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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 unrelated 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 mod e I s 

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, (c) 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 M DR 1 gene, which encodes P-glycoprotein, was isolated 

from a multidrug-resistant cell line KB-C2.5 using amplified DNA 

fragments as a probe (9, 10). Overexpression of M DR 1 gene can 

confer multidrug resistance on drug-sensitive cell lines after 

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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ATP ATP 

Figure 1. Shematic representation of the putative 

structure of P~glycoprotein 

CFTR (cystic fibrosis transmembrane conductance regulator) (18). 

These proteins fonn a superfamily of membrane-associated transport 

proteins. 

It has been reported that some multi drug-resistant cell lines 

are more resistant to the drugs used for the selection than other 

drugs (1, 19), and in some cases EMS tr«;!atments 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 M DR 1 gene expression, might· be involved in acquiring 

multidrug resistance. Some physiological stresses might affect the P­

glycoprotein function or the M DR 1 gene expression. 

In this thesis, the author intends· to clalify the mechanism of 

acquiring the multidrug resistance by M DR 1 gene and describes: 

differences between M DR 1 genes expressed in nonnal tissues and in 

colchicine-selected multidrug-resistant cell line KB-C2.5 (Chapter I); 
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development of a RNase protection assay using M DR 1 promoter 

region isolated from human normal tissue to detect M DR 1 mRNA 

accurately (Chapter 2): induction of M DR 1 gene· expression after 

exposure to sodium arsenite (Chapter 3): and inhibition of the 

increase of MD R 1 mRNA by quercetin, a bioflavonoid (Chapter 4). 
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Chapter 1 MDRl eDNA from Human Adrenal: 
Normal P-glycoprotein carries 01y185 with an altered pattern 

of multidrug resistance 

The M DR 1 mRNA is found at substantial level in the liver, 

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 results suggest 

that P-glycoprotein helps excrete metabolites and natural 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 kidney which are known to 

be intrinsi call y 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 DR 1 

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 M DR 1 cDNA from a normal human 
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adrenal. 

MATERIALS AND METHODS 

Materials and cells 

[a- 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. KB-3-1, 

a HeLa subline, is the drug-sensitive human carcinoma cell line. KB­

C1.5 and KB-C3 were multidrug-resistant cell lines selected in 

successive steps from KB-3-1 by colchicine. Multidrug-resistant cell 

lines KB-Vl was isolated from KB-3-1 by vinblastine. The details of 

isolation and characterization of the cell lines have been previously 

described (8, 9). 

eDNA cloning arid sequencing 

Po I y (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 

No tI site at its 5'-end. After blunt-end synthesis, cDNA was digested 

with NotI, arid inserted into SmaI and NotI digested and 

dephospholylated Bluescript vector (Stratagene). The library was 

screened with the MDRI cDNAclones pMDR5A and pMDRlO (11). 

Sequencing of cDNA clones was done· by the dideoxy sequencing 

procedure (12) after subcloning into M13mp18 and M13mp19. 

Dried-gel Southern hybridization 

To detect single copy genes with oligonucleotid.e probes, the 

author used dried-gel hybridization (I3). E C 0 RI digested genomic 

DNA was denatured in 0.5% agarose after electrophoresis. The dried-
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gel was hybridized in 0.9 M NaCl, 6 mM EDTA, 0.5% SDS, 90 mM Tris­

HCI, pH 7.5, 200 ).lg/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 [a- 32P]dCTP (111TBq/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 pHaMDRl/A contains an MDRl 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 pHaMDRAl carrying 

glycine at codon 185 and serine at codon 893 was constructed by 

replacing the 3.5-kb SacII-PstI fragment of pHaMDRl/A with the 

equivalent fragment of pMDRAl. The plasmid pHaMDRGA, encoding 

glycine at codon 185 and alanine at codon 893, was obtained by 

replacing the 2.2-kb SacII-HindlII 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 0418 at 0.8 mg/m!; then pooled 0418-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 Ilg of pHaMDRl/A and 200 colonies per 10 ).lg of 

pHaMDRAl or pHaMDROA were obtained. Five independent clones 

from each transfection were picked and expanded for further 

analysis. 

The colony-forming ability of transfectants was measured by 
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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 eDNA from human 

adrenal 

A cDNA library from human normal adrenal was constructed 

and screened as described in MATERIALS AND METHODS. Two positive 

clones pMDRA 1 and pMDRA2 were isolated (Fig. lA). Sequence 

anaiysis revealed that the larger clone, pMDRAl, contained the 

entire coding region. The 5'-noncoding region of pMDRAl was 137 

bases long and was shorter than the previously isolated M DR 1 eDNA. 

The MDRl eDNA 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 M DR 1 gene 

(16). The downstream promoter is mainiy used in human organs 

including adrenal (17). The 5'-end of pMDRAl corresponded to the 

transcription start site of the downstream promoter of M DR 1 gene. 

These results indicate that pMDRAl is a full-length M DRl cDNA from 

the human adrenal. 

Figure 1. Structural analysis of M DR 1 eDNA. (A) Restriction 
maps of KB-C2.5 derived MDRl cDNA and the MDR cDNA clones 
isolated from human adrenal. B, Ball; E, EeoRI; H, HindUI; K, KpnI; N, 
NeoI; P, PstI; S, SacI. (B) The different nucleotides and deduced amino 
acid sequences between M DR 1 and pMDRAl. The different 
nucleotides and amino acids are underlined. Nuc1eotides are 
numbered from the putative translation initiation site. 
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(A) 

MDR1 ~ ~ r ~ ~ 

MDRA1 I ~ Y r ~ 
MDRA2 

(8) 
MDR1 

554 
AAT GAA GTT ATT GGT 

Val (185) 

2677 
GAA GGT BCT GGG AAG 

A1.a(B93} 

-43 
CTTCCAA.B.ATTTCAC 

540 
ATGTCTC.I.AAGATTA 

1236 
TGAAGGG,QCTGAACC 

1641 
TGGTTCGQAACCCCA 

3435 
AAGAGATQGTGAGGG 

4036 

9 

~ ~~ 'Ir 
~ ~tt 'Ir 
~ ~~ Ifr 

1 kb 

MDRA1 
554 

AAT GAA G.GA ATT GGT 
Gly (185) 

