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ABSTRACT

The alkaloid derivative 4'-demethylepipodophyllotoxin 9-(4,6-O-eth-

ylidene)-/8-D-glucopyranoside (etoposide, VP-16) is believed to exert
cytotoxicity by causing double-stranded DNA breaks through interrup
tion of the breaking-resealing reaction of topoisomerase II (topo II). Thus
it was conceivable that cells could become resistant to VP-16 by a
decrease in topo II enzyme level, since this would lead to fewer DNA
breaks. As well, given the structure of VP-16, it was also possible that a
pleiotropic mechanism of resistance could decrease sensitivity to this
drug. To study these possibilities, a series of VP-16-resistant human KB
cell lines was established by stepwise selection. The concentrations of
VP-16 required to inhibit cell proliferation by 50% in the parent line and
KB/lc, KB/7d, KB/20a, and KB/40a lines were, respectively, 0.16, 4.7,
24, 31, and 47 MM.These cell lines expressed cross-resistance to 4'-(9-

acridinylamino)methanesulfon-m-anisidide, doxorubicin, vincristine, and
methotrexate, although the pattern of relative drug sensitivity was quite
different from that of pleiotropic resistant cell lines reported elsewhere.
The resistance to vincristine and methotrexate did not increase above the
level of the KB/lc cells, and resistance to VP-16, doxorubicin, and
especially vincristine was unstable in VP-16-resistant cells cultured in
the absence of drug. Although the drug resistance marker M, 180,000
glycoprotein could not be detected in any of our cell lines, cellular
accumulation of |3H]VP-16 was reduced 50-75% in the resistant lines
compared with parent KB. With increasing VP-16 resistance, the level
of topo II protein, detected by antibody staining, decreased at each step
of selection, concomitant with a general decrease in topo II unknotting
activity. Sensitivity of the topo II unknotting assay to inhibition by VP-
16 was the same for the parent and all resistant cell lines. The level of
topo I activity and enzyme increased slightly in the resistant cells. Thus,
these cell lines are resistant to VP-16 by virtue of at least two mecha
nisms: (a) reduced levels of topo II, which confers cross-resistance to
other compounds which are topo II-dependent cytotoxic agents; and (b)
reduced accumulation of drug, which is likely also responsible for vin
cristine and methotrexate resistance. However, the possible existence of
other mechanisms of resistance cannot be ruled out.

INTRODUCTION

VP-16,3 a derivative of the naturally occurring alkaloid po-

dophyllotoxin, has become an important antineoplastic agent,
displaying efficacy against a number of tumors, including tes-
ticular and small-cell lung cancers, lymphomas, leukemias, and
Kaposi's sarcoma (1). An established target of VP-16 action is

topo II, an enzyme which can alter DNA topology by a dsDNA
breaking-resealing reaction (2). Evidence has accumulated
which suggests that VP-16 toxicity is related to its ability to
cause dsDNA breaks by inhibiting the reseating activity of topo
II (3-5), trapping the enzyme in a transition state referred to
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as a "cleavable complex." It is thus conceivable that cells could

become resistant to VP-16 by virtue of a decreased level of topo
II.

A number of cell lines selected for resistance in the presence
of topo II inhibitors have been found to have limited cross-
resistance to non-topo II inhibitors but similar levels of resist
ance to other inhibitors of topo II (6-10). Such cells selected
for VP-16 cross-resistance, as well as cells found to be naturally
resistant to VP-16 (4), display alterations in some aspects of
topo II activity (6, 10, 11).

However, other mechanisms of resistance to VP-16 are also
possible. Resistance of tumors to a variety of structurally un
related drugs, referred to as PDR, is a common problem in a
clinical setting, as evidenced by the failure of a significant
fraction of patients to respond to combination chemotherapy
(12-15). The spectrum of drugs to which tumors exhibiting the
PDR phenotype may be resistant could very well include VP-
16. Clinical resistance to VP-16 in tumors that became refrac
tory to vincristine has already been reported (16). Thus it is
important to characterize acquired resistance in vitro in order
to find possible methods of circumventing such resistance. In
many cases of PDR, which included cross-resistance to VP-16,
resistance was due to a decrease in steady-state accumulation
of those drugs which were assayed (17-21). Thus, resistance to
VP-16 may also be accomplished by a reduction in the steady-
state level of cell-associated drug.

