold 1 hr or 4 hr after addition of sodium arsenite.
Stimulation of mdr gene transcription reached to threefold when
cells were treatcd' with arsenite for 2 hr. These results indicate that

transcriptional activation is involved in the increase of mdr mRNA,

Activation of the downstream promoter

The human MDRI gene has two promoters, the upstream and
the downstream. Normal tissues, renal cell carcinomas, colon
adenocarcinomas, HepG2, and vinblastine-selected KB multidrug-
resistant cells mainly use the downstream promoter (Chapter 2) (12,
17). But the upsiream promoter is also active in colchicine-selected
KB multidrug-resistant cells and some clinical samples (17, 19). The
author investigated which promoter is involved in the increase of
MDR]I expression after exposure to arsenite.

A ribonuclease protection assay using the first exon from the
normal tissue is very sensitive and 'spccific (Chapter 2), . and
transcripts from both promoters can be measured accurately.  The
upstream promoter is as active as the downstream promoter in
colchicine-selected multidrug-resistant cell KB8-5. Therefore, the
323-nucleotide fragment (transcript from upsiream promoter) as
well as the 134-nucleotide fragment (transcript from downstream
promoter) was protected from digestion by RNase (Fig. 4, lane 4).
Exposure of HepG2 cells to sodium arsenite led to a two- to threefold

increase of the 134-nucleotide fragment (lane 2). However, no
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transcript from the upstream promoter was detected even after
exposure to arsenite. The 550-nucleotide fragment clearly shown in
lane 2 is considered to be the nascent transcript (splicing

intermediate) from the downstream promoter.

P 3-134

e e

Figure 4. RNase protection analysis of MDRI mRNA from
arsenite-treated HepG2 cells. Total RNA (10 pg) extracted from
HepG2 cells before (lane 1), and after arsenite treatment at 100 pM
for 4 hr (lane 2), from drug-sensitive KB3-1 cells (lane 3), and from
drug-resistant KB8-5 cells (lane 4) analyzed by RNase protection as
described in MATERIALS AND METHODS. The numbers on the right
indicate nucleotide numbers of the protected fragments.
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Involvement of HSE sequences in the induction

To identily the sequence involved in the increase of M DRI
mRNA after exposure to sodium arsenite, the author first isolated a 3-
kb fragment from normal human tissue (Chapter 2), which contains
the downstream promoter, and sequenced it (Fig. 5). This fragment

spanned the scquence from -1073 to +1859 compared to the major

o GCG AAGAACAAAA TATATCAAGA TAAGGAAAAT TTGTAGTCAA GAATAGAAAA ARATTATGGE TTTGAAGTAT
GAGTTATTTA AAGAAAGTGG AAACATCCTC AGACTATGCA GTAAAAAACA AAGTGATTTT CYTGTVGTAA AGTTATGCAA TARAGTGATA GGTAATATGY
GAAAGTCATA GAATGTAGAG TAGAGGATAC AACAAACCTA TTICGTCTAT GTTCATAAGA AGTAAGAAAA GCIGTOATGT GAGYTAGCAT TGCTTITAGAA
TTTIGAATTG TGGAGATTOC ACGTACTTTT CCTCAGTTTG AAGTAAATAQ TGGACAGGAA AAAATATTAA ATOTTGGGAG TAAATATGGA AGGAAATTAC
AACTAATGTA ATATGGTAAA ACATGCTATG TTTATTTTAC TAATTTGAAT TAAAATGTAA GAATTTAAAA TGOCCTGGAA AAACACGGGHC ATTGATCTOA
COTCTGAAGT TTTAAAATAT TACACACTTY GAAATAGCAT TTGTAGGTTO AAATACCYGY CTCTATATAT TTTTTAAAACTICCTTITTC TITCATICCA
TTTATGATGA AATAAAGGAT GAACAGATGT AAGTCAGAAA CTGTGAAGCA TGOTGAAGAA AOAGCAGTGC AGAAAAATTT CTGCTAGCCT TTTCAAAGGT
BITAGGAAGC AGAAAGGTGA TACAGAATTG GAGAGGTCGO AGTTTTYGTA TTAACTGTAT TAAATGCOAA TCCCGAGAAA ATTICCCTTA AGTACBYCGT
GTAGTTATAT GGATATGAAG ACTTATGTGA ACTTTGAAAG ACQOTGTGTAS ATAAGTTGAA ATOTGGGCAA TAATTCAGGT GATGCACOTT TCTCTAGTIG
GCCTTTCTAG AGAGGTGCAA CGGAAGCCAG AACATTGCTC CTGGAAATTC AACCTGYTTG GCAGTTITCTG GAGGAATCAG GATTCAQICA A ICCGAGCCO