2677 
GAA GGT TCT GGG AAG 

Ser(B93) 

-43 
CTTCCAAliATTTCAC 

540 
ATGTCTC,QAAGATTA 

1236 
TGAAGGG.T.CTGAACC 

1641 
TGGT TCG.TAAC CCCA 

3435 
AAGAGATTGTGAGGG 

4036 

AAAAA 

AAAAA 

AAAAA 



There were, however, nine nucleotide differences between the 

sequence of KB-C2.5 derived cDNA and pMDRAI (Fig. IB). Recently a 

full-length M DR 1 cDNA was isolated from the vinblastine-selected KB 

cell line, KB- VI, 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 pMDRAI were identical to those 

in KB-Vl 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'-noncoding region at position -43. This sequence was 

confirmed by analyzing the first exon of the M DR 1 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 two amino acid substitutions in adrenal 

derived eDNA 

As noted above, there were two amino acid substitutions 

between adrenal derived and KB-C2.5 derived MDRl 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 

multi drug-resistant KB cells, KB-Vl (lane 4). The probe Cl (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 
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2.3-

• 

1 2 3 4 5 6 7 8 9 

A1; 5' TT AAT GAA GGA ATT GG~ GAe 3' 
C1; 5' T~ AAT G~A GTT ATT GGW GAC 3' 
P1; 3' AA CCA C~G 5' 

Figure 2. Dried-gel Southern hybridization of DNA from 
KB cell lines. The oligonucleotides . used for preparing the 3 2p -
labeled probes are shown at the bottom. Aland CI correspond to 
positions 545 to 564 of the adrenal derived M DR 1 cDNA and the KB­
C2.5 derived M DR 1 cDNA, respectively. Pt was used as a primer for 
preparing the 32 P-Iabeled antisense probes. lO)lg of EcoRI digested 
DNA from KB3-I (lanes 1 and 5), 2.5 )lg of EeoRI 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), Ct (lanes 5-8), and mixed probes of At and Ct 
(lane 9). The upper signal in lane 9 looks strong because the At 
probe contains three cytidine sites which can incorporate [a-
32p]dCTP, but the probe CI has only two. 
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hybridized fragment was about 4.4 kb and was amplified in these 

cells. These results indicate that the M DR 1 gene in the human 

genome has glycine at codon 185 and that one allele of the M D R 1 

gene was mutated during selection and amplified in colchicine­

selected multidrug-resistant KB cells. Furthermore, to account for 

the different size of the E e 0 RI fragment, one allele of the M DR 1 gene 

in colchicine-selected multidrug-resistant KB cells must have 

another mutation or rearrangement in an intron to create a new 

EeoR! 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 eDNA cloning. This 

is unlikely because two independent clones (pMDRA 1 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 isolated 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 

MDRl gene from KB-C1.5, but did hybridized to the plasmid pMDRAl 

(Fig. 3), These results indicate that the differences at position 2677 

could result from genetic polymorphism. 

Functiollal allaly~is oj 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 0418 and 
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23. 1-

9. 4--

6. 6-

4. 4-

2.3-

. -c:.,.:) 1 2 3 4 

• 

A3 ; 5' eTA GAA GGT lCT GGG AAG A 3' 
P3; 3'A ecc TTC T 5' 

5 

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 M DR 1 eDNA. P3 was used as a primer for 
preparing the 32P-Iabeled antisense probe. 10 ng of pMDRA1, 2.S Ilg 
of EcoRI digested DNA from KB-Cl.S, and 10 Ilg of EcoRI digested DNA 
from human leukocytes (lanes l-S) 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 
cell linea 

NVA1 (pHaMDRl/A) 

NVA2 

NGS1 (pHaMDRAl) 

NGS2 

NGA 1 (pHaMDRGA) 

NGA2 
NIH 3T3 

Relative resistanceb 

MDR mRNAc 

Colchicine Ad ri amycin .Vi nbl as tine 

9.3(1.0) 2.2(1.0) 4.7(1.0) 1.0 

12.1(1.3) 2.5(1.1) 5.3(1.1) 0.96 

6.8(0.73) 5.1(2.3 ) 14.0(3.0) 2.6 

7.7(0.83) 5.0(2.3) 15.0(3.2) 3.7 

5.7(0.61) 3.2(1.5) 11.0(2.3) 3.6 

6.5(0.70) 3.2(1.5) 12.0(2.6) 2.7 
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 pHaMDR 1/ A, pHaMDRA I and pHaMDRGA carry Val 185 and 
Ala 893 , Gly185 and Ser893. and Gly185 and Ala893 • respectively. 

bRelative resistance is the ralio of IeS 0 of the transfected cell lines relative to 
that of NIH3T3. Values in parentheses are the relative resistance to thecell 
line NVAI. 

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

dNot detected. 

then with colchicine. 

The relative resistance of transfectants to colchicine, 

vinblastine and adriamycin were analyzed by a quantitative colony 

formation assay and compared to the expression levels of the 

transfected M DR gene (Table 1). The expression levels of M DR mRN A 

in transfectants corresponded well to the relative resistance to 

vinblastine. The resistance to colchicine relative to the M DR mRNA 

expression level, however, drastically decreased in cells transfected 
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with pHaMDRAl (NGSI and NGS2) and pHaMDRGA (NGAI and NGA2) 

which contain wild type MDRI cDNAs compared to cells transfected 

with pHaMDRl/A (NVAI 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 yaline, 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 M DR I genes 

expressed in normal tissues and in multidrug-resistant cell lines, the 

author isolated a full-length cDNA of the M DR 1 gene from the human 

adrenal in which P-glycoprotein is extensively expressed. Human 

M DR I cDNA has been isolated from multidrug-resistant mutant 

sublines of KB epidermoid carcinoma cells (17-19). Therefore 

pMDRAI 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 M DR 1 gene can confer the muItidrug 

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-VI 

derived 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 D R 1 

gene affecting a HindIII site (20). The author also found a mutation 

or rearrangement in an intron of the M DR 1 gene from colchicine­

selected multidrug-resistant KB cells (Fig. 2). Mutations in KB-C2.5 

derived cDNA has been presumed to occur spontaneously during 

exposure to the selecting 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 M DR 1 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 M DR 2 (M DR 3), another member of this 

gene family. The M DR 2 gene is expressed in human liver but not in 

colon or multidrug-resistant KB cells. These results suggest that the 

products of M DR 1 gene and M DR 2 gene may have different 

physiological functions and that the product of the M DR 1 gene plays 

the important role in the human adrenal and multidrug-resistant 

cells. 