We have selected a series of 4 VP-16-resistant human naso-

pharyngeal carcinoma KB cell lines by stepwise increases in the
selection concentration of VP-16, up to a 290-fold level of
resistance. The sensitivity of these lines to a range of antipro-
liferative agents was tested, revealing a pattern of cross-resist
ance independent of topo II activity in the initial stages of
selection, but with development of topo H-specific resistance as
the level of VP-16 resistance increased. In assays using antibod
ies against pleiotropic resistance-associated membrane pro
teins, the level of these markers remained below the level of
detection, although the marker could be observed in vincristine-
resistant KB cells which were cross-resistant to VP-16. How
ever, VP-16 resistance in our cell lines could be partially ac
counted for by a reduction in cellular drug accumulation. The
activities and levels of topo I and topo II were measured in all
cell lines and were found to be altered in the resistant lines.
The results of these studies have implications in the selection
of drugs for combination chemotherapy and in the concepts of
circumvention of PDR. Possible mechanisms for the patterns
of resistance we have observed will be discussed.

MATERIALS AND METHODS

Cell Lines , '

Human nasopharyngeal carcinoma KB cells were obtained from the
American Type Culture Collection and were maintained as described
previously (22). VP-16-resistant cell lines were obtained by sequential
selection, in culture, to increasing concentrations of VP-16, without
the use of mutagens. Selection was begun by exposing a culture of KB
cells to 200 nM VP-16, approximately the IC5o for VP-16, and after 1
month this was increased to 1.0 JIM. Under these conditions and
subsequent selection conditions, a clonal line was obtained from a
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MULTIPLE MODES OF ETOPOSIDE RESISTANCE IN KB CELLS

group of several clones, based on the most rapid rate of proliferation
in the presence of drug. The selection of a stable clone of KB/1 took 4
months from the commencement of exposure to 1.0 Ã•/MVP-16, and
subsequent selection steps for KB/7d, KB/20a, and KB/40a took 5, 9,
and 6 months, respectively. Revenants of each cell line were maintained
in the absence of VP-16 for at least 22 weeks before use in experiments
except where noted and were designated KB/lc', KB/7dr, KB/20a', and
KB/40ar.

Vincristine-resistant KB cells were established by stepwise selection
in 5 and 100 nM vincristine (KB/VCRioo), or 5 nM, 50 nM, and 1 (Â¿M
vincristine (KB/VCRiooo), following selection of a clonal line at each
selection step.

Drugs

VP-16 was a gift of Bristol-Meyers Pharmaceuticals, Syracuse, NY.
Fostriecin (CI-920) and m-AMSA were generous gifts of the Warner-
Lambert Co., Ann Arbor MI. Mitoxantrone was a gift of Lederle
Laboratories Division, American Cyanamid Co., St. Louis, MO. 4'-

DMEP-ME was kindly supplied by Dr. Kuo-Hsiang Lee, School of
Pharmacy, University of North Carolina. 10-Hydroxycamptothecin was
generously provided by Dr. Zong-chao Liu, Cancer Institute of Sun
Yat-sen University of Medical Sciences, Guangzhou, China. Metho-
trexate was purchased from Lederle Laboratories; vincristine and ver-
apamil were obtained from Sigma Chemical Co., St. Louis, MO; and
DOX was purchased from Adria Laboratories, Columbus, OH.

Antibodies

Anti-gp 180 monoclonal antibody C219 (23) was generously provided
by Dr. Victor Ling, University of Toronto, Toronto, Ontario, Canada,
and was also purchased from Centocor, Inc. (Malvern, PA). Rabbit
serum containing antibodies to topo II (24) was a generous gift of Dr.
Leroy Liu, Johns Hopkins University, Baltimore, MD. The monoclonal
antibody to topo I was developed in this laboratory, as reported previ
ously (25).

Cell Culture Experiments

Drug Toxicity. The effects of drugs on cell proliferation were deter
mined as described previously (22). The starting cell number was 10*
cells/25-cm2 flask, and cells were exposed continuously for 3 days. The

increase in cell number was determined over the length of exposure of
cells to drug and calculated as a percentage of the control. The K Â«â€ž
was determined by interpolation of plotted data. Sensitivity of VP-16-
resistant cells maintained for increasing lengths of time in the absence
of drug was determined at the intervals indicated in the results section.

Determination of Cellular Drug Content. Cellular drug content was
determined as described previously (22), using [3H]VP-16. A method

different from that previously described was used to determine back
ground drug content of the flasks. Twenty-five-cm2 flasks of cells,
previously cooled on ice, were exposed to ice-cold [3H]VP-16-contain-

ing medium by rapid inversion of the flask for 1 to 2 s. Medium was
immediately aspirated, and cells were washed with 2 rinses of 5 ml of
ice-cold PBS. The amount of cell-associated drug obtained from this
exposure was subtracted from all determinations of cellular drug con
tent for presentation of data. To measure loss of drug from prelabeled
cells, the cells were incubated in drug-free medium at 37Â°Cand at timed

intervals were extracted as described previously (22). Background drug
content was not subtracted from drug content of these cultures, since
the incubation allowed for loss of nonspecifically bound drug.

