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Abstract-An overexpression of plasma membrane 17&180 kDa P-glycoproteins is consistently found 
in multidrug-resistant (MDR) cell lines. In this study MRK-16, a monoclonal antibody (mAb) reacting 
with P-glycoprotein is used to study the putative functional role of this protein in vincristine (VCR) and 
daunorubicin (DNR) cellular accumulation in the MDR human ovarian carcinoma cell line 2780AD. We 
established that this cell line is highly cross-resistant to vincristine and daunomycin, related to a greatly 
reduced drug accumulation. Verapamil (VP) (8 PM) caused a 3.6-fold increase in DNR as well as VCR 
accumulation. Exposition of 2780AD cells to MRK-16 led to an increase of 30% in cellular accumulation 
of VCR, both in normal growth medium as well as in medium without added glucose and with sodium 
azide, which largely depleted cellular ATP levels. No increase in DNR accumulation was found under 
these conditions. However, in the presence of 8pM Vp, MRK-16 increased not only VCR but also 
DNR accumulation with about 30%. The relative increase of DNR accumulation was constant in a 
concentration range of 0.2-4 PM DNR. These data indicate that mAbs against P-glycoprotein might 
potentiate the action of calcium antagonists like Vp to increase cellular anthracycline accumulation. 

The development of drug resistance is a major cause 
of the failure of chemotherapeutic treatment of 
human malignancies. The problem is the more 
urgent, because of the general occurrence of clones 
of tumor cells which are resistant to multiple drugs. 
This drastically reduces the number of potentially 
active drugs to treat the individual patient [l]. 

The phenomenon of multidrug resistance (MDR)$ 
has been studied intensively in uitro using cell lines 
made resistant to colchicine, anthracyclines or vinca 
alkaloids, which display cross-resistance to unrelated 
drugs [2-4]. Although MDR is a complex phenotype, 
it appears that a decreased cellular accumulation 
caused by increased efflux of drugs is a common 
feature of these cell lines, accounting for at least part 
of the resistance. From a number of independent 
lines of evidence it has emerged that a genetic defect 
resulting in an overexpression of a 170-180 kDa gly- 
coprotein, called P-glycoprotein is a consistent find- 
ing in MDR cells [5-71. Moreover, by gene 
transfection experiments it was possible to confer 
multidrug resistance to otherwise drug-sensitive cells 
[81. 

There is, however, still considerable controversy 
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$ Abbreviations used: MDR, multidrug resistant; VCR, 
vincristine; DNR, daunorubicin; mAb, monoclonal anti- 
body; Vp, verapamil; EDTA, ethylenediaminetetraacetate 
disodium salt; HEPES, 4-(2-hydroxyethyl)-l-piperazine- 
ethanesulfonic acid; DMF, dose-modifying factor. 

in the literature as to what extent a common event 
is responsible for resistance to anthracyclines and to 
vinca alkaloids in MDR cells. This is related to 
the findings that calcium antagonists like Vp and 
calmodulin inhibitors like trifluoperazine, which 
block the enhanced efflux of drugs from MDR cells, 
are found only partially to reverse resistance in MDR 
cell lines even at very high concentrations [9, lo]. 
Generally, a greater effect of resistance modifiers on 
VCR compared to anthracycline cytotoxicity is found 
in P388 mouse leukemia [lo, 111, K.562 human 
myelogenous leukemia [lo] and CEM human leu- 
kemic lymphoblasts [12]. However, for a human 
sarcoma MDR cell line the reverse has been found, 
i.e. Vp only enhanced the effect of drugs that interact 
with DNA, like anthracyclines and dactinomycin 
again questioning the correlation between Vp effects 
and drug efflux modulation [13]. 

One way of clarifying the role of a P-glycoprotein 
related enhanced drug efflux mechanism as a com- 
mon factor in resistance to vinca alkaloids as well as 
anthracyclines is to study whether and in what man- 
ner mAbs reacting to P-glycoprotein can interfere 
with the cellular accumulation and cytotoxicity of 
both classes of drugs. A mAb (MRK-16) that rec- 
ognizes a cell-surface exposed epitope of P-glyco- 
protein was developed and was shown to increase 
VCR but not adriamycin toxicity in MDR KS62 
human leukemia cells [14]. In this study we describe 
effects of MRK-16 on both VCR and DNR accumu- 
lation in 2780AD human ovarian carcinoma MDR 
cells. 
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MATERIALSAN~ME~O~S Table 1. Reversal of drug resistance in 278WD cells 