The author reported in this ~hapter the deduced amino acid 

sequence of the wild type M DR 1 eDNA 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 M DR 1 Gene mRN A 
Expression in Human Tumors by a Sensitive 

Ribonuclease Protection Assay 

Recently I a l-kb genomic fragment CPV) containing the major 

transcription initiation sites for the human M DR 1 gene has been 

isolated from the vinblastine-selected multidrug-resistant human KB 

carcinoma mutant cell line KB-Vl (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 cloned fragment measured as 

chloramphenicol acetyltransferase 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 M D R 1 

gene, the author isolated a 3-kb genomic fragment from a phage 

library made from human normal tissue by Maniatis et al. (2). The 

sequence of the PV fragment was identical to that of the native M DR 1 

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 M D Rl mRNA expression in tumor samples. 

MATERIALS AND METHODS 

Materials and cells 

[a-32P]CTP (29.6TBq/mrnol) was purchased from Amersham. 
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SP6 RNA polymerase was from Promega Biotee. Ribonucleases A and 

Tl were from Boehringer Mannheim and Bethesda Research 

Laboratories, respectively. Multidrug-resistant cell lines KB-C4 and 

KB-A 1 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 MDRl genomic fragment 

A human genomic library in a Charon 4A vector made by 

Maniatis et aI. (2) was screened with the 5'-region of human M DR 1 

cDNA as a probe. A phage clone was identified. A 3-kb E coR r 
fragment was subcloned into pUC19. The nucleotide sequence of this 

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

Ribonuclease protection assay 

The l-kb P stI fragment in the cloned fragment was inserted 

into pGEM3 (pMDR-P3). The uniformly labeled antisense RNA probe 

(785 nucIeotides) was transcribed with SP6 RNA polymerase from 

Pv uII digested plasmid pMDR-P3 according to the protocol supplied 

by Promega Biotec. Total RNA (10 )lg or 20 )lg) was hybridized with 2 x 

106 cpm of probe at 45°C in hybridization buffer (80% form amide, 0.4 

M NaCI, 40 mM PIPES, 1 mM EDTA) for 14 hr. The probe was digested 
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E PV exon1 p exon2 E 
S'end of II-___ .Lo' -"'-I_----L., -1.--------11 MDR1 genomic DNA 

~ 
O.5kb 

MDR1 mRNA In 

KB·O·S, ·C4 1IIim=m....,. 

normal tissue. 

• 323 
digestion with 

c:::::I II:IImZDI 

RNase A and T1 - 134 hybridization 
X .... m=:a .....a gO & 36 --

RNA probe _____ _ 

1 In vitro transcription 

Figure 1. Schematic diagram of ribonuclease protection 
assay for M DR 1 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 Tl. 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 nuc1eotides and 36 nuc1eotides. 

by ribonucleases A (49 J.Lg/ml) and TI (28 units/ml) at 300 e 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 e:xon, the 

562-bp first intron, the 74-bp second exon and a part of the second 

intron of the M DR 1 gene (Fig. 1). The nucleotide sequence analysis 

revealed that the genomic fragment (PV) previously isolated from 

vinblastine-selected multi drug-resistant KB ceil 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 M DR 1 gene fragment was identical 

with the nucleotide sequence of the full-length M DR 1 cDNA isolated 

from normal human adrenal (Chapter 1)· 

It has been reported that normal human adrenal, colon and 

liver cells, the human hepatoma cell line HepG2, and vinblastine­

selected human KB multi drug-resistant cells initiate transcription of 

the M DR 1 gene 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 l-kb Pst! 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 two extra bands of about 98 

nucleotides (arrow 2) and 36 nucleotides (arrow 3) as schematically 
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PstI -391 
CTGC AGAAAAATTT CTCCTAGCCT TTTCAAAGGT GTTAGGAAGC 

AGAAAGGTGA TACAGAATTG GAGAGGTCGG AGTTTTTGTA TTAACTGTAT 
-291 

TAAATGCGAA TCCCGAGAAA ATTTCCCTTA ACTACGTCCT GTAGTTATAT 

GGATATGAAG ACTTATGTGA ACTTTGAAAG ACGTGTCTAC ATAAGTTGAA 
PvuII -191 

ATGTCCCCAA TGATTCAGCT GATGCGCGTT TCTCTACTTG CCCTTTCTAG 

AGAGGTGCAA CGGAAGCCAG AACATTCCTC CTGGAAATTC AACCTGTTTC 
-91 

GCAGTTTCTC GAGGAATCAG CATTCAGTCA ATCCGGGCCG GGAGCAGTCA 

TCTGTGGTGA GGCTGATTGG CTGGGCAGGA ACAGCGCCGG GGCGTGGGCT 
, I 10' 

GAGCACAGCC 9CTTCGCrCT CI!!GCCACA GGAAGCCTGAIGCTCATTCGA 

GTAGCGGCTC TTCCAAGCTC AAAGAAGCAG AGGCCGCTGT TCGTTTCCTT 
110 

TAGGTCTTTC CACTAAAGTC GGAGTATCTT CTTCCAA~AT TTCACGTCTT 

GGTGGCCGTT CCAAGGAGCG CGA~~TAGGG GCACGCAAAG CTGGGAGCTA 
210 

CTATGGGACA GTTCCCAAGT GTCAGGCTTT CAGATTTCCT GAACTTGGrC 

TTCACGGGAG AAGGGCTTCT TGAGGCGTGG ATAGTGTGAA GTCCTCTGGC 
310 

AAGTCCATGG GGACCAAGTG GGGTTAGATC TAGACTCAGG AGCTCCTGGA 

GCAGCGCCCA AACCGTAGTG GCACTGGACC ATGTTGCCCG GAGCGCGCAC 
410 

AGCCCGCGCG GTGCGGGGAC CTGCTCTCTG AGCCCGCGGG CGGTGGGTGG 

GAGGAAGCAT CGTCCGCGGC GACTGGAACC GGGAGGGAGA ATCGCACTGG 
510 

CGGCGGGCAA AGTCCAGAAC GCGCrGCCAG ACCCCCAACT crGCCTTCGr 
PstI 

GGAGATGCTG GAGACCCCGC GCACAGGAAA GCCCCTGCAG 

Figure 2. Nucleotide sequence of the l-kb genomic P s tI 
fragment isolated from human tissue. Exon 1 is enclosed with a 
bold line. Transcripts present in 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 ~ IS were mistakenly deleted 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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872 
603 