Preparation of DNA Substrates

Native supercoiled pBR322 plasmid DNA was prepared from Esch-
erichia coli HB101 containing pBR322 as described by Staudenbauer
(26). P4 phage knotted DNA was prepared according to the procedure
of Liu and Davis (27).

Topoisomerase Assays

The DNA unknotting assay for topo II was performed as described
by Thurston et al. (28). Topo I activity was assayed by relaxation of

pBR322 DNA. The reaction mixture (20 Â¿il)contained 50 mM Tris-
HC1 (pH 7.8), 20 mM MgCI2, 5 mM dithiothreitol, 0.1 mg/ml bovine
serum albumin. 0.36 Â¿jgof supercoiled native pBR322 DNA, and 5 pi
of enzyme preparation. The mixture was incubated for 15 min at 37Â°C,

and the reaction was terminated by addition of 5 n\ of 2% SDS, 20%
glycerol, and 0.05% bromophenol blue. The DNA was assayed by
agarose gel electrophoresis as described for the topo II assay (28).

Other Assays

Cells were prepared for extraction by rinsing twice with ice-cold PBS
and harvested by scraping with a rubber scraper. Cells were pelleted in
PBS by centrifugation at 1200 x g for 10 min at 4Â°C.Cell pellets to be

used for SDS-polyacrylamide gel electrophoresis with subsequent stain
ing of nitrocellulose transfers with antibody C219 were resuspended in
approximately 5 volumes of a buffer composed of 1.5 mM MgCb, 3
mM DTT, 50 MMphenylmethylsulfonyl fluoride, and 10 mM Tris-HCl
(pH 7.5). Cells were then freeze-thawed and sonicated for 5 s. This
extract was centrifuged (13,000 x g, 15 min, 4Â°C),and the pellet was

solubilized in the following buffer, according to the method of Fair
banks Â¡'ial. (29), and modified by Debenham et al. (30) to include 2%

SDS, 20 mM Tris (pH 7.5), 2 mM EDTA, 10% sucrose, and 80 HIM
DTT. Prior to electrophoresis, 10 M urea was added to boiled and
cooled samples to give a final urea concentration of 3 M.

Cell pellets to be used for topoisomerase assays and anti-topo anti
body staining of nitrocellulose transfers were resuspended in the follow
ing buffer containing 1 mM EDTA, 1 mM DTT, 1 mM phenylmethyl
sulfonyl fluoride, 10% glycerol (v/v), and 300 mM KH2PO4 (pH 7.0).
In this case cell pellets were subjected to 3 rounds of freezing and
thawing (without sonication) and were centrifuged (13,000 x g, 5 min,
4Â°C)to remove membrane material. The supernatant of this preparation

was used for subsequent topo assays and anti-topo antibody staining.
SDS-polyacrylamide gel electrophoresis was performed in 7.5% ac-

rylamide according to the procedure of Laemmli (31) and for membrane
preparations was modified to include 6 M urea (30). Transfer of protein
from acrylamide gel onto nitrocellulose paper was performed as de
scribed by Towbin et al. (32), except that transfer took place vertically
without the use of electroblotting. Antibody staining was performed
with the use of alkaline phosphatase-conjugated secondary' antibody
(33). Antibody-stained "Western" blots were quantitated by densitom-

etry scanning of negatives of photographs of the blots, using a narrow
band densitometer (E-C Apparatus Corp., St. Petersburg, FL) and an
LKB 2220 recording integrator (LKB-Produkter AB, Bromma, Swe
den).

Materials

[3H]VP-16 was purchased from Moravek Biochemicals (Brea, CA)
and purified no more than 7 days before use by high-performance liquid
chromatography using a modification of a procedure described else
where (34). High-performance liquid chromatography grade chemicals
(KH:PO4 and methanol) were supplied by Fisher Scientific, Fair Lawn,
NJ. Alkaline phosphatase-conjugated antibodies were purchased from
Promega Biotec, Madison, WI. Nitrocellulose paper was provided by
Schleicher and Schuell, Inc., Keene, NH. Tissue culture materials were
purchased from Grand Island Biological Co., Grand Island, NY, and
Hazelton Research Products, Denver, PA (serum). Other chemicals
and plasticware were purchased from commercial sources.

