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Relationship between expression of drug-resistance factors and
drug sensitivity in normal human renal proximal tubular
epithelial cells in comparison with renal cell carcinoma
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Abstract. The relationship between the expression level of
putative drug resistance factors and sensitivity to anticancer
drugs in human normal Renal Proximal Tubule Epithelial Cells
(RPTEC) and 3 kinds of renal cell carcinoma (RCC) cells,
VMRC-RCW (RCW), OS-RC-2 (0S2), TUHR14TKB
(14TKB), was examined. RPTEC exhibited high expression
of P-glycoprotein (Pgp), y-glutamyl cysteine synthetase
(yGCS) and cis-diamminedichloroplatinum (II) (CDDP)
resistance-related gene 9 (CRR9), low expression of vacuolar
ATPase (V-ATPase) and no expression of multidrug
resistance-associated protein 1 (MRP1). 14TKB exhibited
high expression of yGCS and CRRY, low expression of Pgp
and V-ATPase, and no expression of MRP1. OS2 showed
high expression of CRR9, low expression of Pgp, yGCS and
MRPI, and no expression of V-ATPase. RCW exhibited high
expression of Pgp, MRP! and CRRY and low expression of
yGCS and V-ATPase. The level of expression of the
resistance factors varied among the cells. GST activity and
GST-1t expression level of each cell were correlated, and
there were high levels in OS2 and RPTEC. When the cyto-
toxicity of anticancer drugs against each cell was measured at
96 h, the sensitivity to CDDP and Doxorubicin (DXR) in
RPTEC and RCW was lower than that in the other cells.
Sensitivity to DXR was enhanced by treatment with the Pgp
inhibitor, Verapamil, in proportion to the Pgp expression
level, and the sensitivity to CDDP was increased by the
yGCS inhibitor, Buthionine sulfoximine, in proportion to the
yGCS expression level (corresponding to GSH content).
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Although a significant increase in sensitivity to CDDP was
not observed by treatment of RCC with the V-ATPase
inhibitor, Bafilomycin, the sensitivity to DXR in Bafilomycin-
treated cells increased about 2-fold. However, no relation
between drug sensitivity and V-ATPase expression was
observed. The features (such as degree of resistance) varied
among the RCC cell lines manifesting many resistance factors
or to the contrary, lacking or having lowered resistance
factors in comparison with normal cells. Therefore, it is
necessary in clinical cancer chemotherapy to determine and
measure the level of expression of each resistance factor in
respective tumor tissue.

Introduction

The mechanism of drug resistance to various anticancer drugs
has been reported, and many basic studies have been conducted
in order to overcome this problem. Accordingly, the expression
of genes or proteins related to the mechanism of resistance in
the cancer of each individual should be investigated.

In general, renal cell carcinoma (RCC), which is derived
from renal tubular epithelial cells, shows resistance to cancer
chemotherapy. In the tubular epithelium of the kidney,
various kinds of transporters are expressed for metabolite
resorption (1) and it is predicted that RCC reflects the character
of the tubular cells. Since it appears that these transporters
also transport various drugs including anticancer drugs, it
is predicted that natural drug tolerance, which differs from
acquisition resistance, strongly protects the RCC. However, a
regimen for effective systemic chemotherapy of RCC has not
yet been established.