310 
28 l 
271 

234 

72 

A 8 

1 2 3 4 5 6 7 8 PV 1 2 3 4 5 6P 6M7P 7M 8 PN 

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 Bl, KB-3-
1 (20 Ilg); A2 and B3, KB-8-5 (20 Ilg); B2, KB-8-5 (10 Ilg); A3, KB-C4 (5 
Ilg); A4, KB-VI (5 Ilg); A5, KB-A 1 (5 Ilg); A6 and B4, adrenal (10 Ilg); A 7 
and B5, kidney (10 Ilg); 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 Ilg); PV, PV RNA probe; PN, PN RNA probe. 
Arrows 1 to 4 indicate protected RNA probes. The numbers indicate 
size markers in nucleotides. 
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shown in Fig. 1; ii) the uridine residue at +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-Vl) and adriamycin 

(KB-Al) 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-I. 

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 using the PN probe (Fig. 3, A7 and BS), 

whereas the strength of the band produced with RNA from KB-8-S 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 M D R 1 mRNA expression level in 

clinical samples. 

Normal RNA 
PV RNA Probe 

KB Cell RNA 
PN RNA Probe 

+98 
-AAAAUU-
-UUCUAA -

+98 
-AAGAUU-
-UUUUAA-

Figure 4. Nucleotide sequence (+96 to +101) of RNAs from 
human normal tisseue and KB mutant cells hybridized with 
PV RNA probe and PN RNA probe, respectively. 
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The author measured M DR 1 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 M DR 1 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 M DR 1 gene isolated from 

human normal tissue revealed that this gene from the multi drug­

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 M DR 1 gene expresssion. 

The author has isolated a full-length cDNA of the M DR 1 gene 

from normal human adrenal and found that the M DR 1 cDNA 

previously isolated from a colchicine-selected muItidrug-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 previoulybeen reported that mutations occur in the 
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A B, 
1 2 3 4 5 6 7 8 9 10 11 12 13 PV 1 2 3 4 5P 5M 6P 6M7P 1M PV 

-2* 

Figure 5. Ribonuclease protection assay. The PV RNA probe 
was hybridized with 10 Ilg of total RNA from clinical samples. A: 1, 
tRNA; 2, KB-8-5; 3, nonnal kidney; 4-9, renal cell carcinomas; 10-13, 
colon adenocarcinomas. B: 1, KB-8-5; 2, KB-C4; 3, KB-V1 (5 Ilg); 4, 
nonnal 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 M DR 1 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 Sera+ 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 III 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 M DR 1 mRNA level if the 

mutant PV probe is used with wild type RNA. The RNA probe isolated 

in this work contains the wild-type M DR 1 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 MDRl mRNA with DNA and RNA probes and of P­

glycoprotein with monoclonal antibody revealed that the M DR 1 gene 

is expressed in normal adrenal, kidney, liver and colon (4. 6-8) and 

in cancers which originated from these organs (4, 6, 7, 9, 10). 

Occasional high expression of the M DR 1 gene is also found in 

leukemias and lymphomas. and in a variety of other tumors (11). 

M DR 1 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 KB 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 to 

clarify the role of the upstream promoter in clinical samples. 

In the study of M DR 1 expression level in clinical samples, 
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overestimation of M DR 1 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 multi drug 

resistance. The ribonuclease protection assay using the PN RNA 

probe is specific for M DR 1 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 M DR 1 mRNA. Because the probe is at the 5'-end of 

the M DR 1 mRNA, the 134 nucleotide band may be the last to be 

affected by degrad ation of RNA samples. This ribonuclease 

protection assay using the PN probe will be a sensitive and specific 

method to study M DR 1 mRNA levels in clinical samples, and can be 

employed to show the threshold level of the M DR 1 mRNA expression 

as an indicator for sensitivity to the standard in vivo chemotherapy. 
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Chater 3 Transcriptional Activation of M DR 1 Gene 
in Response to Arsenite Treatment 

The development of multi drug resistance (two- to severalfold) 

in cultured cells is initially accompanied by elevated expression of 

the M DR 1 gene without gene amplification (1). During further 

selection for increased levels of resistance, expression of M D R 1 

mRNA is extraordinarily increased simultaneously with 

amplification of M DR 1 gene. However because no amplification of 

the M DR 1 gene has been reported in clinical samples, the mechanism 

of acquiring low levels of resistance accompanied by a moderate 

increase of M DR 1 expression without gene amplification is not 

known. 

The M DR 1 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 excre,te 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 M DR 1 gene expression is regulated in 

human liver. 

Recently Chin e t. a 1. reported that exposure of a renal 

adenocarcinoma cell line to heat shock and sodium arsenite 

increased the M DR 1 mRNA level (7). In this chapter, the author 

shows that the expression of M DR 1 gene in a hepatocarcinoma cell 

line HepG2 is increased by exposure to sodium arsenite and that this 

response is dependent on a promoter region containing a tandem 

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

Materials, Plasmids and Cells 

[35S]methionine and [14C]butyryl coenzyme A were" purchased 

from NEN Research Products. [a- 32P]CTP was from Amersham. Anti­

P-glycoprotein monoclonal antibody was from Centocor. Plasmid 

pSVOOCAT (8), pBLCAT2 (9), pact-p-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 M DR 1 cDN A, pMDR5A, 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 

NaCI, 10% dextran sulfate, and 200 Ilg/ml of deriatured 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 p­

