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Summarv. Two cell lines resistant to 0.1 pM vincristine (VCR) and 2.0 PM 
adriamycin (ADR), respectively, (designated HOB1IVCRo.l and HOBlI 
ADR2.o) were established from a human immunoblastic B lymphoma cell 
line. These cell lines showed the typical MDR phenotype with 
overexpression of P-glycoprotein and decreased [sH]VCR accumulation. The 
retention amounts of intracellular [sH]VCR in these two cell lines could be 
augmented by verapamil. However, in spite of the overproduction of P- 
glycoprotein, both HOBl/VCRl.o and HOBl/ADRz.o cells did not exhibit 
decreased accumulation of intracellular [14C]ADR. And the retention of 
[14C]ADR was not affected by verapamil. Our data support that P- 
glycoprotein is a drug transporter more important for the development of 
drug resistance to VCR than to ADR. 0 1992 Academic press, hc. 

Introduction. Both VCR and ADR have been widely used in cancer chemo- 
therapy. The cell lines resistant to these two agents often display the 
multidrug-resistant phenotype (MDR) demonstrating cross-resistance to 
many structurally unrelated drugs (1). Resistance to these drugs can be 
overcome by various agents which competitively inhibit P-glycoprotein- 
mediated drug efflux, including the calcium channel blocker verapamil (2). 

In certain clinical cases, an increase in P-glycoprotein can be detected 
in tumor cells from patients who have relapsed during treatment whereas 
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in certain other similar cases, there is no evidence for the presence of this 
protein (3, 4). Some investigators have isolated non-P-glycoprotein- 
mediated multidrug resistant cell lines (5, 6). It seems that discrete 
mechanisms induced by resistant cells for different agents play even more 
important roles than P-glycoprotein. For ADR, free radical scavengers such 
as glutathione S-transferase and glutathione peroxidase can be over- 
expressed in some resistant cells (7, 8). 

In the present study, we show P-glycoprotein overexpressed in either 
VCR- or ADR-resistant HOBl lymphoma cells does not confer lower ADR 
accumulation in contrast to previously reported cell lines (9-l 1). 

Materials and Method 

Materials. Chemotherapeutic agents including VCR and ADR, verapamil, 
and MTT (3-[4, 5-Dimethylthiazol-2-yl]-2, 5-diphenyl-tetrazolium bromide 
) were purchased from Sigma. [sH]VCR, [lhC]ADR, Klenow enzyme for probe 
labeling and sheep anti-mouse IgG were supplied by Amersham. JSB-1 
monoclonal antibody was provided by Caltag Laboratories. 

Cell lines a d Cell culture HOBl lymphoma cells were cultured as 
described pretiously (12). Drug-resistant cell lines were established by 
stepwise increasing the drug doses to 0.1 PM VCR for HOBl/VCRo.r cells 
and 2.0 PM ADR for HOBl/AD.R2.o cells, respectively. 

Western blot analysis for P-olvcoprotein. A membrane fraction 
containing both plasma membrane and endoplasmic reticulum was isolated 
as described previously (13). Polyacrylamide gel electrophoresis was 
performed according to the method of Laemmli (14). lmmunoblottings were 
performed as described previously (15). 

t. The Sall + Nor hern 
BamHI-generated 4.3 Kb cDNA probe of human mdrl was labeled by random 
priming method (16). Total RNA was purified by acid guanidium 
thiocyanate-phenol-chloroform extraction (17). 20 pg total RNA of each 
cell line was fractionated by 1% agarose gel containing 6.7% formaldehyde. 
RNA was transferred to Hybon-N filters, uv crosslinked, and hybridized at 
42” C for 24 hours in hybridization buffer (6 x SSC, 50% deionized 
formamide, 10 x Denhardt’s solution, 10 mM EDTA, and 0.1% SDS) 
containing 1 x 106 cpm of labeled probe per ml. After hybridization, the 
filters were washed in 2 x SSC and 0.1% SDS with a final wash in 0.1 x SSC 
and 0.1% SDS at 6O”C, followed by exposure on Kodak XAR film. The same 
blots were washed in 0.1 x SSC and 0.1% SDS at 80°C for 4 hours and then 
reprobed with 32P-labeled human p-actin cDNA. 