The mechanism by which resistance appears, and the
phenomenon of multidrug resistance (MDR) which simult-
aneously causes clinical resistance to various anticancer
drugs have gained attention, and research into the basic
mechanism has made positive advances. Overexpression of
P-glycoprotein (Pgp) is observed in many MDR cells (2,3).
Pgp, a membrane protein with a molecular weight of about
170 kDa, belongs to the ABC (ATP binding cassette) trans-
porter superfamily that exports many kinds of anticancer drug
differing in their structure and pharmacological action from the
cell using the hydrolysis energy of ATP. Subsequent research
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has shown that Pgp has appeared in various normal tissue
cells (4,5). Pgp which appears strongly in the lumen brush
border membrane of the proximal tubule is mainly involved
in transmission in urinary excretion of comparatively hydro-
phobic cationic compounds, such as anthracycline drugs, vinca
alkaloid drugs, digoxin, cyclosporin and steroid hormones.
This appears to be one mechanism of natural resistance in
renal cancer. However, the mechanism of MDR can not be
explained by Pgp alone. MRP (multidrug resistance-associated
or -related protein), which is a membrane protein with a
molecular weight of 190 kDa, has been found in many resistant
cells with multidrug resistance unrelated to Pgp (non-Pgp-
mediated MDR) (6-9). Although the amino acid sequence of
MRP has only 17% homology with Pgp, both Pgp and MRP
exhibit resistance to common drugs such as anthracycline
and vinca alkaloid (6). Moreover, since MRP also transports
organic anions, unlike Pgp, it is known that MRP is a trans-
portation protein that acts via conjugation of the drug with
glutathione, glucuronic acid or sulfate (6). Since MRP is
localized in the basal membrane on the side of the tubular
epithelial cell, it appears to be related to the efflux of the drug
reabsorbed from the uriniferous tubular lumen into the blood.
The anticancer drug, Doxorubicin (DXR), suppresses the
biosynthesis of both DNA and RNA by inhibiting both DNA
and RNA polymerase reactions due to the formation of a
complex between DXR and the DNA of tumor cells, thus
enabling DXR to exhibit an antitumor effect (10). However,
DXR is pumped out by Pgp and MRP molecules from the intra-
cellular to the extracellular environment, and both molecules
are involved in drug resistance. An anticancer drug such as
cis-diamminedichloroplatinum (II) (CDDP) that does not
become a substrate of Pgp and MRP also exists. Since CDDP
is conjugated with glutathione (11) in the metabolic process
and MRP transports many GSH conjugates, it can be predicted
that MRP is asscciated with the CDDP efflux pump. However,
cell lines with high levels of MRP expression do not show
cross tolerance to CDDP, and the CDDP-resistant cell lines
do not always overexpress MRP (6,12).

An attempt was made to use Verapamil as a treatment to
overcome the effects of MDR since it was known that this
drug combined with the drug binding site of Pgp and inhibited
efflux of anticancer drugs from the cell to the extracellular
environment by preventing Pgp function (13-17).

GSH, which acts as an in vivo-SH buffer has various
functions and it is important for the maintenance of homeo-
stasis. The functions of GSH that relate to drug tolerance
(18,19) are as follows: i) GSH conjugation, ii) reduction of
peroxide produced by the drug, and iii) DNA repair. In
particular, GSH is related to detoxication of CDDP by non-
enzymatic conjugation, and anthracycline drug conjugation
through GST and transportation by MRPI, thereby lowering
the intracellular drug level. GSH biosynthesis is regulated
by y-glutamyl cysteine synthetase (yGCS) as a rate-limiting
enzyme. Lowering of the intracellular GSH content by the
yGCS activity inhibitor, buthionine sulfoximine (BSQ), over-
comes drug resistance through the suppression of GSH
conjugation and the subsequent increase in intracellular anti-
cancer drug level in MRP-expressing cells (20,21).

Vacuolar ATPase (V-ATPase), which is expressed at a
high level in tubule epithelial cells of the kidney and osteo-
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clasts, is localized in the cell membrane and is involved in
extracellular acidification (22). V-ATPase is an H* trans-
portable ATPase thal plays a major role in the formation of
an internal acidic environment in the subcellular organellae
(Golgi body, lysosome, secretion granule, coated vesicle, endo-
some, etc.) belonging to the intracellular membrane system
of the eukaryote. The acidic internal environment of the
subcellular organelia and the division of the extracellular
environment formed by V-ATPase are essential for the
conceniration of neurotransmitters, hormones and ions and
for the degradation of proteins and lipids. As a result of a
recent experiment using human throat carcinoma KB cells
(22), the involvement of high-level expression of V-ATPase
was indicated as a new mechanism of CDDP resistance
(23,24). This mechanism appears to act via the suppression
of intracellular accumulation of the basic drug in the alkalinized
cytoplasm by high-level expression of V-ATPase that promotes
cross-linking of DNA and CDDP under acidic conditions.
However, it is uncertain whether or not Bafilomycin, a macro-
lide antibiotic, is a specific inhibitor that can modify this
mechanism and reduce the resistance.

CDDP resistance-related gene 9 (CRR9) seems to be the
membrane transport protein of CDDP that is pumped out of
the cells, though details of the mechanism remain unclear.