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 [35 S]methionine (>37 

TBq/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, 1 Ilglml leupeptin, and 1 Ilg/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 11 g) 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-HCI, pH 7.4, 10 mM NaCI, and 3 mM MgCI2) for 10 min and 

centrifuged at 3000 rpm. Nuclei were rinsed twice with 1 mt of NP-40 

buffer and resuspended in 200 III of suspension buffer (50 mM Tris­

HCl, pH 8.3, 40 % glycerol. 5 mM MgCI2. 0.1 mM EDTA). Then nuclei 

were mixed with 100 III of transcription buffer (15 mM Tris-HCl, pH 

8.0, 7.5 mM MgCl2, 450 mM KCl, 0.75 mM each ATP, GTP, and UTP, 0.18 

11M CTP, and 3.7 MBq of [a-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 NaP04, 

pH 7.0, 10xDenhardt's, 0.1 % SDS, 100 11 g/m 1 denatured salmon sperm 

DNA, and 100 Ilg/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 M DR 1 promoter 

region, first exon, first intron, second exon, and a part of the second 

intron (14) was excised from the 3'-terrninal 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 (pMPICAT). pMPICAT was excised from the 5-terminal to 

construct pMP5CAT, pMP6CAT, and pMP8CAT. The exon-intron region 

of pMP1CAT was deleted using the Sac! site to construct pPICAT (Fig. 

6). 

Ten micrograms of plasmid DNA was transfected into Hep02 

cells with five micrograms of the internal control plasmid, pact-~­

gal, which carries the ~ -galactosidase gene under the control of the 

chicken ~ -actin promoter (16), using the calcium phosphate 

coprecipitation method as previously described (17). Cells were 

exposed to 100 ~ Mof 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 ~-galactosidase activity 

were added to the assay solution containing 100 mM Tris-HCI, pH 7.8, 1 

mM chloramphenicol, and 1.85 kBq of [14CJbutyryl coenzyme A. The 

reaction mixture was gently overlaid with 5 ml of Econofluor 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 MDRI expression 

M DR 1 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 m d r 

gene is elevated in chemically induced preneoplastic and neoplastic 
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Figure 1. Induction of M D R 1 mRNA expression in HepG2 
(A) and HeLa cells (B). Twelve micrograms of total cellular RNA 
and twofold serial dilutions were apQlyed to Gene Screenplus and 
hybridized with probe 5A as described in MATERIALS AND METHODS. 
Two micorgrams of RNA was hybridized with human ~-actin probe as 
a ,control (C, D). Panel (A, C): Total RNA from HepG2 cells (lane I), 
treated with 300 ~M H202 for 1 hr (lane 2), 100 ~M sodium arsenite for 
4 hr (lane 3), 30 nglml TPA for 30 min (lane 4), 12.5 nglml 
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 I), treated with 200 ~M 
H202 for 1 hr (lane 2), 50 ~M sodium arsenite for 4 hr (lane 3), 30 
nglml TPA for 30 min (lane 4), 6.25 nglml 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 M DR 1 expression in human liver cells, 

the author used a well-differentiated human hepatocarcinoma cell 

line, HepG2. The slot blot hybridization of total RNA (Fig. IA) showed 

that when HepG2 was treated with sodium arsenite at 100 JlM for 4 hr, 

a two- to threefold increase of MDRI mRNA was observed (lane 3). A 

level of ~ -actin mRNA did not change after exposure to sodium 

arsenite (Fig. IC). This concentration (100 JlM) 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 M DR 1 mRNA (lane 6). Heat 

shock at 42°C for 1 hr or 2 hr scarcely affect the level of M DR 1 

mRNA, either (data not shown). 

Some stress genes are induced by DNA-damaging agents (18), 

but no significant increase of M DR 1 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 12-0-tetradecanoylphorbol-13-acetate (TPA) 

did not increase M DR 1 mRNA, either (lanes 5 and 4). The induction of 

MDRI mRNA by sodium arsenite was also observed in HeLa cells (Fig. 

IB), in which the basal level of MDRJ mRNA expression is very low. 

To see whether the <increased expression of M DR J mRNA 

caused by exposure to sodium arsenite caused the increase of the P­

glycoprotein synthesis, after HepG2 cells were exposed to 100 jlM 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 labeled 

proteins were immunoprecipitated with monoclonal antibody C2I9, 

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 
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Figure 2. Induction of P-glycoprotein synthesis. HepG2 cells 
were treated with 100 ~M 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 precipit~ted 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 DR 1 

mRNA after exposure to arsenite and heat-shock. 
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Mechanism of the increase of MDRl 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 MDRl mRNA by sodium arsenite, the author first 

attempted to measure the rate of M DR 1 gene transcription in HepG2 

cells by nuclear run-on assay. However transcriptional activity of 

M DR 1 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 md r gene expression, the 

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

o 4 (j) 1 2 4 (hr) 

MDR1 

BI l!l escrilpt 

GAPDH 

~- aeti Iil 

.. 
Figure 3. Transcriptional activation of m d r gene in CV-l 
cells. CV-l 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: MDR 1, full-length 
M DR 1 cDNA cloned into pBluescript KS (ChaptOer 1) ; Bluescript, 
pBluescript KS without insert; GAPDH, pGAD28 containing GAPDH 
cDNA ; ~-actin, human ~-actin cDNA 
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to 100 J.1M sodium arsenite for various hours. After extension of 

nascent transcripts in the presence of [a._ 32p]CTP, labeled RNAs were 

hybridized to M DR 1 cDNA, Bluescript DNA, p -actin cDNA, and 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) eDNA. Sodium 

arsenite significantly increased the transcriptional activity of m d r 

gene, while the transcription of p -actin or GAPDH did not increase 

but rather decreased (Fig. 3). Transcription of m d r gene was 

increased twofold 1 hr or 4 hr after addition of sodium arsenite. 

Stimulation of m d r gene transcription reached to threefold when 

cells were treated with arsenite for 2 hr. These results indicate that 

transcriptional activation is involved in the increase of mdr mRNA. 

Activatioll of tile downstream promoter 

The human M DR 1 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 upstream 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 

M DR 1 expression after exposure to arsenite. 

A ribonuclease protection assay using the first exon from the 

normal tissue is very sensitive and specific (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 KBS-5. Therefore, the 

323-nucleotide fragment (transcript from upstream 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. 