RESULTS

The VP-16-resistant lines used in these studies were selected
sequentially by stepwise increases in the concentration of VP-
16 in the selection medium. After the degree of resistance had
stabilized at each step (the IC5o was the same in 2 successive
determinations), a set of clones was selected and assayed for
proliferative capacity. The selected lines were assayed for sen
sitivity to VP-16 as well as to a series of other antiproliferative
agents, some of which are topo II inhibitors, and others which
have been reported to be involved in cross-resistance with these
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Table 1 ICy, values of antiproliferative agents against parent and VP-16-resistant KB cell lines
Rapidly proliferating cells were used to establish cultures of 1 x 10*cells/25-cm2 flask in drug-free medium and were incubated overnight to allow cells to overcome

the lag period. Drug exposure was initiated by a complete change of medium or by adding 0.2 volume of a 6-fold concentration of drug in medium. Cells were
incubated at 37'C in a humidified atmosphere of 5% CO: for 3 days, and initial and linai cell numbers were determined on an electronic particle counter. Relative
proliferation was determined as described in "Materials and Methods," and KM, values were determined from interpolation of plotted data.

1CÂ»(nM) at following cell MGT*(h)DrugVP-

16VP-16+
10 MMVPL

Doxorubicin
m-AMSA
Fostriecin
4'-DMEP-ME

Mitoxantrone
10-Hydroxycamptothecin
Vincristine
Vincristine -I-10 MMVPL
MethotrexateKB19.5

Â±1.3*(41)c164

Â±44(10)
107 Â±15(3)

18.0Â± 1.2(3)
5Â»Â±12(5)

7,100 Â±500 (3)
1,600 Â±60(3)

11.8 Â±2.5 (4)
7.1 Â±1.1 (4)
1.5 Â±0.6 (6)

0.88 Â±0.32 (2)
11.3 Â±0.3 (4)KB/lc

19.9 Â±1.5(11)4,700

Â±1,100(4)
1,050Â± 130(3)

143 Â±14 (3)
I10Â± 18(3)

13,000 Â±1,000(3)
675 Â±143 (4)
23.7 Â±0.6 (3)

6.4 Â±0.3 (3)
20. Â±8.6 (4)
1.9 Â±0.5 (3)

23.7 Â±0.6 (3)KB/7d

22.3 Â±2.8(11)23,800

Â±1,500(4)
6,300 Â±2,000 (3)

414 Â±44 (4)
182 Â±10. (3)

5,300 Â±1,000(3)
686 Â±64 (3)
28.3 Â±7.1(4)

7.7 Â±0.4 (3)
20. Â±5.2 (3)
2.9 Â±0.7 (3)

19.7 Â±1.2 (3)KB/20a

22.8 Â±2.6(12)30,600

Â±3,800 (5)
14,100 Â±1,700(3)

721 Â±69 (5)
370 Â±30 (3)

6,700 Â±300 (3)
644 Â±66 (3)
3 1.3 Â±3.5 (3)

9.8 Â±1.3(3)
21 Â±4.6(3)

2.4 Â±0.6 (3)
23.3 Â±3.1 (3)KB/40a

25.4 Â±4.6(15)47,000

Â±2,500 (6)
16,500 + 2,800(3)

612 + 32(3)
580 Â±100 (3)

6,800 Â±800 (3)
1,110 Â±137(3)
72.7 Â±5.9 (3)

9.6 Â±1.3(3)
23.2 Â±3.0 (3)

2.9 Â±1.4(3)
15.2 Â±2.1 (4)

Â°MGT, mean generation time; VPL, verapamil.
* Average Â±SD.
' Numbers in parentheses, number of experiments from which determinations were made.

compounds. The results of these studies are presented in Table Thus this concentration was used to obtain optimal enhance-
1.

The KB/lc line was 29-fold resistant to VP-16 compared
with the parent line. The subsequent lines, selected in 7, 20,
and 40 MMVP-16, respectively, were 145-, 186-, and 287-fold
resistant to VP-16, respectively, compared to the parent line.
In all determinations of sensitivity to VP-16 and all other drugs,
at least one concentration of drug (and usually more) was tested
against parental KB cells to ensure that the cytotoxic activity
of each drug preparation was consistent from experiment to
experiment. DOX, to which KB cells were about 10-fold more
sensitive than to VP-16, revealed a different pattern of cross-
resistance across the spectrum of resistant lines (8-, 23-, 40-,
and 34-fold, respectively). Parent KB cells had intermediate
sensitivity to m-AMSA compared with VP-16 and DOX, and
there was yet a smaller increase in resistance from line to line
(1.9-, 3.1-, 6.4-, and 10-fold, respectively). Cross-resistance to
the topo II inhibitor fostriecin, to which KB cells were much
less sensitive than to VP-16, was observed only in the KB/lc
line, and the rest of the lines had greater or similar sensitivity
compared to the parent. 4'-DMEP-ME, a synthetic analogue
of VP-16, has been shown to inhibit topo II activity.4 Parent
KB cells were about 10-fold less sensitive to 4'-DMEP-ME
than to VP-16. KB/lc, KB/7d, and KB/20a were all about twice
as sensitive as KB to 4'-DMEP-ME, and this was partially