It has been shown that glutathione S-transferase (GST) is
one of the molecules that are closely related to drug delivery
and detoxication (25-27). GST is a multifunctional enzyme
that consists of molecular species that it mainly transfers to
GSH in drugs and various endogenous nucleophilic compounds,
thus preparing for GSH conjugation. GST species mainly
exist in the cytoplasm, and these molecular species are
classified into the «, 1, © and ¢ classes (28-30) by their
enzymologic properties, N-terminal amino acid sequence and
immunological properties. It has been reported that GST-m,
which shows high level expression in carcinoma tissue, is
closely related to anticancer drugs (28,29) and the GST-w
expression level. Moreover, it exhibits an inverse correlation
with the drug sensitivity of liver cancer and colon cancer
(27,30,31).

We examined here the sensitivity to DXR and CDDP and
the mRNA expression levels of Pgp, MRP, yGCS, V-ATPase
and CRR9 by RT-PCR in normal human renal proximal tubular
epithelial cells, which constitute a genesis of RCC, and 3 kinds
of human RCC-derived cell lines, VMRC-RCW (RCW),
OS-RC-2 (0S2) and TUHRI4TKB (14TKB). Moreover, the
change in sensitivity caused by the inhibitor of each resistance
factor was compared in each cell line. In addition, we
investigated whether or not the expression level of GST-r
was related to the resistance to anticancer drugs in RCC.

Materials and methods

Cell lines. A human renal proximal tubular epithelial cell
(human renal proximal tubule epithelial cells, RPTEC) was
obtained from Takara, RCW was from Health Science Research
Resources Bank (Tokyo, Japan), OS2 and 14TKB from Riken.
RPTEC was cultivated in renal epithelial cell basal medium
including 10 ng/ml human recombinant epidermal growth
factor, 5.0 pg/ml insulin, 0.5 pg/ml hydrocortisone, 0.5%
FBS (fetal bovine serum), 0.5 pg/ml epinephrine, 6.5 ng/ml
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triiodothyronine, 10 pg/ml transferrin, 50 pg/ml gentamicin and
50 ng/ml amphotericin-B at 37°C in 5% CO,. RCW, 14TKB
and OS2 were cultured in RPMI-1640 containing 10% FBS
at 37°C in 5% CO,.

Materials. CDDP was purchased from Bristol-Myers Squibb
(Tokyo, Japan), DXR was obtained from Kyowa Hakko Kogyo
(Tokyo). BSO, GSH, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazorium bromide (MTT), o-phthalaldehyde (OPT), 1-
chloro-2,4-dinitrobenzene (CDNB), 5-bromo-4-chloro-3-
indolyl phosphate and nitro blue tetrazolium (BCIP/ NBT)
were obtained from Sigma-Aldrich Japan (Tokyo). Ex Taq
DNA polymerase and M-MLV Reverse Transcriptase were
purchased from Takara (Tokyo). Bafilomycin A was from
Wako (Osaka, Japan), FuGENEG was obtained from Boeringer
Mannheim (Tokyo). Trisol LS was purchased from Invitrogen
(Tokyo). All other chemicals were of analytical grade.

Assay of GST activity and GSH content. GST activity was
measured at 340 nm (¢ = 9,600) in 1| mM CDNB and 1 mM
GSH at 37°C for 15 min (32). GSH content was measured in
GSH conjugated with OPT by the method of Cohn et al (33).

Cytotoxicity of CDDP and DXR. To assess the growth
inhibitory effect of CDDP and DXR, viable RPTEC and
RCC cells (2x10%) were cultured continuously for 96 h in a
48-well culture plate (Corning Coster) with 0.5 ml of CDDP
or DXR containing growth medium at graded equivalent
concentrations of each drug in the presence or absence of 5 UM
Verapamil, 0.3 mM BSO or | M Bafilomycin. The cultivation
was carried out after 24-h treatment of cells with BSO. After
incubation, viable cells were determined with the colorimetric
assay using MTT as described previously (34), and the resulis
were expressed as previously (35-42).