1 234 

-550 

-323 

-- - -134 

Figure 4. RNase protection analysis of M DR 1 mRNA from 
arsenite-treated HepG2 cells. Total RNA (10 Ilg) extracted from 
HepG2 cells before (lane 1). and after arsenite treatment at 100 11 M 
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 oj HSE sequences in the induction 

To identify the sequence involved in the increase of M D R 1 

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 sequence from -1073 to +1859 compared to the major 

·1073 Gee AAGAACAAAA TATATCAAGA TAAGGAMAT TTGTAOTCAA GAATAGAAAA AA~TTATGGC ITTGAAGTAl 
GAGTTA1HA MGMAGTGO AMCATCCTC AGACTATGCA GTAAAAMCA AAGTGATTlT CTTCTTCTAA ACTTATGCAA lAAACTGATA GGTMTATGT 
GMAGTOATA GMTGTAGAC TAGAGGATAC AACAAACCTA TTTCCTCTAT GTTCA1AAGA AGHAGAAAA GCTCTOATOI GAOTT~GCAT lGClTTACAA 
TTTTGM 11G TGCAGATTGC ACOTACTTTI CCICAOITTO MOlAAA lAO lGGACAGGAA AAAA TA TT AI. ATOTTGGCAO TAAA r ATGOA AGGAAATTAC 
AACTAATGlA AlATGCTAM ACATGCTATO TTTATTTTAC lAATTTGAAT IAAAATGTAA OAATTTAAAA TGOCCTGGAA AAAOACGGGO ATTGATOTOA 
CGTCTGAAGT TTTAAAATM TACACACTTT GAAATAGCAT TTOTACClTO AAATAecTOT CICTATA!AT rrTTTAAAAcTTCCTTlTTC TTTCATTCCA 
TTTATCA1CA MTMAGOAT GAACAGATOT AAClCAGMA ClGTCMGCA IGCTGAAOAA AOACCACTOC AOAAAAATTT CTCOlAoccl TTlCAAACHiT 
OlTAGGAAGc AGAAAGOIOA TACAaAATTO GAGAGOTCGO MTTTTHlTA TTAACTGTAT TAMTOCOAA TCCCGAOAAA ATTlCCCTTA ACTAcOlceT 
GT ~GTT Al AT GGAT MGMG ACTT~ TGIOA ACTTICMAG ACOIGICIAC I. lAAOTTOAA I. TOTCCCOAA TOA nCAOCT OATOCGCOTT TCTCI ACTTG 
CCCTTTCTAG AGAGGTGCM CGGAAG~ AACATTGCTC £I§~ iLCCTOTTTD OCAoTTTDro OAOOAAICAO G~TTCA!l.U1A II..lCCOOGCCO 

GGAGCA01CA TCTGICCTGA OGCTCATTGO ClOGGCAGGA MJ.,IGCGCCrul ancm.nnQC.T OAOCACAOCO OCTTCClCTCT OTTTOCCACA DOMo-GCCTOA 

CICATICG 0 A CGGCIC C M C 
GTCIT Q!HGGCCGI! CCMGGAGCO CGA rAG(JO GCACGCMACI C1GOClAGCTA CTAIGGaACA OTTCCCAAOT OTCAOGCTTT CMAJm.s..I 

Q!\...iSTTGClTC TTCACGGG~O MGOGCTTeT TGAGGCOTGG ATAOTOTOM OTCCTCTOGC AAOTCCATGO OO~CCAAaTo GOOTTAOATC TAOACTCAOO 

AOCTCCTGG~ GCAGCGCCC~ MCCOT~OTG GCACTGGACC ATOTTGCCCO OAOOGCOCAC AGOCCClCOCO OTGCOOGGAC CTOOTCTCTO AOCCCOCOOO 
CGGrGGGTGG GAOGAAGCAT CGTCCGCGOC GACTGOAACC GGGAGGGAGA ATCOCACTOO CGOCOOGCAA AOTCCAOAI.C OCOCTOCCAO AcceCCAAcr 
CTGCCTTCGT GGAGATGCTG GAOACCCCGC GOACAOOMA GCCCCTOCAO TOCCCATCOC GOCCAOAOCA OOTOGGOOA T CAACGOCIlOO OGCTCCCTCT 
TAC]Gq !CTC TGGCTTCOAC GGGGGACTAG AOGITAGTCT CACCTCCAGC GCGCCTOAGG CrCATGCA IT TOOCTM TOA OCTGCOGTTT crcTTcAGill 
i(liC'G!\f@7iTTIIGMGGGG ACCGcMlillLtGGAGcUM AbGMG""C t I!! llAAAC I GAj\c6XIAKV1@TAACTAG CHG TTTCA T TTTCAT AOTT 
TACATAGTTG CGAGATTTOA GIM 11 r A TT TCTAGCCTCC AGCTOTGMA TAIIA TOACAT GlTGTTG TTl TTAA TT A TTT TTAAGMACO CAAGCIAGCC 
TT1GGAATCA ~T ATCCCTGC TlAGAGCAGA AGrrTOTTGO CTGAGlGGAO CACAGCATAT OCA TTTTCCC TO TCTTTTTT GTTCTTTCTT IT AATOA TAC 
A HATA TlTT ACA TA TTT~ T GAMTGGGOT ACATGGAAGC 0 TTTTTTACA TOCCCOG"AT GTGTAATOAT CAMlTCCOOO TATTTOAAGO ... TAGATCAcc 
TTAGGTATAT TTCATTTCTA TOTGTTGATA ACATTT1MO TCTTCTAOCT ACTTTOAAAT ATACAATATA TTOCTAACTO T!o.OTCACCCT COTCTOCTAl 
CGMCATTG{l AACTTATTTO TCCTATCCAA CCGTTCTlAO TC~lTCACCA ACCTCTTlTC ATTTCAOCTT TTTACCCTTC CCOOCCTCTT TCCCTTAOTC 
TTGOTGTGCC TCTTTCTCAG CTTTCCTGCC CCAGACAOGC GGA TOCTCAT ATOTOTTTCT OTCTlATOAA CTlCTOCTTT TCAAOTOOTO lTGOTCGCCC 
ACACGTGAOC CATATGCTGC TGGTGATCTG CTCTOTGGTC CAOGCTCTTO CTTCCGGTAA ATOGCTATOT AAACATCOCO TTTOTOOCCT GGCTGATOAO 
AC~GAAGGTC AAMGTACAT TTAGGTTGTT AAClGGCAAT AMTATCTGT ATATAAIATT GGTAATGlAA TCATHAGGG AAAATAArrA TTTAMOTAA 