reversed in the KB/40a line. Parent KB cells were very sensitive
to mitoxantrone, and the pattern of cross-resistance more
closely resembled that of m-AMSA than DOX or VP-16, with
respect to the degrees of resistance of each line (2.0-, 2.40-,
2.65-, and 6.2-fold, respectively). The sensitivity of KB/lc and
KB/7d cells to the topo I inhibitor, 10-hydroxycamptothecin,5

did not appear to be significantly different from that of KB
parent cells. The KB/20a and KB/40a lines were slightly re
sistant to 10-hydroxycamptothecin. The KB/lc cell line was
13-fold resistant to vincristine compared with parent KB cells,
and this level did not change with increasing resistance to VP-
16. Although PDR cell lines generally do not display cross-
resistance to methotrexate (18, 35, 36), our KB/lc, KB/7d, and
KB/20a lines had IC5o values about twice that for parent KB,
with a slight increase in sensitivity in the KB/40a line.

Verapamil is well documented in its ability to circumvent
PDR (21, 37-39). In our cell lines, 10 ^M verapamil reduced
proliferation of KB 0-10% and of the resistant lines about 20%.

ment of drug toxicity without verapamil itself causing a degree
of toxicity which would interfere with interpretation of the data.
Verapamil enhanced the toxicity of vincristine towards KB cells
and reversed the degree of resistance of the VP-16-resistant
lines to vincristine by 92 to 98%. However, verapamil could
only partially reverse resistance to VP-16 in these lines, from
78% reversal in the KB/lc line to only 54% reversal in the KB/
20a line.

The stability of the resistance phenotype in the absence of
VP-16 was examined in all 4 resistant lines (Fig. 1). After a
variable lag time, all lines eventually lost resistance at a rapid
rate and then leveled off at significant degrees of resistance.
Cross-resistance of the VP-16-depleted KB/lc and KB/7d lines
to DOX was also assayed periodically (data not shown). Within
3 weeks the level of resistance dropped by about 30% in both
lines. After 28 weeks, the IC5o for the KB/7d line appeared to
stabilize at about twice that for the parent line, whereas by 40
weeks the KB/lc line had completely reverted to the sensitivity
of the parent KB (IC50 18 HM). In KB/lc and KB/7d cells that

4 Z-C. Liu and Y-C. Cheng, unpublished results.
* B-S. Zhou and Y-C. Cheng, unpublished results.

0 2 4 6 8 10 12 14 16 IB 20 22 24 26 28 * 40

Length of Drug-free Incubation (weekÂ»)

Fig. 1. Effects of maintenance in drug-free medium on resistance of VP-16-
resistant KB lines. VP-16-resistant KB cell lines were incubated in the absence of
drug and, at the intervals indicated, were assayed for sensitivity to VP-16 as
described in "Materials and Methods." ICw values were determined as described

in the legend to Table 1. Points, determination from 1 experiment using at least
3 drug concentrations, and duplicate flasks, except for 0-time value (nondepleted),
which was obtained as described in Table 1. A, KB/lc; A, KB/7d; O, KB/20a, 9,
KB/40a.
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had been depleted more than 20 weeks, the IC50 values of m-
AMSA were 90 Â±14 and 100 Â±28 (average Â±SD, n = 2),
respectively, about twice that of the parent line. In contrast,
after 12 weeks of depletion, resistance of the KB/lc, KB/7d,
and KB/20a lines to vincristine was completely lost, displaying
ICso values for this drug of 1.5 Â±0.3 (average Â±SD, n = 2),
1.4, and 1.4 HM,respectively.