GOAGCAGTCA TCTGTGGTGA GGCTGATIGG CIGGACAGGA AGAGCGCCHG GGLGIAGAGT GAGCACAGCC GCTYCGCTCT CTTTGGCACA GOAAGCCIGA

SGICTT GGIGGCCATT CCAAGGAGCH CGAGATAGGO GOACGOAAAG GTGGGAGGTA CTATGGGAGA OTTCCCAAGT GTGAGGCTTT CAGATIICCT
GAACTTGGTC TTCACGGGAD AAGGGCTTCT TGAGGCATGE ATAGTGTGAA OTCCTCTGEC AAGTCCATAA GGAGCAAGTG OGGTTAGATE TAGACTGAGD
AGCTCGTGGA GCAGCGCCGA AACCGTAGTO GGACTGGACC ATGTTGCCCO QAGCGCOCAC AGCCCRCACA GTGOGGABAC CTOCTCTCTO AGCECOCAs
CGGTGGGTGE GAGGAAGGAT CGTGCGCGGE GACTGGAAGE GGGAGGGAGA ATCGCACTGO CGGCGGGCAA AGTCOABAAD GGGGTACCAG ACCCCCAACT
GTGCGTTCGT GGAGATGCTG GAGAGCCCGC GCACAGGAAA GCGCGTGGAG TGCCCATCAC GGCCAGAGCA GCTOGAGOAT CAACGOCEGG COCTEEETET
TAGJGCIGTG TGGCTTGGAC GGOGGACTAG AGGTTAGICT CACCTGCAGE GGGCCTGAGG GTCATGCATT TGGCTAATGA GOTGCGGTTT GTCTTCAGRT

A

GGAGCAAAG ARGAAGAACT TTTITAXACT GAACAATAKA AGIGTAACTAG CTTGTTTCAT TTTGATAGTT
TACATAGTTG CGAGATTYGA GTAATTTATT TCTAGGCTCC AGCTOTGAAA TAAATGACAT GTTGTTGTTT TTAATTATTT TTAAGAAACG CAAGCTAGCC
TTTGGAATCA ATATCGCTGG TTAGAGCAGA AGTTTGTTGG CTGAGTGGAG CACAGCATAT GCATITIGCC TATCYTTTTT STTCTYICTT YTAATGATAC
ATARTATTTT ACATATTTAT GAAATGGAGYT ACATGGAAGC GTTTTTTAGA TGCCCOOAAT GTGTAATGAT CAAQTCCGGA TATYTOAAGA ATACATCACEC
TTAGGTATAT TYCATTTCTA TOTGTTGATA ACATTTTAAG TOYTCTAGCT AGTTTOAAAT ATACAATATA TTOCTAACTA TAQTGACCCT CGYCTGCTAT
CGAACATTIGG AACTYATITG TCCTATCCAA CCGTTCTTAG TCATTGACCA ACCTCTTITTC ATTTCACCTT TTTACCCTTIC CCQACCTCTT TCCLTTAQTE
TTGGYGTGEC TOTTTCTCAG CTYTCCTGCC CCAGACAGGE GGATGCTCAT ATGYGTTICT OTCTTATGAA CTTCTACTTT TCAAGTGATA TTGGTCGCCC
ACACGTOAGC CATATGCTGC TGGTGATETG CTCTGTGGYC CAGGCTCTTG CTICCGGTAA ATGGCTATAT AAACATCGCA TTTATGGCCT GGCTGATGAS
ACAGAAGGTC AAMAGYACAT TTAGGTYGTT AACTGGCAAT AAATATCTGT ATATAATATY GGTAATGTAA TCATATAGGG AAAATAATTA TTTAAAGTAA
ATTITGATCA TGGTGCTCTG GCTTTATAGA ATATTTAAAR GTTGAGYAAA TAGATTCATT GTTAGTAGTA AATTGTAAAA TAGACTAGTA AGTTTAATAA
TATTAGAAAC TGTAATGTAA ATTATAAGAT AAATTAGCTA AACACATTAA TATTATAAGA AAGCAAGCTT TTCAGTGTAA GAGAAAAAAT ACAAATGTOAG
AAATCAAATA CATTTTITAAA AATAATGITA AGTTTGAATT AGAAATTTICA ATATGAATT