Expression of Pgp, MRP1, yGCS, V-ATPase and CRR9. Total
RNA of each cell was extracted using Trisol LS reagent. The
cDNA was prepared by reverse transcription using the total
RNA, and the expression level of Pgp, MRP, yGCS, V-
ATPase and CRR9 was measured by PCR using the obtained
cDNA as a template. Each factor was compared with B-actin
as an internal standard. Primer for each factor was used as
follows; B-actin (254 bp): AACACCCCAGCC ATGTAC
(sense), ATGTCACGCACGATTTCC (antisense); Pgp (161
bp): AAAAAGATCAACTCGTAGGAGTG (sense),
GCACAAAATACACCAACAA (antisense); MRPI (990 bp):
AATGCGCCAAGACTAGGAAG (sense), ACCGGAGGAT
GTTGAACAAG (antisense); yGCS (521 bp): TGAGATTTA
AGCCCCCTCCT (sense), TGCGATAAACTCCCTCATCC
(antisense); V-ATPase (500 bp): ATGTATGAGCTGGTGG
AGGTGGGCC (sense), TTGACGTGCAGGCCATACTTG
CACC (antisense). The amount of expression of each factor
was quantified by densitometry.

Detection of GST-w. Cell lysate extracted with 2% sodium
dodecylsulfate was analyzed by sodium dodecylsulfate-poly-
acrylamide gel electrophoresis on 12.5% polyacrylamide
gel as previously reported (36,37,42), followed by Western
blotting onto nitrocellulose filters, After immunoreaction using
murine anti-human GST-7 antibody (x1/1,000) as the primary

81

603

Table I. Cell growth activity, GSH concentration and GST
activity in PRTEC, RCW, OS2 and 14TKB cells.

Doubling  GSH concentration  GST aclivity

time (h) (nmol/mg protein) (nmol/min/

mg protein)
RPTEC 24 22429 2124.1
14TKB 60 120+14.1 7+2.6
082 32 4+1.9 70+6.7
RCW 48 25%3.2 10£3.3

Cell growth activity was expressed as doubling time of cells. GSH
content was measured in GSH conjugated with OPT by the method
of Cohn et al (33). GST activity was measured at 340 nm (e=9.600)
in 1 mM CDNB and | mM GSH at 37°C for 15 min (32). Results are
means * SD (three independent experiments).

antibody and anti-mouse IgG-alkaline phosphatase conjugate
as the secondary antibody (x1/1,000), GST-x band was
visualized with BCIP/NBT.

Results and Discussion

Cell growth rates, exhibited as the doubling time of RPTEC,
14TKB, OS2 and RCW as a characteristic of RCC cell lines,
were 24, 60, 32 and 48 h respectively (Table I). All RCC cell
lines examined showed slow growth in comparison to
RPTEC. This lowering of the cell growth ability following
carcinogenesis was suggested to be an element underlying
the slowing of the appearance of symptoms, and supported
by the same report (7).

The drug sensitivities of RPTEC, 14TKB, OS2 and RCW
were compared (Fig. 1). As shown in Table II, the IC50 values
of CDDP for RPTEC, 14TKB, OS2 and RCW were 3.0, 3.2,
1.1 and 3.5 pg/ml respectively, and those of DXR for RPTEC,
[4TKB, OS2 and RCW were 2.1, 1.1, 1.0 and 2.0 uM
respectively. OS2 was the most sensitive to CDDP and DXR
in all cells and 14TKB exhibited high sensitivity to DXR. It
was shown that the sensitivity to either drug in RPTEC was
low (high IC50 value) in relation to the level in either of the
RCC cell lines.

The appearance of tumor resistance to an anticancer drug
causes failure of cancer therapy. RCCs have been classified
as marginal or poorly responsive in terms of the chemothera-
peutic effect because of the natural resistance of the tumor
cells (1,43-46). In fact, the IC50 values of DXR in human
hepatoblastoma HepG?2 cells, human colon cancer HT29 cells
and human leukemia K562 cells were 0.4, 1.0 and 0.1 uM
(35,47) respectively, compared with 1.0-2.1 pM for the RCC
cell lines examined in this report (Table II). This result is
derived from the multiple transporters that act to export
foreign matter, metabolites and excreta from the intracellular
to the extracellular environment. These transporters are
expressed and function in the tubular epithelial cells of the
kidney. However, the mechanism and the clear reverse of
resistance has rarely been reported. Since RCCs possess
various properties with slow progress, rapid transition and
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Figure |. Cytotoxicity of CDDP (A) and DXR (B) against RPTEC, 14TKB,
082 and RCW cells. Viable RPTEC and RCC cells (2x10*) were cultured
continuously for 96 h with 0.5 ml of CDDP or DXR containing growth
medium at graded equivalent concentrations of each drug. Viable cells were
determined with the colorimetric assay using MTT.

malignancy (7,46,48,49), RCC has become an interesting
tumor for use in cell biological research.

