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A b s t r a c t  We have demonstrated that low-level expres- 
sion of P-glycoprotein (PGP), detectable by reverse 
transcriptase-polymerase chain reaction (RT-PCR) as- 
say and flow cytometric assay, is an important  factor in 
multidrug resistance (MDR) in A C H N  cancer cells. In 
this study, we established a subline highly resistant to 
adriamycin (ACHN/ADM)  from A C H N  cells, and de- 
termined the correlation between PGP levels and M D R  
levels using A C H N / A D M  cells and their parent A C H N  
cells. The A C H N / A D M  cells showed overexpression of 
PGP,  and sensitivity to anti tumor agents was lower than 
that found in A C H N  ceils. Intracellular accumulation of 
ADM in A C H N / A D M  cells was approximately half the 
amount  of  its accumulation in A C H N  cells. Sensitivity 
to A D M  in A C H N / A D M  cells was enhanced by 
chemosensitizers with an increase in intracellular A D M 
accumulation. These results indicate that PGP levels 
correlate with M D R  levels and suggest that chemo- 
therapy using chemosensitizers might be effective in the 
treatment of renal cancers with overexpression of  PGP. 
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Introduction 

Resistance to multiple chemotherapeutic agents is a 
major problem in the treatment of  human renal cancers 
[17]. One possible mechanism of multidrug resistance 
(MDR) is the expression of P-glycoprotein (PGP), which 
causes a decrease in intracellular accumulation of  anti- 
tumor agents [4, 6, 9]. Many attempts have been made to 
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detect PGP in cell lines and clinical specimens resistant 
to several agents, and overexpression of PGP has fre- 
quently been demonstrated [3, 7, 10]. 

The A C H N  human renal adenocarcinoma cell line [2] 
is one of  the intrinsic multidrug-resistant cells in which 
sensitivity to anti tumor agents is enhanced by chemo- 
sensitizers. However, A C H N  cells have been considered 
to be PGP negative because PGP expression has not 
been detected by immunohistochemical staining [12, 15]. 
Recently, we have successfully detected low-level ex- 
pression of PGP in the A C H N  cell line by means of a 
highly sensitive reverse transcriptase-polymerase chain 
reaction (RT-PCR) and flow cytometric analysis [11]. 
This low-level expression of PGP, detectable by sensitive 
methods, might contribute to creating cells resistant to 
anti tumor agents. However, an assessment explaining 
the association between PGP level and M D R  level was 
lacking in our previous study. In this current study, we 
established a subline highly resistant to adriamycin 
(ACHN/ADM) from A C H N  cells and clarified the 
correlation between PGP level and M D R  level. 

Materials and methods 

Cells and cell culture 

ACHN human renal adenocarcinoma cell line [2] was obtained 
from the American Type Culture Collection (Rockvitle, Md.). Cells 
were grown in a monolayer in minimum essential medium (MEM; 
Nissui Seiyaku, Tokyo, Japan) containing 10 % fetal calf serum and 
kanamycin. Cultures were grown in 5% CO2 under 100% humidity 
at 37°C, and the medium was renewed daily starting on day 7 after 
seeding. A subline highly resistant to adriamycin (ACHN/ADM) 
was isolated from the ACHN cells by culturing in progressively 
higher concentrations of ADM. Finally, the concentration of ADM 
in the medium reached to 0.64 ~tg/ml, and the subline was exposed 
continuously to this concentration of ADM. 

Drugs and chemicals 

The drugs were from the following sources: adriamycin (ADM), 
5-fluorouracil (5-FU), mitomycin C (MMC) and medroxyproges- 
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terone acetate (MPA) from Kyowa Hakko, Tokyo, Japan; etopo- 
side (VP-16) and cisplatin (CDDP) from Nihon Kayaku, Tokyo, 
Japan; vinblastine sulfate (VLB) from Shionogi, Tokyo, Japan; 
verapamil hydrochloride from Eisai, Tokyo, Japan; cyclosporin A 
(CYA) from Sandoz, Basel, Switzerland; SN-38 from Yakult, To- 
kyo, Japan. 