Figure 5. Nucleotide sequence of the 3-kb fragment
containing the MDRI downstream promoter. Exon 1 and 2 are
enclosed by solid lines. An arrow head indicates the site at which the
chloramphenicol aceiyl transferase gene is fused in pMPICAT. GC
boxes, a CAAT box, and heat-shock responsive elements are
underlined by a solid line, a dotted "line, and two solid lines,
respectively.  The first ATG is indicated by asterisks. The numbers
are pregsented with the major transcription initiation site as +1.
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Figure 6. Schematic representation of MDRI promoter
deletions. Open box indicates the CAT gene in pSVOOCAT and filled
boxes indicate the first exon and a part of the second exon of MDRIJ
gene. HSE, heat-shock responsive element; CAAT, CAAT box; GC, GC
box.

transcriptional initiation site and consisted of 1073 bp of the
upstream sequence, 134 bp of the first exon, 562 bp of the first
intron, 74 bp of the second exon where the first ATG exists, and a parnt
of the second intron. To examine the roles of sequences in the
upstream region, the first eﬁcon, and the first intron, the second exon
was excised from 3’ to one nucleotide upstream from the first ATG and
the excised fragment was fused to the E. coli chloramphenicol acetyl
transferase (CAT) gene in pSVOOCAT (Fig. 6). The resulting plasmid
was named pMPICAT.

When HepG2 cells were treated with 100 pM of sodium arsenite 96 hr
after the transfection of pMPI1CAT, the CAT activity increased to 2.6-
fold that without arsenite treatment (Table 1). The CAT activity of an
extract from cells transfected with pBLCAT2, which contains CAT
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Table 1
Promoter activity of deletion constructs in HepG2

CAT activity®) Fold
-arsenite +arsenite increase

pMP1CAT 26 68 2.6
pP1CAT 23 35 1.5
pMPSCAT 33 66 2.0
pMP6OCAT 59 65 1.1
pMP8CAT 34 31 0.9
pSVOOCAT 0 0 -
pBLCAT2(t k) 100 80 0.8
LSNWT(hsp70) 63 132 2.1

a)CAT activity is the percent' ratio relative to the CAT
activity of pBLCAT2 without arsenite treatment. Each value
is average of three experiments. Plasmid carrying the B
galactosidase gene cDNA under the control of the B-actin
promoter was cotransfected, and the B-galactosidase activity
of cell extracts were used as an internal control.

gene under the control of tk promoter, did not change after exposure
to arsenite. The 2.6-fold increase in the promoter activity of MDR I
was significant because the hsp70 promoter in LSNWT showed no
more than a 2.1-fold increase after the exposure to arsenite under
these conditions,

To identify the functionally important region for the
activation by arsenite treatment, the author constructed a series of
deletion mutants fromv pMP1CAT (Fig. 6). Because pMP8CAT had a
similar promoter activity to pMPI1CAT (Table 1), sequences from -1073
to -106 including HSEs and the CAAT box may not be significant for
the basal promoter activity. The promoter activity of pMP5SCAT - (-193
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to +704) was increased twofold after exposure to arsenite, but that of
pMP6CAT (-132 to +704) or pMP8CAT (-106 to +704) was not. Also in
CV-1 cells, the promoter activity of pMPI1CAT was increased 2.0-f01dl
after exposure to sodium arsenite but that of pMP8CAT was not (data
not shown). These results suggest that the nucleotide sequences
from -193 to -133, which contains a tandem repeat of HSEs (-174
CCAGAACATTCCIC -161 and -161 CCTGGAAATTCAAC -148), are necessary
for the induction by arsenite treatment. pPlCAT, in which the first
exon, the first intron, and the second exon were deleted showed
similar basal promoter activity to pMPICAT and a 1.5-fold increase by
arsenite treatment, indicating that the exon-intron region (+1 to
+704) that contains a HSE sequence (195 TTTCCIGAAC 204) could
modify the induction by arsenite, although it did not affect the basal

promoter activity.