The difference in expression of mRNA of the factors
related to drug resistance (Pgp, MRP, yGCS, V-ATPase and
CRRY) was compared between RPTEC, as one of the normal
cells, and RCC cell lines. The expression pattern of each
factor, measured in RPTEC and RCCs by the RT-PCR method,
is shown in Fig. 2, and the expression rate of each factor
compared with B-actin as an internal standard is shown in
Fig. 3. The relationship between the expression of drug
resistance factors and sensitivity was compared in RPTEC
and RCCs. High expression of Pgp, yGCS and CRR9 and
low expression of MRP! and V-ATPase were observed in
RPTEC. It was reported that MRP1 and V-ATPase were
expressed in normal renal tubular cells (1,22). However, it
was not possible to compare the expression level in RPTEC
and the reported cells. One of the RCC cell lines, RCW,
expressed a large amount of Pgp, yGCS, MRP1 and CRR9Y,
but, apart from MRPI, these factors were expressed to a
smaller extent than in RPTEC. A higher drug sensitivity was
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Table II. IC50 values of CDDP and DXR for RPTEC, 14TKB,
0S2 and RCW cells.

1C50
CDDP (plg/ml) DXR (1LM)
RPTEC 3.40 2.10
+ Ver 2.10 0.43
+BSO 0.59 4.00
14TKB 3.20 1.10
+ Ver 2.50 0.23
+ BSO .50 0.71
+ Baf 3.30 1.05
0S2 1.10 .00
+ Ver 1.05 0.41
+ Baf .00 0.41
RCW 3.50 2.00
+ Ver 4.20 0.43
+BSO 1.50 0.71
+ Baf 5.30 1.05

+Ver, Co-treatment of cells with 5 M Verapamil, an inhibitor of Pgp.
+BS0, Cytotoxicity assay after 24-h treatment of cells with 0.3 mM
buthionine sulfoximine (BSO), an inhibitor of y-glutamy! cysteine
synthetase. +Baf, Co-treatment of cells with 1 uM Bafilomycin, an
inhibitor of V-ATPase. Results are means + SD (three independent
experiments).

RPTEC
123 4 5 6

14TKB
Mrl 23 4 5 6

082
1 235 48 Mr 1 2 3 5 4 6

Figure 2. Analysis of expression of drug resistant factor (Pgp, yGCS, MRPI,
V-ATPase and CRRY) in RPTEC, 14TKB, OS2 and RCW cells by RT-PCR.
Lane 1, B-actin (254 bp); lane 2, Pgp (161 bp); lane 3, yGCS (521 bp); lane 4,
MRPI (990 bp); lane 5, V-ATPase (500 bp); lane 6, CRR9 (387 bp).

expected in RCW than in RPTEC. IC50 values of CDDP.and
DXR were 3.4 ug/ml and 2.1 uM for RPTEC, and 3.5 pg/ml
and 2.0 UM for RCW respectively (Table II), and the sensitivity
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Figure 3. Expression level of drug resistant factors (Pgp, yGCS, MRPI,
V-ATPasc and CRR9) in RPTEC, 14TKB, OS2 and RCW cells. The amount
of expression ol each factor quantified by densitometry. The expression level
was expressed as % of B-actin (internal standard). Results are means = SD
(three independent experiments).

to both drugs in RCW was approximately the same as in
RPTEC. It was suggested that RCW maintained the character-
istics of RPTEC during carcinogenesis. On the other hand,
the Pgp expression level in 14TKB was exiremely low in
comparison with the level in RPTEC, although other resistance
factors in 14TKB were expressed at the same level as in
RPTEC. IC50 values of CDDP and DXR in 14TKB were
3.2 wg/ml and 1.1 UM respectively (Table IT). 14TKB exhibited
high sensitivity to DXR compared with RPTEC. OS2 also
expressed a low level of Pgp and the IC50 values of CDDP
and DXR in OS2 were 1.1 pg/ml and 1.0 pM respectively.
These results suggested that Pgp exhibited strong resistance
o DXR, but CDDP was not a substrate of Pgp.