ATTTTGATCA TOGTGCTCTO CCTT! ATAGA A TA TTT AAAA CTlGACTAAA TAOA TTeA IT OTTAGTAGTA MTTOT AA"" nO·ACT AOTA AOTTTA.a.r AI. 
TA TTACAAAC TO TAA TOT AI. ATTATAAGAT MATT AGCT A AACACA TTAA TAT TAT MGA MCCAAGCTT nCAorOTAA OAGAAAAAA T ACAAATGTGO 

AMTCAAATA CATTTTTAAA AAtAATGTTA AOTTTGAATT AGAAATTTCA ATATGAATT 

Figure 5. Nucleotide sequence of the 3-kb fragment 
containing the M DR 1 downstrea m promoter. Exon 1 and 2 are 
enclosed by solid lines. An arrow head indicates the site at which the 
chloramphenicol acetyl transferase gene is fused in pMPl CAT. 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 presented with the major transcription initiation site as +1. 
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Figure 6. Schematic representation of M DR 1 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 M DR 1 
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 part 

of the second intron_ To examine the roles of sequences in the 

upstream region, the first exon, 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 pMP1CAT_ 

When HepG2 cells were treated with 100 J-lM of sodium arsenite 96 hr 

after the transfection of pMPl CAT, the CAT activity increased to 2.6-

fold that without arsenite treatment (Table I), 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 activitya) Fold 
-arsenite +arsenite Increase 

pMPICAT 26 68 2.6 
pP1CAT 23 35 1.5 
pMP5CAT 33 66 2.0 
pMP6CAT 59 65 1.1 
pMP8CAT 34 31 0.9 
pSVOOCAT 0 0 
pBLCA T2(t k) 100 80 0.8 
LSNWT(hse 70) 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 I>­
galactosidase gene cDNA under the control of the ~-actin 
promoter was cotransfected, and the p..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 M DR 1 

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 from pMPICAT (Fig. 6). Because pMP8CAT had a 

similar promoter activity to pMPICAT (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 pMP5CAT' (~193 

43 



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 pMP1CAT was increased 2.0-fold. 

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 
g:.;AGAACATIC~ -161 and -161 ~CfGGAAATTCAA~ -148), are necessary 

for the induction by arsenite treatment. pP1CAT, 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 TTTCCTGAAC 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 M DR] 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 m d r 

gene was also increased after exposure to sodium arsenite (data not 

shown). The author could not detect a significant increase of M DR 1 

gene expression in these cell lines after heat shock. Recently, Chin 

et al. reported that M DR 1 mRN As 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 M DR 1 gene 

expression only in these two renal carcinoma cell lines is unclear. 

These results, however, indicate that M DR 1 is one of the stress genes. 

The increase of M DR 1 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 M DR 1 gene. Induction ratio of nuclear run-on and CAT assays 

(two- to threefold) corresponded well to the increase of M DR 1 mRNA 

level in these cells. The 2.6-fold increase in the promoter activity of 

M DR 1 in the CAT assay was significant because the hsp 70 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 units, -GAA- (20). Head-to­

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 M DR 1 promoter suggested that this internal 

HSE may slightly modify the promoter activity after exposure to 

arsenite. 

Acquisition of multidrug resistance could involve two 

phenomena, induction of M DR 1 gene expression and selection. M DR 1 

mRNA level' in HepG2, HeLa, or CV-I cells was not changed after 

exposure to chemotherapeutic agents or DNA damaging agents under 

these experimental conditions. But the data shown here indicate that 

M D R 1 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 

(M DR 1) Expression Caused by Arsenite 

The development of low levels (two- to severalfold) of 

multidrug resistance in cultured cells is initially accompanied by 

elevated expression of the M DR 1 gene without gene amplification (1). 

It has been reported that the expression of M DR 1 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 M DR 1 expression in HepG2 (Chapter 3) and the 

increased expression of M DR 1 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 M DR 1 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 cnapter 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 

[35 S]methionine and [14C]butyryl coenzyme A were purchased 

from NEN Research Products. [a-32P]CTP was from Amersham. Anti­

P-glycoprotein monoclonal antibody was from Centocor. HepG2 cells 

were cultured in Dulbecco's Modified Eagle Medium (DMEM) 

supplemented with 10% fetal bovine serum. 

I In In un 0 pre cip ita ion 

Cells were treated with 100 JlM quercetin for 4 hr, and then 

treated with 100 JlM 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 

[35 S]methionine for 1 hI. and harvested. Immunoprecipitation was 

done as described in chapter 3. 

RNA isolation, slot blot hybridization, and RNase 

protection 

A part of M DR 1 eDNA, pMDR5A. encoding the nucleotide 

binding region (4) and hsp70 eDNA in. the plasmid pH2.3 (5) were 

used as probes for slot blot hybridization. HepG2 cells were treated 

with 100 JlM quercetin for 4 hr, then exposed to 100 JlM sodium 

arsenite for 4 hr in the .presence of quercetin. Total RNA was 

extracted from HepG2 cells and transferred to GeneScreen Plus (Du 

Pont). Hybridizations were done at 60°C for 16 hr in hybridization 

solution (1% SDS, 1 M NaCI, 10% dextran sulfate. and 200 J.lg/ml of 

denatured salmon sperm DNA) containing each probe (5 x 105 

cpm/mI). Filters were washed to a final stringency of 2xSSC and 1 % 

SDS at 60°C. Comparable RNA .loading was confirmed using a human 

p -actin probe (6). RNase protections were doen as previously 

described using the probe PN (Chapter 2). 
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CAT assay 

Plasm id pMP 1 CAT contai ns the chloramphenicol 

acetyltransferase (CAT) gene under the control of the M D R 1 

downstream promoter. Ten micrograms of plasmid DNA was 

transfected into HepG2 cells with five micrograms of the internal 

control plasmid, pactwp -gal, using the calcium phosphate 

coprecipitation method. Cells were exposed to quercetin (100 J.1M) and 

sodium arsenite (loa J.1M) 4 days after the transfection because DNA 

transfection and glycerol shock may ·cause some stresses. Cell 

extracts which showed the same pwgalactosidase activity were used 

for the CAT assay as described in chapter 3. 