DISCUSSION

The author has shown in this chapter that sodium arsenite
treatment increases the MDRJ mRNA expression in two cell lines,
HeLa and HepG2, which are derived from human uterus and liver,
respectively. In CV-1 cells derived from monkey kidney, the mdr
gene was also increased after exposure to sodium arsenite (data not
shown). The author could not detect a significant increase of MDR!
gene expression in these cell lines after heat shock. Recently, Chin
et al. reported that MDRI mRNAs in two human renal carcinoma cell
lines, HTB-44 and HTB-46, were increased by arsenite treatment and
heat shock (7). The reason why heat shock induces MDRI gene
expression only in these two renal carcinoma cell lines is unclear.
These results, however, indicate that MDRI is one of the stress genes.

The increase of MDRI mRNA could be mediated by either
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transcriptional activation or mRNA stabilization or both.  Nuclear
run-on assay using CV-1 cells and CAT assay using HepG2 cells and
CV-1 cells indicated that sodium arsenite activated the transcription
of MDRI gene, Induction ratio of nuclear run-on and CAT assays
(two- to threefold) corresponded well to the increase of MDRI mRNA
level in these cells, The 2.6-fold increase in the promoter activity of
MDRI in the CAT assay was significant because the Asp70 promoter
showed no more than a 2.1-fold increase under these conditions
(Table 1). These results suggested that at least a part of, probably
most of, the increase of mRNA in HepG2 and CV-1 cells after exposure
to arsenite is mediated by transcriptional activation.

Deletion analysis indicated that sequences between -193 to -133
are necessary for the induction by arsenite treatment (Fig. 6, Table
1). There are two classical HSEs (C--GAA--TTC--G) tandemly repeated
in this region, One (-174 to -161) is a 7/8 match and the other (-161 to
-148) a 6/8 match. Recently Peisic et al. reported that HSE is
composed of contiguous arrays of 5-bp unmits, -GAA- (20). Head-1o0-
head (-GAA--TTC-) and tail-to-tail (-TTC--GAA-) repeats of this unit
can bind HSF and show stress-induced expression. In this respect,
one tail-to-tail HSE exists in the first intron (+195 to +204). CAT assay
analysis using a deleted MDRI! promoter suggested that this internal
HSE may slightly modify the promoter activity after exposure to
arsenite,

Acquisition of multidrug resistance could involve twao
phenomena, induction of MDRI! gene cxpression and sclection. MDRI
mRNA level in HepG2, HeLa, or CV-1 cells was not changed after
exposure to chemotherapeutic agents or DNA damaging agents under
these experimenta! conditions. But the data shown here indicate that
MDR1 gene expression can be induced under certain conditions of
stress.,  This induction mechanism might be involved in the initial

response in the acquisition of multidrug resistance in vivo.
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Chapter 4 Quercetin, a Bioflavonoid, Inhibits the
Increase of Human Multidrug Resistance Gene
(MDR1) Expression Caused by Arsenite

The development of low levels (two- 1o severalfold) of
multidrug resistance in cultured cells is initially accompanied by
elevated expression of the MDRI gene without gene amplification (1).
It has been reported that the expression of MDRI is induced in
human renal adenocarcinoma cell lines (HTB-44 and HTB-46) (2) and
a human hepatocarcinoma cell line (HepG2) (Chapter 3) after
exposure to some stresses. Transcriptional activation was involved in
the increase of MDR! expression in HepG2 (Chapter 3) and the
increased expression of MDR1 caused a transient increase in
resistance to vinblastine in HTB-46 (2). Because the emergence of
cancer cells that have acquired two- to threefold resistance should be
a serious problem in chemotherapy, reagents that inhibit the
increase of MDRI expression might be useful to suppress the
emergence of resistant cells. '

' Quercetin, a bioflavonoid widely distributed in plants, inhibits
the synthesis of heat-shock proteins induced by heat-shock and
other stresses (3). Quercetin inhibited the induction of hsp70 at the
level of mRNA accumulation. In this chapter the author shows that
quercetin inhibits the increase of P-glycoprotein synthesis and
MDRI mRNA in HepG2 cells after exposure to sodium arsenite. The
CAT assay analysis indicated that quercetin affected the
transcriptional activity of MDRI.
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MATERIALS AND METHODS
Materials and Cells
[35Smethionine and [!4C)butyryl coenzyme A were purchased
from NEN Research Products. [0-32P]CTP was from Amersham. Anti-
P-glycoprotein monoclonal antibody was from Centocor. HepG2 cells
were cultured in Dulbecco's Modified Eagle Mediem (DMEM)

supplemented with 10% fetal bovine serum.