Accordingly, in order to confirm the relation of Pgp to drug
sensitivity, the effect of the Pgp inhibitor, Verapamil, on the
cytotoxicity of CDDP and DXR was examined. Since no
change in the sensitivity for CDDP was observed in all cells
examined by treatment with Verapamil, it was confirmed that
CDDP was not directly a substrate of Pgp. On the other hand,
it was shown that Pgp was related Lo the sensitivity to DXR
in each cell line because the sensitivity was enhanced 8.9-,
4.8-, 2.3- and 4.5-fold by the treatment of RPTEC, 14TKB,
0S2 and RCW respectively. An improvement was seen in
the level of IC50 of DXR, which was almost equal to or near
to 0.4 uM without Pgp expression level in each cell. These
results suggested that Pgp plays an important role in the
resistance to DXR.

It is known that V-ATPase is the pump that maintains
alkalinity in cytoplasm via the excretion of protons, thereby
ieading to resistance to CDDP and DXR by suppressing the
intracellular accumulation of the basic drug (22). Expression
of V-ATPase was not observed in OS2. In order to examine
the relationship of V-ATPase to drug sensitivity, the effect of
the V-ATPase inhibitor, Bafilomycin, on the cytotoxicity of
anticancer drugs against each cell was measured. Although
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no significant increase in sensitivity to CDDP was observed
by the treatment of RCW, OS2 and 14TKB with | uM
Bafilomycin, the sensitivity to DXR in RCW and OS2 doubled,
but there was no increase in 14TKB. However, the cell toxicity
of Bafilomycin had no effect on the sensitivity in RPTEC.
These results suggested that V-ATPase is not directly involved
in drug resistance.

The expression level of CRRY, which selectively pumps
CDDP, was lower in all tested RPTEC cells, and the sensilivity
to CDDP in RPTEC was the same as in RCC. This finding
suggested that CRR9 is nol directly involved in drug resistance.

Although the expression level of CRR9, which is a
selective excretion pump of CDDP, was high in all cells
examined and highest in RPTEC, the sensitivity to CDDP in
RPTEC was at the same level or higher than in RCC cells.
This demonstrated a direct relationship between the expression
level of CRR9 and CDDP resistance.

vyGCS is a rate-limiting enzyme of GSH synthesis and intra-
cellular GSH is maintained at an essentially high level. The
expression level of yGCS was very low in OS2. A posilive
correlation between the yGCS expression level and each intra-
cellular GSH content was observed; the GSH content was 22,
120, 4 and 25 nmol/mg protein in RPTEC, 14TKB, OS2 and
RCW respectively (Table I). The degree of resistance to CDDP
was high in RPTEC, 14TKB and RCW with a substantial
intracellular GSH content. It was suggested that the cytocidal
effect was suppressed by combining GSH with CDDP without
the catalysis ol GST because of nucleophilicity of GSH and
nucleophilicity of CDDP (28). Treatment of RPTEC, 14TKB
and RCW with BSO, an inhibitor of yGCS, decreased the
intracellular GSH content to 4, 13 and § nmol/mg protein
respectively. Lowering the GSH level by BSO-treatment
increased CDDP sensilivity approximately 2- to 5-fold as
the IC50 values of CDDP in RPTEC, 14TKB and RCW were
0.59, 1.5 and 1.5 pg/ml respectively. However, no significant
effect of BSO on the DXR sensitivity was observed. This result
was attributed to the disappearance of drug efficacy due to
conjugation of GSH related to drug sensitivity (18-21), rather
than to a reduction of superoxide and DNA repair through
the protection effect of GSH.