PDR has been shown to be a function, at least in part, of
reduced accumulation of a drug to which cells are resistant (17-
19, 21, 36). Accumulation of [3H]VP-16 was assayed in each of

the lines to see if this correlated with resistance. VP-16 equili
brates with cells within about 15 min (Ref. 20; data not shown).
A time point of 4 h was chosen to ensure equilibration, and
also 24 h to observe whether cell metabolism or a latent efflux
system may have altered longer term drug content. The results
shown in Fig. 2 are presented as the percentage of the drug
content of the parent cells, calculated within a given experiment.
At both time points and at both concentrations of [3H]VP-16,
there was a 50-75% decrease in cellular drug content in all
resistant lines. In the revertant lines (cultured in the absence of
drug for longer than 22 weeks), the cellular drug content after
4 h was the same as that of the parent KB lines. Values for 24
h were not determined. The background, or nonspecific, content
(determined as described in "Materials and Methods") was

similar for all cell lines. Thus an average value of 0.23 Â±0.07
pmol/106 cells (n = 17) for 0.4 U.Mand 4.34 Â±0.88 pmol/106
cells (n = 10) for 10 nM was subtracted from the respective
determinations for presentation of data.

Although rapid loss of drug, including VP-16 (20), has been
suggested to be responsible for reduced drug accumulation in
PDR cells (17, 40-42), the results presented in Fig. 3 indicate
that this was not the case in our lines. Most of the drug was
lost from the cells within 10 min of resuspending in drug-free
medium, and this loss reached a plateau by about 30 min. The
most rapid loss occurred in the parent KB cells, and the rate of
loss decreased with increasing level of resistance. The average
values (Â±SD)of the nonexchangeable fraction of [3H]VP-16,

calculated using values for time points from 30 to 60 min of
drug-free incubation, were 0.12 Â±0.040 (n = 6) for parent KB
cells and 0.10 Â±0.013 (n = 5), 0.11 Â±0.046 (n = 6), 0.11 Â±
0.047 (n = 6), and 0.14 Â±0.082 (n = 6) for the KB/lc, KB/7d,
KB/20a, and KB/40a lines, respectively.

The VP-16-resistant cell lines were examined for the presence
of the gplSO marker for PDR. The Western blot shown in Fig.
4 used 100 ÃÃgof protein from each cell line as well as a 2-fold
serial dilution of the KB/VCRioo cells and 40 ^g from KB/
VCRioooas a positive marker and was stained using the marker-
specific antibody C219 (23). The KB/VCRIOOcells were 75-fold
resistant to VP-16 (IC5o 12 Â¿Â¿M)and on the original Western
blot the marker could be detected as low as an 8-fold dilution,
but the gplSO marker could not be detected in the VP-16-
resistant cell lines.

Given the precedent of altered topoisomerase activity Â¡ncells
resistant to topo II inhibitors (4, 6, 10, 11, 43), we examined
the activities of topo I and topo II in extracts of our resistant
lines. The results presented in Fig. 5A and Fig. 6 are from the
same cell extracts. The results shown for topo II are represent
ative of results from 7 separate experiments, all with similar
results, using a fresh extraction of all cell lines in each experi
ment. Topo II was assayed by the ability to unknot P4 phage
DNA (28), using the same amount of protein in each assay for
each cell line (Fig. 5,4). Assays in the second to fifth lanes had
one-half the amount of protein of the previous lane. Although
these assays were not accurately quantitative, some estimate
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Fig. 2. Accumulation of [3H]VP-16 in parent and VP-16-resistant KB cells.
Cultures of cells were established in 25-cm2 flasks so that, after 3 days of
incubation in the absence of VP-16, the cell number would be 2-3 x 10'/flask.
Drug exposure was initiated by a complete change of medium, and cultures were
incubated in 0.4 or 10 ^M [3H]VP-16 at 37'C for 4 or 24 h. Cell-associated drug
was determined as described in "Materials and Methods." Columns, average of
3-8 experiments; bars, SD. D, 4-h exposure; W, 24-h exposure. Values for drug
content of parental KB were, for 0.4 ^M, 1.46 Â±0.42 (n = 17) and 1.60 Â±0.44
(n = 10), for 4 and 24 h, respectively, and for 10 Â¡MÃ•,29.8 Â±10.2 (n = 6) and
42.1 Â±2.1 (n = 3), for 4 and 24 h, respectively.