RESULTS 

Quercetin inhibits the increase of P-glycoprotein 

synthesis induced by arsellite 

To analyze the effects of quercetin on P-glycoprotein 

synthesis after exposure to arsenite, HepG2 cells were treated with 

100 J.1 M quercetin for 4 hr before exposure to arsenite, then cells 

were treated with 100 11M 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 (35S]methionine 

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. I, lane 

2). Quercetin slightly. inhibited the constitutive synthesis of P­

glycoprotein (lane 3). Quercetin completely inhibited the increase 

of the Pwglycoprotein synthesis caused by exposure to arsenite (lime 

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 11M 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 5) nor did quercetin affect 

P-glycoprotein synthesis after heat shock (lane 6). 

Quercetill inhibits the increase of MDRl mRNA after 

exposure to arsenite 

The increase in the P-glycoprotein synthesis after exposure to 

arsenite was due to the mRNA accumulation of M DR 1 (Chapter 3). To 

discover whether quercetin inhihits the increase of M DR 1 mRNA 

after exposure to arsenite. slot blot analysis of total RNA was done 

(Fig. 2A). MDRl mRNA was increased about twofold after exposure to 

arsenite (lane 2). Quercetin completely inhibited the increase of 

M DR 1 mRNA after exposure to sodium arsenite (lane 4), while it did 

not affect the level of M DR 1 mRNA before the exposure (lane 3). 

Quercetin reduced the increase of hsp70 mRNA induced by sodium 

arsenite as described previously (3) (Fig. 2A). The mRNA level of P­
actin gene did not change after exposure to these agents (Fig. 2A). 

M D R 1 gene has two promoters. one upstream and one 

downstream (7). The downstream promoter is mainly used in HepG2, 

renal cell carcinoma, colon adenocarcinoma, 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 upstream 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 KBS-5 both 

promoters are active, therefore both the 323 nucleotide fragment 

(transcript from the upstream promoter) and the 134 nucleotide 

fragment (transcript from the downstream promoter) were detected 
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Figure 2. Inhibition of the increase of M DR 1 m RN A 
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 M DR 1 
probe. Two micrograms of RNA was hybridized with hsp70 probe or a 
human ~ -actin probe as a control. 
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(B) RNase protection analysis. Total RNA (10 ).lg) 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 promoter 

. (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 MDRl 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 M DR 1 gene after exposure to 

arsenite, pMPl CAT, which contains the CAT gene under the control of 

the downstream promoter of M DR 1, was transfected into HepG2 cells, 

and the CAT assay was done. Four hours after addition of 100 11M 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 

pMPl CAT was increased 2.l-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 

pMPl CAT or pBLCA T2 in the absence of arsenite. In the presence of 

arsenite, however, quercetin sU.ppressed the CAT activity of pMPlCAT 

to the level without arsenite treatment. 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 M DR 1 gene induced by arsenite, 
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Figure 3. CAT assay analysis. Plasmid DNAs (pMPICAT, 
pBLCAT2) were transfected to HepG2. Cells were treated with or 
without arsenite in the presence or absence of quercetin as 
described in MATERIALS AND rvtETHODS. The CAT activity is shown by 
the percent ratio rei alive 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 M DR 1 mRNA accumulation. Because the author showed 

that the transcriptional activation of M DR 1 gene after exposure to 

arsenite depends on a 60-bp region containing tandemly repeated 

heat-shock responsive elements (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 property. These reversing 

agents interact with P-glycoprotein and inhibit its function 

competitively. However the most promising way to conquer 

multi drug resistance should be to suppress the emergence of cancer 

cells with acquired resistance. This is the first report to describe a 

reagent that inhibits the increase of the M DR 1 gene expression. 
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Summary 

Chapter 1 

The author isolated a full-length M DR 1 eDNA 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 O1y" 

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 M DR 1 eDNA carrying Vall 85 

acquire increased resistance to colchicine compared to other drugs. 

The other amino acid substitution Ser .. Ala at codon 893 probably 

reflects genetic polymorphism. The M DR 1 gene, the major memb~r 

of the P-glycoprotein gene family expressed in human adrenal, is 

sufficient to confer multidrug resistance on culture cells. 

Chapter 2 

The human M DR 1 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 

prom~:>ter and the first and second exons of the M D R 1 gene was 

compared to the equivalent fragment from KB cells, the M DR 1 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 M DR 1 gene, it 
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creates a single base mismatch between the 5' KB genomic fragment 

previously used for RNase protection analysis of M DR 1 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 M DR 1 mRNA levels in 12 renal 

carcinomas and 4 colon adenocarcinomas. By this RNase protection 

assay, M DR 1 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 M DR 1 mRNA levels and mRNA 

initiation sites in clinical samples. 

Chapter 3 

The M DR 1 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 DR 1 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 M DR 1 gene expression and P­

glycoprotein synthesis. Nuclear run-on assay indicated that 

transcriptional activation was involved in the increase of M D R 1 

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 

61 



heat-shock responsive elements. 

Chapter 4 

Expression of the M DR 1 gene, which encodes P-glycoprotein, 

is involved in multi drug resistance of cancer cells. M DR 1 gene 

expression is increased under some stress conditions. It has reported 

that quercetin. a bioflavonoid, inhibits the expression of heat shock 

proteins. The author has identified the effects of quercetin on the 

M DR 1 gene expression in the human hepatocarcinoma cell line 

HepG2. The increase of P-glycoprotein synthesis and M DR 1 mRNA 

accumulation caused by exposure to arsenite was inhibited by 

quercetin. The CAT assay suggested that quercetin suppressed the 

transcriptional activation of M DR 1 gene after exposure to arsenite. 

Although many drugs that prevent the P-glycoprotein function have 

been reported. this is the first report to describe the inhibition of 

M DR 1 expression by a reagent. 
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