The improved sensitivity to DXR, resulting from treatment
of RCW, that led to high expression of MRP1 in BSO was an
interesting finding. Although the mechanism of MRP1 (GS-X
pump) function was assumed to be exclusion by the pump of
GSH-conjugation to the drug and co-transportation of the drug
and GSH, the mode of function of the transporting system
remains unclear (3). The decrease in GSH content in 14TKB
without MRP| and RCW with MRPI, by treatment of BSO,
enhanced the same degree of CDDP-sensitivity in both
cells. However, the sensitivity to DXR was more enhanced in
RCW than in 14TKB. These results suggested that detoxic-
ation of CDDP by the conjugation with GSH resulted in the
resistance to CDDP and that, similarly, efflux of the DXR
conjugated with GSH or co-transportation with GSH by the
MRP1 pump led to resistance to DXR. The tolerance, by
reduction of superoxide produced by treatment with these
drugs, and repair of damaged DNA, through the protection
effect of GSH, were more important for CDDP than for
DXR. On the other hand, it has been reported that expression
of both MDR1/Pgp and MRP2/cMOAT was induced in the
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Figure 4. Expression of GST-x in RPTEC, 14TKB, OS2 and RCW cells by
Western blot analysis using anti-GST-r antibody. Cell lysate extracted with
2% SDS was analyzed by SDS-PAGE on 12.5% polyacrylamide gel, and
each band was transferred onto nitrocellulose filters.

rat kidney by administration of CDDP (50). It was suggested
that these resistance factors might have induced high level
expression via the treatment of RPTEC with CDDP.

GST activities in RPTEC, 14TKB, OS2 and RCW were
21,7,70, and 10 nmol/min/mg protein respectively, as shown
in Table I. GST activity and GSH content were contradictory.
On the other hand, the GST-n expression level correlated
with GST activity, and the level in RPTEC and OS2 was high
in all cells examined. However, the expression in 14TKB and
RCW was not detectable (Fig. 4). GST-nt (placental form GST
isozyme), which is expressed at high levels in many cells
undergoing carcinogenesis, has been reported to be a drug
tolerance factor (28-31). We also reported that GST-nt was a
drug resistance factor because inhibition of GST activity and
suppression of GST-Tt expression in rat hepatoma cells caused
an increase in sensitivity to anticancer drugs (40,4 1). However,
the expression of GST-1t was observed in RPTEC, and the
level of GST-m expression varied in several human RCC cell
lines, including 14TKB, OS2 and RCW. Also, it was difficult
to explain the drug sensitivity by the level of GST-it expression
alone. Therefore, it was assumed that some drug resistance
factors, such as efflux pumps of drugs rather than GST-r,
alfected the sensitivity (7)

A recent study revealed that a conjugate of DXR with
GSH via glutaraldehyde (GSH-DXR), which shows rapid
intracellular accumulation without efflux by Pgp, improved
the cytotoxicity of DXR against MDR cells (40) and potently
induced apoptosis in DXR-sensitive and -resistant cells relative
to DXR (40). Moreover, we showed that GSH-DXR inhibited
GST activity and suppressed GST-P (n) mRNA, indicating
that inhibition of the enzyme makes an important contribution
to the manifestation of potent cytotoxicity of GSH-DXR against
rat hepatoma AHG6 cells (50- to 100-lold compared with
that of DXR) (41,42). Recent reports demonstrated that the
elevation of human GST-rt gene expression and enzyme activity
was associated partly with MDR (28-31). GSH-DXR exhibited
potent cytotoxicity in comparison with DXR for RPTEC and
RCC cell lines and the IC50 values of GSH-DXR were 5.5,
1.0, 10.0 and 1.8 nM in RPTEC, 14TKB, OS2 and RCW
respectively. It was suggested that this drug reversed the
effects of various resistance factors such as Pgp, MRP and
GST-m.

The characters (degree of resistance) of RCC cell lines
vary in the expression level of many resistance factors in
comparison with normal cells. Therefore, these findings
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suggest that medical treatment should be conducted after
investigating the expression of each resistance factor, at least
in chemotherapy. On the other hand, the important finding
that GSH-DXR suppressed GST-n with the target, and also
reversed resistance factors such as Pgp and MRP, suggests
that GSH-DXR may be an effective reverser of renal cell
carcinomas that express the transporter of ions and various
molecules.

Further study will attempt to identify whether or not
GSH-DXR is a specific and effective reverser for RCC cell
lines.
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