could be made of the relative activity, with respect to the parent
line, and in 9 assays from 7 separate extraction procedures,
certain trends in activity were established. The topo II activity
in the KB/lc line was generally about one-half that of the
parent, because 100% unknotting was accomplished by 0.5 Mg
of the KB extract compared to the same activity in 1.0 Mgof
KB/lc extract. The same partial degree of unknotting was
accomplished by 0.25 and 0.5 fig of the KB and KB/lc extracts,
respectively. The rest of the cell extracts were compared in a
similar manner, to estimate the closest possible ratio of activi
ties. The topo II activity of the KB/7d line was always less than
that of the KB/lc and was usually estimated to be one-third of
that of the KB. The KB/20a and KB/40a lines had approxi
mately 50% of the topo II activity of the parent line. The topo
II activities in the revertant lines were generally about 75% of
that of the parent.
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Fig. 3. Time course of drug loss from parent and VP-16-resistant KB cells
preincubated in 400 nM [3H)VP-16. Cultures of cells were established in 25-cm2
flasks, as described in the legend to Fig. 2. Following 4 h of exposure to [3H]VP-
16, drug-containing medium was aspirated and was replaced with prewarmed.
drug-free medium. Cultures were then incubated at 37Â°Cfor the lengths of time
indicated, and cellular drug content was determined as described in "Materials
and Methods." Points, results of 1 experiment (duplicate determinations) for 40-
min time point, and averages of 2-4 experiments for all other time points. Bars,
SD. Symbols with error bars pointing to left: â€¢,KB; O, KB/lc; D, KB/40a; bars
pointing to right: A, KB/7d; A, KB/20a.

1-200

Hie

Fig. 4. Assay of parent and VP-16-resistant KB cells for up 180 resistance
marker. Membrane preparations from extracts of rapidly proliferating cells were
prepared as described in "Materials and Methods" by 1 cycle of freezing and
thawing, followed by sonication, centrifugation (12,000 x g, 4'C, 15 min), and
resuspension in urea/SDS buffer. Protein (100 ^g) was eluted in a 7.5% polyacryl-
amide gel by urea/SDS-polyacrylamide gel electrophoresis. Also included were
serial dilutions of KB/VCRioo cell extracts to give 50, 25, and 12.5 Mg-Staining
of Western blots was performed using antibody C219 against P-glycoprotein and
alkaline phosphatase-conjugated secondary antibody.

In assays of topo I activity (relaxation of supercoiled pBR322
DNA) (Fig. 5B), the protein amount was 0.70 ng in the assay
of the first lane and one-third this amount in subsequent lanes.
In 7 experiments, topo I activity in each resistant line as well
as the revertants was generally an average of 1.5 times as great
as that in the parent KB cells. This is based on 90-100%
relaxation of supercoiled DNA by 0.078 /Â¿gof extract of resist
ant or revenant cells, compared with only about a 50-60%
relaxation by the parent KB extract. At the lowest dilution,
ladder formation (partial relaxation) was still observed in the
KB/20a and KB/40a lines, whereas no relaxation was apparent
with this amount of KB extract.

It was possible that an alteration in the topo II enzyme may
have rendered it less sensitive to VP-16. The sensitivity of the
unknotting activity of each line was assayed by including VP-
16, in the concentrations shown in Fig. 6. A concentration of
extract from each cell line was chosen to give the same amount

of topo II activity in each assay. The DNA elution profiles,
demonstrating similar, significant inhibition of all extracts by
50 MMVP-16 and 100% inhibition by 100 tiM VP-16, indicate
that the topo II unknotting activity of each line was equally
sensitive to inhibition by VP-16.

Since differences in topo I and II activities were observed,
extracts were examined to discern whether this was due to
changes in the actual amount of the enzymes. The Western
blots shown in Fig. 7 had the same amount of protein loaded
onto each lane for a given antibody stain (100 Mgfor Fig. 7'A,

40 Mgfor Fig. IB), with extra lanes of serially diluted KB for
assessing the degree of change. The primary antibody used in
assaying for topo II was polyclonal (rabbit serum) (24) and
therefore lightly stained a number of bands. However, it is
known that the molecular weight of topo II is about 180,000
(24); thus the dark band at the top of the gel was assumed to
correspond to topo II. The relative intensities of the bands were
analyzed by densitometry of photograph negatives. The blot
presented in Fig. 7 is representative of 4 separate experiments
with similar trends. In 3 experiments where quantitation was
possible, the topo II band in the KB/lc, KB/7d, KB/20a, and
KB/40a lines stained, respectively, an average of 60. Â±29% (n
= 3), 47 Â±27% (n = 3), 28 Â±8% (n = 3), and 22% (n = 2) of
the intensity of that of the parental KB. The level of topo II in
each revertant line was the same as that of the resistant line
from which it was derived, staining with intensity of 68 Â±15%
(n = 3), 53% (n = 2), 36% (n = 2), and 29% (n = 1), respectively,

of the parent line.
The antibody used to stain for topo I was developed in this

laboratory (25). It has been shown to be monoclonal and can
identify tryptic breakdown products of topo I which still contain
activity (25). In 3 Western blots that were appropriate for
quantitation, no bands were observed except for those corre
sponding to the molecular weight of topo I (97,000). The KB/
le, KB/7d, KB/20a, and KB/40a lines had, respectively, 133 Â±
20% (n = 3), 156 Â±45% (n = 3), 178% (n = 2), and 168% (n
= 2) of the intensity of topo I staining of the parent KB, as
measured by densitometry. The revertants of each of these lines
had, respectively, 132 Â±46% (n = 3), 128 Â±28% (n = 3), 116%
(n = 2), and 163% (n = 1) of the staining intensity of the parent
line.