Determination of growth characteristics of ACHN 
and ACHN/ADM cells 

Cells were seeded in fresh medium at a density of 10 4 cells per well 
in 24-well tissue culture plates. The population doubling time was 
judged by performing serial cell counts in triplicate. 

Assay of cytotoxic effect of drugs 

The cytotoxicity of antitumor agents was determined by the bio- 
luminescence assay for ATP we have described previously [11]. 
Cytotoxicity was expressed as the IC50 value, defined as the con- 
centration of drug causing a 50% reduction in control cells from 
the dose-response curves. Chemosensitizers were used to attempt to 
enhance the sensitivity to antitumor agents. The maximum con- 
centration of chemosensitizer that showed no cytotoxicity in 
either type of cell (verapamil 2.5 pg/ml, CYA 0.5 ~tg/ml and MPA 
1.0 pg/ml) was previously determined by the ATP assay. 

Detection of PGP expression by Western blot hybridization 

Immunoblot analysis with an antibody specific for PGP was per- 
formed as previously described [i 1]. ACHN/ADM cells in the ex- 
ponential growth phase (107 cells per flask) were extracted from the 
solution of 50 mM TRIS-HC1, pH 8.0 and 1% NP-40. The frac- 
tions were centrifuged at 1500 g for 5 rain and 100-pg aliquots of 
protein were electrophoresed, then transferred to nitrocellulose 
with an electroblotting system. The nitrocellulose membrane was 
blocked with a blocking buffer [0.01 M phosphate buffered saline, 
pH 7.2 (PBS) containing 3% bovine serum albumin] at 4°C over- 
night. Then the membrane was incubated with 1 pg/ml of C-219 
anti-PGP antibody (Centocor, Malvern, Pa.) in fresh blocking 
buffer for 1 h at room temperature. After a 15-rain wash with a 
washing buffer (PBS containing 0.05% Tween 20), the membrane 
was incubated with peroxidase-conjugated rabbit anti-mouse IgG 
(DAKO, Copenhagen, Denmark) in the blocking buffer for 1 h at 
room temperature. After another 15-rain wash with washing buffer, 
the membrane was incubated in ECL solution (Amersham Inter- 
national, Bucks., UK) for 1 min at room temperature. Finally, the 
membrane was exposed to Polaroid 667 film. 

synthesis solution (7.5 ~ti) including 0.1 gg of the mRNA and 71 ~tl 
of distilled water. Finally, 100 pl of paraffin oil was added to pre- 
vent evaporation. Thirty of the following incubation cycles were 
performed: 1 min at 95°C, 30 s at 55°C and 30 s at 72°C. PCR 
products were electrophoresed on 3% NuSieve 3:1 agarose gel 
(FMC BioProducts, Rockland, Meo.) with HaeIII-digested 
X 174 DNA molecular weight standards and visualized by et- 
hidium bromide staining. 

Detection of PGP expression by flow cytometry 

For flow cytometric determination of PGP, monoclonal antibodies 
(C-219 and JSB-1; Funakoshi, Tokyo, Japan) and isotype control 
mouse monoclonal immunoglobulins [IgG2a (DAKO) for C-219 
and IgG1 (DAKO) for JSB-1] were used. Cells in the exponential 
growth phase were washed and resuspended in PBS. Cell suspensions 
were fixed in 100% methanol at -20°C for 15 min; washed with 
0.05% Tween 20 in PBS (TPBS); and incubated with C-219 (1.0 gg/ 
ml), JSB- 1 (1.0 gg/ml) or an isotype control (IgG2a, 1.0 gg/ml; IgG 1, 
1.0 pg/ml) at 4°C for 30 min. After incubation, the cells were washed 
with ice-cold TPBS, then incubated with 1.0 gg/ml fluorescein iso- 
thiocyanate (FITC)-labeled goat anti-mouse antibody (MONO- 
SAN, Uden, The Netherlands) for 30 min. Next they were passed 
through a 50-gm nylon mesh and resuspended. Using a FACScan 
flow cytometer (Becton Dickinson, Mountain View, Calif.), the cells 
were excited with a 488 nm argon ion laser beam, and green fluo- 
rescence (FITC) was collected by a combination of a 560 dichroic 
mirror and 530 BP filters. From the FITC fluorescence histograms 
based on 10 000 gated cells, the mean channel numbers were calcu- 
lated as a measure of the expression of PGP. 