Immunoprecipitaion

Cells were treated with 100 pM quercetin for 4 hr, and then
treated with 100 pM sodium arsenite for 4 hr or heat shock at 42°C for
2 hr in the presence of quercetin, After recovering for 2 hr in fresh
medium containing quercetin, cells were labeled with
[35S]methionine for 1 hr and harvested. Immunoprecipitation was

done as described in chapter 3.

"~ RNA isolation, slot  blot hybridization, and RNase
prolection .

A part of MDRI c¢DNA, pMDRS5A, encoding the nucleotide
binding region (4) and hsp70 cDNA in the plasmid pH2.3 (5) were
used as probes for slot blot hybridization. HepG2 cells were treated
with 100 pM quercetin for 4 hr, then exposed to 100 pM sodium
arsenite for 4 hr in the presence of quercetin. Total RNA was
extracted from HepG?2 cclls‘ and transferred to GeneScreen Plus (Du
Pont). Hybridizations were done at 60°C for 16 hr in hybridization
solution (1% SDS, 1 M NaCl, 10% dexiran sulfate, and 200 pg/ml of
denatured salmon sperm DNA) containing each probe (5 x 103
cpm/ml). Filters were washed to a final stringency of 2xSSC and 1%
SDS at 60°C. Comparable RNA loading was confirmed using a human
B -actin probe (6). RNase protections were doen as previously
described using the probe PN (Chapter 2).
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CAT assay

Plasmid PMPICAT contains the chloramphenicol
acetyltransferase (CAT) gene under the control of the M DR
downstream promoter. Ten micrograms of plasmid»DNA was
transfected into HepG2 cells with five micrograms of the internal
control  plasmid, pact-p-gal, using the calcium phosphate
coprecipitation method. Cells were exposed to quercetin (100 pM) and
sodium arsenite (100 pM) 4 days afier the transfection because DNA
transfection and glycerol shock may -cause some stresses. Cell
extracts which showed the same B-galactosidase activity were used

for the CAT assay as described in chapter 3.

RESULTS

Quercetin inhibits the increase of P-glycoprotein
synthesis induced by arsenite

To analyze the effects of quercetin on P-glycoprotein
synthesis after exposure to arsenite, HepG2 cells were treated with
100 pM quercetin for 4 hr before exposure to arsenite, then cells
were treated with 100 pM sodium arsenite in the presence of
quercetin for 4 hr.  After recovering for 2 hr in the fresh medium
containing quercetin, HepG2 cells were labeled with [353]methi0nine
for 1 hr. The labeled proteins were immunoprecipitated with anti-P-
glycoprotein monoclonal antibody C219, and analyzed by 7% SDS-
PAGE. The exposure to arsenite caused a two- to threefold increase in
the P-glycoprotein synthesis, as described in chapter 3 (Fig. 1, lane
2). Quercetin  slightly _inhibited the constitutive synthcsis’ of P-
glycoprotein (lane 3). Quercetin completely inhibited the increase
of the P-glycoprotein synthesis caused by exposure to arsenite (lane
4). Heat shock at 42°C for 2 hr did not increase the synthesis of P-
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Figure 1. Inhibition of the increase of P-glycoprotein
synthesis caused by exposure to arsenite. HepG2 cells treated
with or without 100 pM sodium arsenite or heat-shocked (42°C, 2 hr)
in the presence or absence of quercetin were labeled with
[35S]methionine and cell extracts were immunoprecipitated with the
anti-P-glycoprotein monoclonal antibody C219 and analyzed as
described in MATERIALS AND METHODS. The numbers on the left
indicate the positions of size markers in kilodaltons.
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glycoprotein in HepG2 significantly (lane 35) nor did quercetin affect
P-glycoprotein synthesis after heat shock (lane 6).

Quercetin  inhibits the increase of MDR1 mRNA after
exposure (o arsenite

The increase in the P-glycoprotein synthesis after exposure to
arsenite was due to the mRNA accumulation of MDRI (Chapter 3). To
discover whether quercetin inhibits the increase of MDRI mRNA
after exposure to arsenite, slot blot analysis of total RNA was done
(Fig. 2A). MDRI mRNA was increased about twofold after exposure 1o
arsenite (lane 2). Quercetin completely inhibited the increase of
MDRI mRNA afier exposure to sodium arsenite (lane 4), while it did
not affect the level of MDRI mRNA before the exposure (lane 3).
Quercetin reduced the increase of Asp70 mRNA induced by sodium
arsenite as described previously (3) (Fig. 2A). The mRNA level of B-
actin gene did not change after exposure to these agents (Fig. 2A).