In vitro cvtotoxicitv assays. Exponentially growing cells were harvested, 
washed, and resuspended in an appropriate amount of medium with 1 x 105 
cells/ml. Cells were seeded into 96-well microtiter plates at 20,000 
cells/well in 0.1 ml of medium containing increased concentration of drugs 
with replicates of eight. After incubation at 37°C for 96 hours, the treated 
cells were processed for MTT assays (18). Fold resistance was determined 
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by the ratio of the I&o (the drug concentration causing 50% cell killing) of 
drug-resistant to parental sensitive HOBl cells. 

Druo uptake studies. Aliquots of 1 x 106 cells were harvested, washed 
and resuspended with 0.5 ml of PBS containing 0.1 pM [sH]VCR (6.5 
Ci/mmol) or 0.5 pM [14C]ADR (55 mCi/mmol) with or without 10 PM 
verapamil added. At specific intervals, labeled cells were layered on 0.2 
ml of a silicon oil: mineral oil mixture (4:1, v/v) and centrifuged 10 sec. at 
15,000 x g. The cell pellets were washed with cold PBS. Tritium activity 
was measured in 4 ml of cocktail with a liquid scintillation counter after 
the pellets were dissolved in 0.1 ml of 0.1 N NaOH. 

Drua efflux studies. Aliquots of 1 x lo6 cells were harvested, washed 
and resuspended in 0.5 ml of PBS with 0.1 uM [sH]VCR or 0.5 PM [14C]ADR 
added. After incubation for one hour at 37°C , the cells were centrifuged at 
1000 x g, and washed with PBS to remove extracellular radioactive agents. 
The cell pelletes were resuspended in 0.5 ml of PBS and continued to be 
incubated at 37” C. At specific intervals, the cells were pelleted by 
centrifugation at 15,000 x g for 10 sec. and washed twice with cold PBS. 
Tritium activity was determined as described in drug uptake studies. The 
data of the intracellular drug retention were expressed as a percentage of 
the initial intracellular drug concentration. 

Veraoamil reversal tests. HOBl/ADRz.o cells exposed to 0.5, 1.0, and 2.0 
PM ADR, respectively, were treated with increased concentrations of 
verapamil. For HOBl/VCRo.l, the cells maintained in 0.01, 0.05, and 0.1 PM 
VCR, respectively, were treated with increased concentrations of 
verapamil. After 4-day incubation, the viable cells were tested using MTT 
assays (18). The survival fractions were expressed as the ability of 
tetrazolium reduction of treated cells over that of untreated cells. 

Results and Discussion 

Establishment of drua-resistant cell lines. The morphology of both 
HOBl/VCRo.l and HOBl/ADRz.o cells was similiar to that of parental cells. 
ADR in stocks was scarlet. The pellets of viable HOBl/ADRz.o cells showed 
a pink color which indicated a large amount of ADR was retained within the 
resistant cells (Fig. 1). The accumulated adriamycin must be modified, or 
the cells would be killed by free radicals induced by the intact drug. 
Alternatively, free radical scavengers might have to overwork to protect 
the cells from the injury of free radicals. 

Cvtotoxic effect of VCR and ADR in resistant and parental cells. 
HOBl/VCRo.l cells showed 310-fold resistance to VCR but only 2.5-fold to 
ADR (Table 1). The MDR cells are usually more resistant to the selective 
agent than to other hydrophobic agents. Interestingly, HOBl/ADRz.o cells 
showed 15.7-fold resistance to ADR but 320-fold to VCR. Verapamil 
enhanced the cytotoxicity of VCR to a much greater extent than that of 
ADR. HOB1WCRo.l cells showed no significant difference in fold 
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Figure 1. Resistant cell pellets of pink color observed in blue microcentrifuge 
tubes. 1. HOBl/parent; 2. HOBl/ADRos; 3. HOBl/ADRt .o; 4. HOBl/ADRz.o. 

resistance from parental cells when incubated in the presence of 10 FM 
verapamil. Table 2 exhibited the cytotoxic effects of VCR and ADR on 
HOBl/ADRoz, HOBl/ADRi.o and HOBl/ADRz.o cells resistant to 0.5, 1.0, 
and 2.0 PM ADR, respectively. HOBl/ADRi.o and HOBl/ADR2.0cells though 
showing different degrees of resistance to ADR had no significant 
difference in resistance to VCR. 

Analvses of P-alvcoorotein and mdrl gene. As previously reported cell 
lines (9-l l), both HOBlNCRo.1 and HOBljADR2.o cells overproduced P- 
glycoprotein (Fig. 2) and showed increased expression of mdrl gene (Fig. 
3A). The expression amounts of mdrl gene in these two resistant cell lines 
approached to approximately the same level (Fig. 3A) This was consistent 
with the fold-resistance of HOBlNCRo.1 and HOBl/ADRz.o cells to VCR. 