Uptake experiment of ADM 

The intracellular ADM uptake experiment was performed by flow 
cytometric measurements as previously described [11]. ACHN and 

6 ACHN/ADM cells in the exponential growth phase (10 cells per 
flask) were used in this experiment. The medium was removed and 
fresh medium containing 10 gg/ml ADM was added with or 
without a chemosensitizer that showed no cytotoxicity in either 
type of cell. The cells in the medium were incubated for 30 min, 1 h 
and 2 h at 37°C. Following exposure to the drugs, the medium was 
removed and the monolayer washed twice with PBS. The cells were 
then trypsinized, the cell suspensions filtered on a 50 pm nylon mesh 
and resuspended in PBS to a concentration of 5 x 10 ~ cells/ml. 
Using a FACScan flow cytometer, cells were excited with a 488 nm 
argon ion laser beam, and fluorescence intensity between 530 and 
640 nm was evaluated. From the fluorescence histograms based on 
10 000 gated cells, the mean channel numbers were calculated as a 
measure of the intracellular accumulation of ADM. 

Detection of PGP mRNA expression by RT-PCR-based assay 

The mRNA was isolated from ACHN/ADM cells by Quick Prep 
Micro mRNA Purification Kit (Pharmacia, Uppsala, Sweden) 
according to the manufacturer's instructions. The mRNA from the 
final elution was precipitated with ethanol, dried and resuspended 
in 20 gl of 10 mM TRIS-HC1, pH 7.4, with 1 mM EDTA. To 
detect PGP mRNA and [3-actin mRNA, 0.2 gg ofmRNA was used 
for RT-PCR. Synthesis of cDNA from the isolated mRNA was 
performed with a First-Strand cDNA Synthesis Kit (Pharmacia), 
and PCR was performed using PGP-specific primers and internal 
control primers for [3-actin as previously described [11]. The PCR 
with PGP-specific primers was expected to produce a DNA frag- 
ment of 327 bp. 

A PCR mixture consisted of i0 gl of 10 x PCR buffer [500 mM 
KC1, 100 mM TRIS-HC1 (pH 8.3), 15 mM MgC12, 0.01% gelatin], 
1 gl of deoxynucleotide triphosphate mixture (20 mM concentra- 
tions each of dATP, dCTP, dGTP and dTTP), 5 pl of each oligo- 
nucleotide primer (4 gM), 0.5 gl of AmpliTaq DNA polymerase (5 
units/gl Perkin Elmer Cetus, Norwalk, Conn.), l/2 of the cDNA 

Statistical methods 

Statistical analysis was conducted using a two-sample t-test with 
Welch's correction. All statistical comparisons were two-tailed and 
performed with significance set at P < 0.05. 

Results 

Growth  characteristics of A C H N  
and  A C H N / A D M  cells 

The growth characteristics of the two cell lines are 
shown in Fig. i. While  the popu la t i on  doub l ing  t ime of 
A C H N  cells was 32.4 h, A C H N / A D M  cells exhibited a 
longer doub l ing  t ime (49.2 h). 
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Fig. 1 Time course of cell growth of ACHN cells (squares) and 
ACHN/ADM cells (circles). While the population doubling time of 
ACHN cells was 32.4 h, ACHN/ADM cells exhibited a longer 
doubling time (49.2 h). The bats indicate SD values 

Table ! IC50 and relative resistance in ACHN and ACHN/ADM 
cells (ADM adriamycin, VLB vinblastine sulfate, VP-16 etoposide, 
CDDP cisplatin, mmc mitomycin C, 5-FU 5-fluorouracil) 