MDRI gene has two promoters, one upstream and one
downstream (7). The downstream promoter is mainly used in HepG2,
renal cell carcinoma, colon adenccarcinoma, and normal tissues such
as the adrenal, liver, and intestine. Transcripts from the upstream
promoter have been detected only in colchicine-selected multidrug-
resistant KB cells and some clinical samples (7, 8). Sodium arsenite
activates the downstream promoter in HepG2 cells and does not affect
the activity of the wupstream promoter (Chapter 3) (Fig. 2B). To
confirm that quercetin affected the transcripts from the downstream
promoter, total RNA from HepG2 cells treated with sodium arsenite
and quercetin was analyzed by a ribonuclease protection assay (Fig.
2B). In colchicine-selected multidrug-resistant cells KB8-5 both
promoters are active, therefore both the 323 nucleotide fragment
(transcript from the upstream promoter) and the 134 nucleotide

fragment (iranscript from the downstream promoter) were detected
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Figure 2. Inhibition of the increase of M DRI mRNA
accumulation. (A) Slot blot hybridization.  HepG2 cells treated
with or without sodium arsenite in the presence or absence of
quercetin. Twelve micrograms of total RNA and twofold serial
dilutions were applied to GeneScreen plus and hybridized with MDR 1

probe. Two micrograms of RNA was hybridized with hsp70 probe or a
human f-actin probe as a control.
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(B) RNase protection analysis. Total RNA (10 pg) was extracted from
untreated HepG2 cells (lane 1), treated with sodium arsenite (lane 2),
quercetin (lane 3), and both reagents (lane 4), from drug-sensitive
KB3-1 cells (lane 5), and from drug-resistant KB8-5 cells (lane 6).
The RNase protection assay was done as described in MATERIALS AND
METHODS. The numbers on the right indicate nucleotide numbers of
the protected fragments. The 550-nucleotide fragment in lane 2 is
considered to be the nascent transcript (splicing intermediate) from
the downstream promoter.
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"~ (lane 6)., In HepG2 cells the exposure to sodium arsenite led to a two-
to threefold increase of transcript from the downstream promoler

(lane 2), and quercetin inhibited this increase (lane 4).

Quercetin inhibits the transcription of MDRI

Results in chapter 3 suggested that transcriptional activation
is involved in the increase of MDRI mRNA caused by sodium arsenite
and depends on a 60-bp region containing two heat-shock responsive
elements. To discover whether quercetin inhibits the
transcriptional activation of the MDRJ gene after exposure to
arsenite, pMP1CAT, which contains the CAT gene under the control of
the downstream promoter of MDRI, was transfected into HepG2 cells,
and the CAT assay was dome. Four hours after addition of 100 pM of
quercetin, cells were treated with or without sodium arsenite for an
additional 4 hr in the presence of quercetin. After 2 hr of
incubation with fresh medium containing quercetin, the CAT activity
in cell extracts was assayed. As shown in Fig. 3, the CAT activity of
pMP1CAT was increased 2.1-fold after arsenite treatment while the
CAT activity of pBLCAT2 (9), which contains the tk promoter, did not
change. Quercetin did not affect the promoter activity of either
pMPICAT or pBLCAT2 in the absence of arsenite. In the presence of
arsenite, however, quercetin suppressed the CAT activity of pMPICAT
to the level without arsenite tréalment. The CAT activity of pBLCAT2
was not changed in the presence of these agents, These results
suggested that quercetin specifically inhibited the increase of

transcriptional activity of the MDR! gene induced by arsenite.
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Figure 3. CAT assay analysis. Plasmid DNAs (pMPI1CAT,
pBLCAT2) were transfected to HepG2. Cells were treated with or
without arsenite in the presence or absence of quercetin as
described in MATERIALS AND METHODS. The CAT activity is shown by

the percent ratio relative to the CAT activity of cell extracts of
untreated cells. Each value is the average of five experiments.

DISCUSSION

Quercetin is distributed widely in plants and has many
biological effects (10-12) and is recently reported to inhibit the
induction of heat shock proteins (3). In this chpater, the author has
shown that quercetin inhibited the increase of P-glycoprotein
synthesis and MDRI! mRNA accumulation. Because the author showed
that the transcriptional activation of MDRI gene after exposure to
arsenite depends on a 60-bp region containing tandemly repeated
heat-shock responsive eclements (Chapter 3), quercetin might affect

heat-shock factors. However it is possible that other trans-acting
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factors or RNA polymerases are involved in the inhibition by
quercetin.