Table 1. Comparisons of the cytotoxicity of 
VCR and ADR in parental, HOBl NC23o.1 and 
HOBl/ADWo cells. The data in parentheses 
represented fold resistance of resistant 
cells compared with parental cells. The 
average error was about 15%. 

Agents HOB 1 HOB~/VCRO.I HOBl/ADRz.o 

Vincristine 0.0020 0.62(3 10) 0.64(320) 
Adriamycin 0.35 0.86(2.5) SSl(15.7) 
Vincristine(V)b 0.0020 0.0018(0.9) 0.0023( 1.2) 
Adriamycin(V)b 0.38 0.35(0.92) 1.61(4.6) 

n The drug concentrations causing 50% cell killing. 
b MTT assays were performed with 10 PM verapamil added. 
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Table2. The cytotoxic effects of VCR and 
ADR on various levels of resistance of HOBl 
cells to ADR. The data in parentheses 
represented fold resistance as compared 
with the parental cells (refer to Table 1). 
The average error was about 15%. 

Agents HOBl/ADROS HOBl/ADRl.o HOBl/ADRz.o 

Vincristine 0.56 (280) 0.58(290) 0.64(320) 

Adriamycin 2.20 (6.3) 2.22(6.3) 5.51(15.7) 

There was no significant increase in the expression of mdrl gene when the 
levels of resistance rose from HOBi/ADRo.5 to HOBl/ADfQ.o (Fig. 3B). 

Kinetics of drua transoort in drua-resistant and -sensitive cells. 
Amounts of drug uptake were expressed as a function of time. Fig. 4A 
demonstrated HOBlNCRo.1 cells retained approximately 2.3 fold less 
[sH]VCR than parental cells. The accumulation of [sH]VCR was accelerated 
by verapamil in HOB1NCRo.i cells, but was not affected in parental cells 
(Fig. 5). Unexpectedly, HOBl/ADRz.o cells revealed approximately 2 fold 
higher accumulation of [14C]ADR as compared with parental and 
HOBlNCRo.1 cells (Fig. 4B). Moreover, verapamil had no significant effect 
on the accumulation of [14C]ADR (Fig 5). 

A 123 1 2 3 B 12 3 12 3 

1 2 3 Mr 

28s 

P-glycoprotein 28S- 

18s 
18S- -pactin -p actin 

Figure 2. Western blot analysis showing increased expression of P-glycoprotein in 
resistant cells. 1. HOBllparent; 2. HOB1NCRo.t; 3. HOBlIADR2.o. 
Figure 3. Northern blot analyses showing the expression of mdrl gene. A: 
Increased expression of mdrl gene in the resistant cells. 1. HOBl/parent; 2. 
HOBl/VCRo.r; 3. HOBl/ADRz?.o. B: The expression of m&i gene was not enhanced by 
increased levels of adriamycin resistance. 1. HOB1IADRo.e; 2. HOBi/ADRl.o; 3. 
HOB1IADRa.o. 
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Figure 4. ‘Time course of the uptake of radioactive agents in parental and 
resistant cells. A: [sH]VCR uptake of HOBllparent (U) and HOB1NCRo.r Q cells 
in 60 minutes. B: [f”C]ADFi uptake of HOBl/parent (Cl), HOBlIADR2.o (W), 
HOBi/ADRl.o (0), and HOBlIADRo.5 (0) cells in 60 minutes. 

Drug efflux was expressed as the percentages of retention amounts in 
the initial level plotted versus specific times. Fig. 6 displayed greater 
[sH]VCR efflux in HOB1NCRo.i cells (58% efflux of the initial level in 
contrast to 13% in parental cells at 60 minute). However, HOBl/ADRz.o 
cells showed even slower [14C]ADR efflux than parental cells (52% of the 
initial level remaining in resistant ceils compared with 36% in parental 
cells). Slower ADR efflux may lead to higher drug retention in HOBl/ADRz.o 
cells. HOBl/ADRo.s and HOBl/ADRl.o cells did not show significant 
difference from parental cells in the uptake and efflux of [ldC]ADR. 