Drugs IC50 (gg/ml) a Relative 
resistance b 

ACHN ACHN/ADM 

ADM 0.12746 5.47017 42.92 
VLB 0.01610 0.45561 28.30 
VP-16 6.14954 69.48843 11.30 
CDDP 1.14799 4.34191 3.78 
MMC 0.73883 0.90748 1.23 
5-FU 27.62393 33.66313 1.22 
SN-38 0.000 I7 0.00039 2.29 

a Assessed in triplicate by the ATP assay 
b mean ratio or IC50 ACHN/ADM to IC50 ACHN 

Drug sensitivity of  A C H N  and A C H N / A D M  cells 

Fig. 2 Western blot hybridization analysis of P-glycoprotein (PGP) in 
ACHN/ADM cells. Lanes show the analyses for 100 gg (lane 1), 
1/2 × 100 gg (lane 2), 1/4 × 100 gg (lane 3), 1/8 x 100 ~tg (lane 4), 
1/16 x I00 gg (lane 5), t/32 x 100 lag (lane 6) the fractions extracted 
from ACHN/ADM cells. Bands of PGP were detected at quantities as 
low as 1/8 x 100 ~tg of protein prepared from ACHN/ADM cells 
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Fig. 3 Detection of PGP mRNA from ACHN/ADM cells. The 
marker lane was loaded with HaeIII-digested q5 X 174 DNA. Bands 
of PGP and 13-actin were detected in quantifies as low as 10 pg of 
mRNA prepared from ACHN/ADM cells 

The susceptibility of  the two cell lines to the cytotoxic 
effects of anti tumor agents, as determined by ATP assay, 
is shown in Table 1. In terms of  IC50 values, A C H N /  
A D M  cells were 43 times more resistant to A D M  than 
A C H N  cells. In addition, marked cross-resistance was 
found to VLB and VP-16 in A C H N / A D M  cells. 

P-glycoprotein expression detected 
by Western blot hybridization 

The immunoblott ing analysis is shown in Fig. 2. While 
no signal was detected from A C H N  cells in our previous 
study, bands of PGP were detected at quantities as low 
as 1/8 x 100 lag protein prepared from A C H N / A D M  
cells. 

PGP m R N A  expression detected by RT-PCR 

Detection of PGP m R N A  by RT-PCR from A C H N /  
A D M  cells is shown in Fig. 3. Various concentrations of 

m R N A  prepared from A C H N  cells were loaded using 
primers specific for PGP m R N A  or for [3-actin. While 
bands of PGP and [~-actin were detected in quantities as 
low as 100 pg of  m R N A  prepared from A C H N  cells in 
our previous study, the A C H N / A D M  cells in this cur- 
rent study gave a stronger signal for PGP mRNA,  as low 
as 10 pg of  mRNA.  

P-glycoprotein expression detected by flow cytometry 

Figure 4 illustrates the frequency histograms of fluo- 
rescence intensity for both cell lines after incubation 
with PGP-specific antibodies (C-219 and JSB-1) or iso- 
type control immunoglobulins. Both cell lines expressed 
PGP with more than one logarithm difference in peak 
channel values between the isotype control and the 
sample treated with C-219 or JSB-1 antibody. A C H N /  
A D M  cells showed a significant increase in reactivity 
with C-219 or JSB-1 antibody in comparison with 
A C H N  cells (P < 0.05). 
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Fig. 4 Expression of PGP in ACHN cells (A) and ACHN/ADM cells 
(B) was analyzed by flow cytometry. A continuous line represents a 
fluorescence histogram of PGP-specific antibody (C-219 or JSB-1), 
and a dotted line represents a fluorescence histogram of control 
antibody (IgG 2a antibody for C-219 or IgG 1 antibody for JSB-1). 
ACHN/ADM cells showed a significant increase in reactivity with 
C-219 or JSB-I antibody in comparison with ACHN cells (P < 0.05) 
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Fig. 5 Intracellular adriamycin (ADM) accumulation in ACHN/ 
ADM cells. ACHN/ADM cells were incubated in medium containing 
10 ~tg/ml of ADM in the absence of chemosensitizers (open squares') or 
the presence of 2.5 gg/ml verapamil (filled circles), 0.5 gg/ml 
cyclosporin A (CYA; filled squares) or 1.0 gg/ml medroxyprogester- 
one acetate (mPA; filled triangles). ACHN cells were incubated in 
minimum essential medium (MEM) containing 10 gg/ml of ADM in 
the absence of chemosensitizers (open circles). The intracellular ADM 
accumulation in ACHN/ADM cells was significantly increased by the 
addition of chemosensitizers (P < 0.05) 
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The intracellular ADM accumulation in both types of 
cells after exposure to 10 gg/ml of ADM with or without 
chemosensitizers is shown in Fig. 5. An initial rapid 
uptake of the drug was observed for the first 30-min 
period, followed by a slow uptake that continued up to 
120 min or reached a plateau before the end of the 
120 min. When no chemosensitizers were added, intra- 
cellular ADM accumulation over 120 min in ACHN/ 
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Fig. 6 Modulation of the cytotoxic effect of ADM. ACHN/ADM 
cells were incubated in MEM containing appropriate concentrations 
of ADM in the absence of chemosensitizers (open squares) or the 
presence of 2.5 gg/ml verapamil (filled circles), 0.5 ~tg/ml CYA (filled 
squares) or 1.0 ~tg/mt MPA (filled triangles). ACHN cells were 
incubated in MEM containing ADM in the absence of chemo- 
sensitizers (open circles). The sensitivity to ADM was assessed in 
triplicate experiments of the ATP assay 