Many reagents have been screened for reversing multidrug
resistance and some calcium channel blockers such as verapamil and
qunidine have been reported to have this properly. These rteversing
agents interact with P-glycoprotein and inhibit its function
competitively. However the moest promising way to conquer
multidrug resistance should be to suppress tfxe emergence of cancer
cells with acquired resistance. This is the first report o describe a

reagent that inhibits the increase of the MDRI pgene expression.
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Summary

Chapter 1

The author isolated a full-length MDRI cDNA from human
adrenal where P-glycoprotein is expressed at high level. The
deduced amino acid sequence shows two amino acid differences from
the sequence of P-glycoprotein obtained from colchicine-selected
multidrug-resistant cultured cells, The amino acid substitution Gly=
Val at codon 185 in P-glycoprotein from colchicine resistant cells
occurred during selection of cells in colchicine. As previously
reported, cells transfected with the MDRI cDNA carrying vall85
acquire increased resistance 10 colchicine compared to other drugs.
The other amino acid substitution Ser= Ala at codon 893 probably
reflects genetic polymorphism. The MDRI! gene, the major member
of the P-glycoprotein gene family expressed in human adrenal, is

sufficient to confer multidrug resistance on culture cells.

Chapter 2

The human MDRI gene encoding P-glycoprotein, an energy-
-dependent drug-efflux pump, was initially isolated from a multidrug-
resistant KB carcinoma cell. When a 3-kb genomic sequence isolated
from normal human tissue including the major downstream
~ promoter and the first and second exons of the MDRI gene was
compared to the equivalent fragment from KB cells, the MDRI gene
from KB carcinoma cells was found to have a point mutation in the
first exon.  Although this mutation does not affect the downstream

promoter sequence or the coding sequence of the MDRI gene, it
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creates a single base mismatch between the 5' KB genomic fragment
previously used for RNase protection analysis of MDRI RNA
expression in normal tissues and thereby reduces the sensitivity of
this assay. Using the DNA fragment from normal tissues rather than
KB cells, the author has reanalyzed MDRI mRNA levels in 12 renal
carcinomas and 4 colon adenocarcinomas. By this RNase protection
assay, MDRI RNA levels are as high in these tumors as in the
multidrug-resistant cell line, KB-8-5. The ribonuclease protection
assay indicated that the major downstream promoter was mainly used
in these «clinical samples including two samples of RNA from
metastatic renal cancer.  This assay appears to be a very sensitive
and specific assay for detecting MDRI mRNA levels and mRNA

initiation sites in clinical samples.

Chapter 3

The.MDRI gene, which confers a MDR phenotype, is expressed
in liver, kidney, small intestine, and the blood-brain barrier, and is
considered to help excrete metabolites and natural cytotoxic
substances in the diet. The author investigated M DRI gene
expression in the well-differentiated hepatoma cell line HepG2 after
exposure to several stresses and found that sodium arsenite treatment
led to a two- to threefold increase of MDRI gene expression and P-
glycoprotein synthesis. Nuclear run-on assay indicated that
transcriptional activation was involved in the increase of MDRI
mRNA caused by sodium arsenite. RNase protection assay showed
that transcription started from the downstream promoter.  Deletion
analysis of the downstream promoter fused to the chloramphenicol
acetyltransferase gene indicated that the transcriptional activation

after exposure to arsenite depends on a 60-bp region containing two
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heat-shock responsive elements.

Chapter 4

Expression of the MDRI1 gene, which encodes P-glycoprotein,
is involved in multidrug resistance of cancer cells,. MDRI gene
expression is increased under some stress conditions. It has reported
that gquercetin, a bioflavonoid, inhibits the expression of heat shock
proteins, The author has identified the effects of quercetin on the
MDR1 gene expression in the human hepatocarcinoma cell line
HepG2. The increase of P-glycoprotein synthesis and MDR! mRNA
accumulation caused by exposure to arsenite was inhibited by
quercetin.  The CAT assay suggested that quercetin suppressed the
transcriptional activation of MDRI gene after exposure io arsenite.
Although many drugs that prevent the P-glycoprotein function have
been reported, this is the first report to describe the inhibition of

MDR1 expression by a reagent.
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