Tumor cells and chemicals. The source and main- 
tenance conditions of A2780 and 2780AD human 
ovarian carcinoma cell lines have been described 
before [lS, 161. Verapamil . WC1 and vincristine-sul- 
fate were from Sigma Chemical Corp. (St. Louis, 
MO). Daunorubicin . HCl was from Specia (Paris, 
France). Ro ll-2933/001 (N-[3,4-dimethoxyphen- 
ethyl] - 2 - [Znaphtyl] - N - methyl - m - dithiane _ 2 - 
propylamine hydrocbIoride) was a gift from 
Hoffman-La Roche (Mijdrecht, The Netherlands). 
\14-14C] daunorubicin (sp. act. 45 Ci/mol) and [G- 
‘H] vmcristme sulfate (sp. act. 4.8 Ci/mmol) were 
obtained from Amersham (Amersham, I..I.K). The 
radiochemical purity of both was checked and found 
to be >98%. MRK-16 was purified by precipitation 
with ammoniumsulphate and DEAE-Sephacel 
chromatography and stored at -70” f14]. 

DMF* 
Treatment DNR 72 hr DNR 3 hi- VCR 72 hr 

2PM VP 4.4 r 2.0 3.1 k 0.7 3.0 t 1.3 

4N VP 8.5 rt 0.7 4.3 2 2.1 7.1 i 2.x 

8vM VP 17.8 k 6.0 17.2 c 6.6 21.0 i 2.x 
1 PM Ro ll- 
2933 14.8 ?z 4.1 19.0 f 5.7 

* Values are expressed as means f SD of at least 3 
experiments. DMF is dose-modifying factor, which is tcsrr 
without calcium antagonist divided by IC‘~,~ with calcium 
antagonist. 

Cellular uccumu~ution of drugs in vitro. Cells from 
exponentially growing cultures were suspended with 
trypsin/EDTA (0.0025% and 0.25% w/v respect- 
ively) or EDTA alone in CaZ+ and Mg’+-free Hank’s 
balanced salt solution (pH = 7.4). Both resus- 
pension methods gave essentially similar results. 
Cells were resuspended in densities of about 1 X 106/ 
ml in Dulbecco’s modified essential medium without 
bicarbonate, but with 20 mM HEPES (Serva, Hei- 
delberg, F.R.G.) (pH = 7.4) and 10% heat-inac- 
tivated fetal calf serum (Flow Laboratories, Irvine, 
U.K.) (medium A). Medium A without glucose is 
referred to as medium B, while medium B + 10 mM 
sodiumazide (Baker Chemicals, Deventer, The 
Netherlands) is called Medium C. Cellular ATP 
levels after incubation in media A, B and C were 
determined by an HPLC method as described 1171. 
Cells (34 x 10s) were incubated with radiolabeled 
drugs in polypropylene vials in 440~1 medium, 
washed and radioactivity was determined as 
described before [16]. In experiments with MRK-16 
(whole antibody; 15 pg protein/sample), the cells 
were preincubated with all reagents for 30 min at 4”. 
As a control, samples were incubated without mAb 
or in some experiments with mAb against human 
HLA-A-B-C (MAS 5326, Sera-Lab). The latter had 
no effects on drug accumulation compared to con- 
trols without mAb. A paired f-test was used to evalu- 
ate the results. 

ll-2933/001 are shown in Table 1. It appears that in 
this cell line the effects of calcium antagonists on 
DNR and VCR cytotoxicity are very similar. Vp 
itself at 8 PM caused a significant growth-inhibition 
to 62 + 14% (mean t SD of 12 experiments) after 
72 hr exposure, but not after 3 hr (95 _” 6010, N = 4). 
However, we also determined for DNR, that the 
DMF of Vp is not dependent on time of drug 
exposure. In A2780 the calcium antagonists did not 
significantly increase DNR or VCR toxicity (not 
shown). 