ADM cells was significantly lower than that in ACHN 
cells (P < 0.05). The addition of noncytotoxic concen- 
trations of verapamil (2.5 ~tg/ml), CYA (0.5 gg/ml) or 
MPA (1.0 gg/ml) enhanced the initial uptake of the drug 
and steadily increased the intracellular ADM concen- 
trations in ACHN/ADM cells. The ADM concentra- 
tions in these resistant cells were increased 3.1 times, 2.8 
times and 5.3 times by verapamil, CYA and MPA, res- 
pectively; in all instances the accumulation was higher 
than in the parent ACHN cells (P < 0.05). 
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Fig. 7 Modulation of the cytotoxic effect of vinblastine sulfate (VLB). 
ACHN/ADM cells were incubated in MEM containing appropriate 
concentrations of VLB in the absence of chemosensitizers (open 
squares) or the presence of 2.5 ~tg/ml verapamil (filled circles), 0.5 ttg/ 
ml CYA (filled squares) or 1.0 ~tg/ml MPA (filled triangles). ACHN 
cells were incubated in MEM containing VLB in the absence of 
chemosensitizers (open circles). The sensitivity to VLB was assessed in 
triplicate experiments of the ATP assay 
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Modulation of cytotoxic effects by antitumor agents 

Dose-response curves of ACHN/ADM cells with or 
without a chemosensitizer are shown in Fig. 6 for ADM 
and Fig. 7 for VLB. In terms of the IC50, ACHN/ADM 
cells were sensitized 15 times, 4 times and 24 times to 
ADM by addition of verapamil, CYA and MPA, res- 
pectively (Fig. 6). MPA reversed the ADM resistance of 
ACHN/ADM cells to the point where it was equivalent 
to that of ACHN cells. The sensitivity to VLB was 
enhanced 33 times, 15 times and 36 times by verapamil, 
CYA and MPA, respectively (Fig. 7). Verapamil and 
MPA also overcame the VLB resistance of ACHN/ 
ADM cells, reducing it to a level equivalent to that of 
ACHN cells. 

Discussion 

A main goal of this study was to clarify the correlation 
between the expression level of PGP and the level of 
MDR. To obtain cells that expressed a high level of 
PGP, ACHN cells with low-level expression of PGP 
were continuously exposed to ADM. These established 
ACHN/ADM cells showed overexpression of PGP at 
both the mRNA level and the protein level. In RT-PCR 
analysis, ACHN/ADM cells gave a signal for PGP 
mRNA as low as 10 pg of mRNA, while no signal was 
detected in the same amount of mRNA prepared from 
ACHN cells. In flow cytometric analysis, ACHN/ADM 
cells showed approximately a 2-fold increase in reactiv- 
ity with C-219 or JSB-1 antibody in comparison with 
ACHN cells. As regards the resistance levels to antitu- 
mor agents, the IC50 value of ADM in ACHN/ADM 
cells was approximately 43 times higher than that in the 
parent cells, and cross-resistance to VLB and VP-16 
were demonstrated in the subline. These findings suggest 
that resistance levels in both types of cells might corre- 
late with PGP levels. The quantitative data on PGP 
expression would be important information for evalu- 
ating intrinsic or acquired MDR levels. 