We speculate that there may be two strategies for HOBl/ADRz.o cells to 
resist adriamycin. The one is P-glycoprotein which drives the agent out of 
the cells, and the other is the intracellular organelles which trap the 
agent, and by unknown mechanisms render it ineffective in killing the 
cells. The latter effect should be much greater than that of the former in 
HOBl/ADRz.o cells. In view of the pink cell pellet of HOBl/ADRz.o cells, we 

Figure 5. Uptake amounts of [sH]VCR (A) and [14C]ADR (B) at 60 minute in 
HOBl/parent, HOBINCRO.l and HOBl/ADR2.0 cells with (open bars) or without 
(closed bars) 10 f&t verapamil added. 
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Figure 6. Efflux of radioactive agents in parental and resistant cells. A: Efflux of Figure 6. Efflux of radioactive agents in parental and resistant cells. A: Efflux of 
[sH]VCR in HOBllparent (0) and HOBl/VCRo.l (r) cells. B: Efflux of [‘“C]ADR in [sH]VCR in HOBllparent (0) and HOBl/VCRo.l (r) cells. B: Efflux of [‘“C]ADR in 
HOBl/parent (III), HOBi/ADRzO 0, HOBi/ADRt.o (0), and HOBl/ADRos (e) cells. HOBl/parent (III), HOBi/ADlX?.O 0, HOBi/ADRt.o (0), and HOBl/ADRos (e) cells. 

think the higher the level of resistance, the stronger the effect of the 
latter. Moreover, the expression of P-glycoprotein did not increase in 
direct proportion to the level of resistance. The drug-efflux function of P- 
glycoprotein in HOBlNCR2.o cells is offseted by the overwhelming 
trapping effect. This effect lacking i,nduced detoxifing enzymatic systems 
may also be present intrinsically in parental cells and so it shades the 
pumping effect of P-glycoprotein expressed in resistant cells. The net 
effect in difference between parental and lower level resistant cells is 
beyond detection by conventional methods, but is unveiled in HOBl/ADRzo 
cells. Deffie et al. have demonstrated an active extrusion pump was not 
operational in cloned ADR-resistant P388 leukemia cells that had P- 
glycoprotein expression (7). Our data also give evidence that a active role 
for the P-glycoprotein serving as a drug efflux pump for ADR is not 
prominent in HOBlIADR2.o cells. 

Veraoamil reversal testi. Fig. 7A demonstrated resistant cells incubated 
in 0.5 uM ADR were refractory to verapamil reversal; however, the cells 

0 10 20 30 40 50 0 10 20 30 40 50 
Vcrapamil (PM) Vcrapamil (wM) 

Figure 7. The survival fractions of resistant cell incubated in increased 
concentrations of verapamil. A: HOBl/ADR2.0 cells were incubated in 0.5 (0), 1.0 
(r), and 2.0 t&l (0) ADR. B: HOBlNCRO.1 cells were incubated in 0.01 (0), 0.05 
(m, and 0.1 PM (0) VCR. 
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Table 3. Effect of verapamil on resistant 
HOBl cells with different levels of 
resistance to ADR. Each cell line of 
different levels of resistnce, maintained in 
0.5, 1.0, and 2.0 PM ADR, respectively, was 
treated with increased concentrations of 
verapamil (PM). After 4-day incubation, the 
living cells were processed for MTT assays. 
The lC50 referred to the concentrations of 
verapamil causing a 50% decrease of 
tetrazolium reduction. 

ICso(pM) 

Adriamycin 

CPM) HOBl/ADRO5 HOBI/ADRl.O HOBI/ADRZ.O 

0.5 > 100 > 100 > 100 

1.0 52 k 3.4 63 t 4.5 72 k 4.9 

2.0 15 2 1.2 17 2 2.3 22 2 1.6 

incubated in 2.0 FM ADR were sensitive to increased concentrations of 

verapamil. On the other hand, we also compared the servoeffect of 
verapamil on enhancing the cytotoxicity of ADR in HOBl/ADRo.s, HOBll 
ADR1.o and HOBl/ADRz.o cells (Table 3). These cells were adequate to deal 
with the loading of 0.5 PM ADR. Once they were incubated in 2.0 FM ADR, 
they became sensitive to verapamil. Verapamil may interfere with the 

enzymatic systems which render the cytotoxic agents ineffective. Its 
competitive inhibition of P-glycoprotein function may indirectly reinforce 
this effect. Fig. 7B exhibited HOBl/VCRo.l cells were extremely sensitive 
to verapamil reversal even if the concentration of VCR was lowered to 
0.01 PM. 

HOBl /AD R2.o cells established here will be an useful material for 
studying the mechanisms of resistance of tumor cells to ADR. The data 
presented in this paper give an implication that P-glycoprotein detected in 
clinical drug-resistant tumor cells does not represent this protein plays 
the major role in the development of drug resistance. 
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