Accurn~~u~~on defects in 2780AD 

It has been determined before that 2780AD 
expresses increased amounts of P-glycoprotein 
[14,18] as well as a large decrease in DNR accumu- 
lation compared to the parent sensitive line 1161. We 
now determined VCR accumulation in 2780AD and 
A2780 cells. Figure 1 shows that A2780 accumulates 
about 20 pmol VCR/lo6 cells (at 2 ,uM VCR) while 
2780AD maintained a low intracellular VCR level, 
which in fact did not rise above the direct binding 
measured at 0”. For these reasons we feel confident 
that 2780An is a good model MDR cell line to study 
the effects of a mAb to P-glycoprotein on anthra- 
cycline as well as vinca alkaloid accumulation and 
cytotoxicity. 

Gro~v~~-~n~~~~r~on assays in vitro. ICKY Values, i.e. 
drug concentrations inhibiting cell growth by 50% 
compared to drug-free controls, were determined in 
microtiter plates as described [16]. For short-time 
incubations with drugs, the drug containing medium 
was aspirated after 3 hr and fresh growth medium 
was added to allow cells to grow for 72 hr, i.e. about 
three doubling times. 

Effect of MRK-16 on DNR and VCR accumulation 

The effects of MRK-16 were studied under dif- 
ferent conditions with respect to energy supply to 
the cells, because it has been shown for a number of 
cell lines that the accumulation in and efflux of drugs 
from MDR cells is energy-dependent. For the media 
used in this study, only in medium C did cellular 
energy depletion occur, which was checked by 
measurement of cellular ATP levels (Fig. 2). 
However, cell viability (exclusion of trypan blue) 
was not reduced during 60 min incubation. 

RESULTS 

Reversal of resisfance by calcium antagonists 

Resistance factors (1~~” of resistant cells divided 
by ICKY of sensitive cells) for DNR and VCR in 
2780AD cells, which were developed from the parent 
cell line A2780 by selection with doxorubicin were 
240 and 610 resp_ectively (continuous drug exposure). 
The dose modifying factors (DMF) of Vp and RO 

We found that in medium A, which is comparable 
to normal growth medium, MRK-16 increased VCR 
but not DNR accumulation in 2780Ao cefls (Table 
2). This confirms the initial observations on K562/ 
AD, human leukemia cells [14]. Similar results were 
found in mediums B and C, although the percentage 
of stimulation of VCR uptake tended to be lower in 
medium 8. No effects on DNR accumulation were 
seen in any medium. However, when MRK-16 was 
combined with Vp, which itself causes an increase in 
DNR or VCR accumulation with a factor 3.6 (see 
Ref. 16. Fig. 3, for DNR and 3.6 c 0.6. mean * SD 
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Fig. 1. [3H] vincristine accumulation in A2780 (0) and 
2780AD (0) cells. Cells were suspended in medium A and 
exposed to 2,uM VCR. Mean of two experiments. 

SD < 10%. 

of 4 exp. for VCR), net cellular uptake of DNR was 
stimulated by MRK-16. The largest effect was found 
in medium B and was similar to enhancement of 
VCR accumulation by MRK-16. A small, but 
significant increase in DNR accumulation was also 
seen in medium A and C. The accumulation of 
VCR was stimulated by MRK-16 with rather similar 
percentages, whether Vp was present or not. There- 
fore the stimulation in absolute amounts of VCR is 
much greater in the presence of Vp than in its absence 
(about 1 pmol and 0.2 pmol/106 cells respectively). 
In none of the conditions used here MRK-16 affected 
drug accumulation in A2780 cells. 

The MRK-16 effect on DNR accumulation was 
also studied in medium B + 8 yM Vp at different 

J 

Fig. 2. Effect of incubation of 2780*” cells in medium B 
(0) and medium C (0) on ATF’ levels. Mean L SD of 4 

experiments. 

DNR concentrations. Within the range of DNR con- 
centrations studied (0.2 pM-4 PM DNR), the per- 
centage of uptake stimulation was the same as in 
Table 2 (not shown). This means that at 0.2 p DNR 
MRK-16 brought about a net stimulation of about 
10 pmol/lO” cells, but at 4pM DNR of about 
150 pmol/106 cells at steady-state levels. Thus no 
saturation of MRK-16 effect as to amount of extra 
DNR net uptake was apparent. 