Previous studies have demonstrated that chemo- 
sensitizers show competitive inhibition in binding anti- 
tumor agents to PGP [14, 20]. In this study, the 
intracellular ADM accumulation in ACHN/ADM cells 
was approximately half the amount found in the parent 
cells when both cell lines were treated with the same 
concentration of ADM. Our previous report demon- 
strated that intracellu]ar ADM uptake in ACHN cells 
over 120 min was increased 1.8 times, 1.9 times and 2.6 
times by verapamil, CYA and MPA, respectively [11]. 
This study demonstrated a contrasting intracellular 
ADM uptake in ACHN/ADM cells over 120 min, with 
levels increasing 3.1 times, 2.8 times and 5.3 times on 
addition of the same concentrations of chemosensitizers. 
The increases in ADM uptake were greater in the cells 
with high-level expression of PGP than in those with 
low-level expression of PGP. These findings suggest that 
resistance levels in both cell lines might be regulated by 

PGP levels. In addition, chemosensitizers enhanced the 
cytotoxicity of ADM and VLB in ACHN/ADM cells. In 
our experience, MPA was the most effective agent for 
overcoming drug resistance. By treatment with MPA, 
the IC50 value of ADM in ACHN/ADM cells could be 
reversed to a level equivalent to the value found in 
ACHN cells. Additionally, by treatment with verapamil 
and MPA, the sensitivity of the subline to VLB could be 
reversed to a level equivalent to that of the parent cells. 
These results suggest that chemosensitizers would be 
effective agents in helping to overcome drug resistance in 
tumor cells with overexpression of PGP. 

However, our findings include a discrepancy that can 
not be explained simply by the action of PGP. While 
chemosensitizers enhanced intracellular ADM accumu- 
lation in ACHN/ADM cells much more than they did in 
ACHN cells, the efficacy in sensitizing to ADM in the 
subline was limited by the sensitivity level of the parent 
cells. This result leads to the speculation that ACHN/ 
ADM cells might be affected by other factors contrib- 
uting to MDR, such as glutathione and metallothionein 
levels, topoisomerase activities, and multidrug-resis- 
tance-associated protein [1, 5, 8, 18]. 

Certainly we are aware that limitations of this study 
include the absence of any assessment of other mech- 
anisms of MDR in ACHN and ACHN/ADM cells, 
and that inhibition of PGP by itself will not be suffi- 
cient to overcome MDR. However, this study indicates 
significant correlation between the expression level of 
PGP and the MDR level. Additionally, acquired MDR 
caused by the enhancement of PGP expression was 
reversed to the intrinsic MDR level by chem- 
osensitizers. In previous studies using renal cancer cell 
lines with intrinsic overexpression of PGP and MDR 
phenotype, chemosensitizers such as verapamil have 
been shown to enhance sensitivity to antitumor agents 
[13]. From these findings, we propose that chem- 
osensitizers can be useful in clinical cases as agents for 
overcoming MDR caused by the intrinsic overexpres- 
sion of PGP or by the enhancement of PGP expression 
by antitumor agents. However, the clinical usefulness 
of the chemosensitizers will depend not only on their 
ability to reverse drug resistance but also on their in 
vivo tolerance. Previous study using high doses of 
MPA in patients with advanced breast cancer reported 
that severe side effects were not observed [16]. Al- 
though such high concentrations of MPA appears to be 
currently usable in the treatment of advanced renal 
cancers, further clinical studies will be required to 
clarify to what extent this chemosensitizer may be 
useful as a therapeutic agent. In addition, the devel- 
opment of more potent and/or broader-acting sensi- 
tizing agents will be needed. These agents will then 
offer an attractive therapeutic option for patients with 
multidrug-resistant renal cancers. 
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