DISCUSSION 

Multidrug cross-resistance to chemotherapeutic 
agents of different, structurally unrelated classes is 
tentatively explained by the existence of a common 
drug efflux mechanism [4]. Also, the overexpression 
of membrane-glycoproteins (P-glycoprotein) has 
been implicated in the enhanced drug efflux [19,20]. 
Further, the reversal of drug resistance by mem- 
brane-active agents like Vp has been shown to be 
related to inhibition of the enhanced drug efflux from 
resistant cells [lo]. The question whether Vp acts by 
a common mechanism on vinca-alkaloid and anthra- 
cycline transport to reverse resistance has not been 
clarified. In fact, verapamil induced resensitization 
of vinca-alkaloid resistance is usually greater than 
reversal of anthracycline resistance [lo, 121, leading 
to the conclusion that Vp does not effectively reverse 
MDR phenotype of human leukemic blasts [12]. In 

Table 2. Effect of MRK-16 on drug accumulation in 2780AD cells 

Medium A Medium B Medium C 

Drug -VP +vpt -VP +VP -VP +-VP 

DNR 99.3 f 5.7’$ 115.5 + 1.76 98.0 k 7.5$ 130.0 2 6.90 96.3 f 3.3$ 
VCR 130.0 f 14.0(( 131.2 f 5.411 115.5 2 4.911 

111.2 + 7.211 
138.3 k 16.68 149.4 -t 11.76 129.4 k 5.38 

* Values are expressed as percentage of drug accumulation without MRK-16, mean 2 SD of at least 4 
experiments. Extracellular DNR concentration was 1 PM. Absolute amounts of cellular drug accumulation 
are stimulated by 8 PM Vp with 30&500%. 

t +Vp means: +8 PM Verapamil. 
$ Not statistically different from controls without MRK-16. 
I P < 0.01 compared to controls without MRK-16. 
11 P C 0.02 compared to controls without MRK-16. 



2392 H. J. BROXTERMAN et al. 

contrast it has been found that Vp does not reverse 
VCR resistance in a human sarcoma cell line [13]. 
We now used a human ovarian carcinoma MDR cell 
line and found that Vp effects on DNR as well as on 
VCR toxicity were quantitatively similar. Both DNR 
and VCR accumulation are very low compared to 
the sensitive parent cells. Further, we showed before 
that Vp effects on DNR accumulation are linearly 
correlated with its effects on DNR cytotoxicity 
(DMF) in this cell line [16]. Also in that study it was 
found that 8pM Vp caused a 3.6 times increase in 
DNR accumulation, which is the same as found in 
this study for VCR. Thus, in 2780AD both vinca 
alkaloid as well as anthracycline resistance seem to 
be of MDR-type. Overexpression of P-glycoprotein 
as detected with MRK-16 has also been shown for 
2780AD [14]. We now have shown that with MRK- 
16 it is possible to increase DNR accumulation in 
2780AD cells. The magnitude of MRK-16 effects on 
VCR as well as DNR accumulation remains rather 
modest, since the maximal effect seems to be a 
30% stimulation of net uptake over baseline level, 
independent of the conditions used. Since the absol- 
ute increase in DNR accumulation (in pmol/106) 
was not saturated, the maximal percentage of drug 
increase may not be due to saturation of any intrinsic 
drug transport involved, but rather to the inability 
of MRK-16 to completely block drug efflux. In 
addition, the results indicate that the MRK-16 effects 
on P-glycoprotein function are to a large extent 
independent of energy state of the cells. Energy 
depletion on itself was not a sufficient nor necessary 
condition to bring about enhancement of DNR net 
uptake by MRK-16. However, the presence of Vp 
was required for this effect to become apparent. 

One possible explanation for this effect is that Vp 
binding to P-glycoprotein as recently reported [20] by 
competition [9] may decrease the number of binding 
sites available for DNR binding, thereby limiting the 
capacity for DNR extrusion. Also it could be that 
Vp alters some aspect of P-glycoprotein function 
making it more prone to modulation by mAb. How- 
ever, since no greater effects are seen on VCR 
accumulation whether Vp is present or not, the latter 
possibility does not seem to be likely. A third possi- 
bility is that MRK-16 increases intracellular Vp con- 
centration, which by action at other sites than the 
plasmamembrane might increase DNR accumulation 
[21]. It remains to be tested how this effect of Vp is 
mediated. 

In conclusion, the present study shows that in vitro 
a mAb to P-glycoprotein may increase the effect of 
calcium channel blockers on anthracycline uptake 
in MDR cells, but clearly not on normal not P- 
glycoprotein expressing cells. This may make Vp or 
other calcium channel blockers more selective in 
reversing drug resistance. Whether this finding may 
have any relevance for the modulation of clinical 
anthracycline resistance remains to be determined. 
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