DISCUSSION

The action of VP-16 in causing topo H-dependent dsDNA
breaks is well established (3-5). However, identification of the
mechanism of resistance to topo II inhibitors is just beginning
to be resolved. The results of these studies strongly suggest the
presence of at least 2 mechanisms of resistance functioning in
these cell lines: (a) a pleiotropic mechanism which confers
resistance to drugs of unrelated function by reduction of drug
accumulation; and (b) a decreased level of topo II (and hence
activity) which reduces the potential number of dsDNA breaks
caused by topo H-interactive drugs.

The drugs studied in Table 1 were chosen because of their
known association with topo II and/or PDR, and the patterns
of cross-resistance reflect activity of both mechanisms. Besides
VP-16, topo H-dependent DNA breakage is also caused by
DOX (44, 45), m-AMSA (2, 44, 46, 47), and mitoxantrone (45,
48), although the latter can also cause non-topo II-dependent
DNA breaks (49). Cross-resistance was observed amongst these
drugs in cells selected for resistance to VP-16 (36), 9-hydrox-
yellipticinium (6), mitoxantrone (50), and m-AMSA (8) (al
though these latter cells were not cross-resistant to DOX), but
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Fig. 5. Assay of topo I and topo II activities
in parent, VP-I6-resistant, and revenant KB
cell lines. Extracts were obtained from cultures
of rapidly proliferating cells, grown for 4 days
in the absence of VP-16. Topo II was assayed
by the ability to unknot P4 phage knotted
DNA, and topo I activity by relaxation of
pBR322 DNA both as described in "Materials
and Methods." Samples were run on 1% aga-

rose gels and visualized by ethidium bromide
staining and UV irradiation. Topo II activity
was recognized by the conversion of the smear
of knotted DNA to a band of unknotted DNA
at the top of the gel. Topo I activity was based
on the shift of the large, bottom band of su
percoiled DNA to the top of the gel with ladder
formation between these 2 positions due to
integral, stepwise decreases in linking number.
The five lanes for each cell line contained, in
the assay mix, the following amounts of pro
tein, from left to right: topo II assay, 1.0, 0.5,
0.25, 0.125, and 0.0625 fig: topo I assay, 0.70,
0.23, 0.078, 0.026, and 0.0086 /ig. V, unknot
ted; R, relaxed; S, supercoiled.

KB KB/te KB/7d KB/2Oo KBMOa KB/lcr KB/7dr KB/ZOor
i i i i i

Fig. 6. VP-I6 sensitivity of topo II from
resistant lines. Rapidly proliferating cells were
harvested after 4 days of culture in drug-free
medium and extracted as described in "Mate
rials and Methods." In order to compare VP-

16 sensitivity between the different lines, the
following amounts of protein from each line
were used to give equivalent amounts of activ
ity: KB, 0.60 Mg;KB/lc, 1.00 fig; KB/7d, 1.20
fig; KB/20a, 1.40 fig; KB/40a, 1.40 fig; KB/
le1, 1.00 fig; KB/7dr, 1.00 fig; KB/20a', 1.20

fig. The knotted DNA unknotting assays were
conducted as described in "Materials and
Methods," and reaction mixtures included the
following concentrations of VP-16, from left
to right: 200, 100, 50, 0 fiM. Con., controls:
left to right, DNA alone; DNA + 200 fiM VP-
16. (/.unknotted.

KB KB/lc KB/7d |KB/7dr (KB/20qrrCofi.

A-Topo

Â«3o- O' Â«fc

Fig. 7. Assay of topo II and topo I by an
tibody staining. High salt extracts of rapidly
proliferating cells, harvested after 4 days of
culture in drug-free medium, were subjected to
SDS-polyacrylamide gel electrophoresis in
7.5% acrylamide. A, 100 fig of protein applied
per lane, plus lanes with 50 and 25 fig for KB
for the purpose of comparing the degree of
change in the resistant line; B, 40 fig/lane, plus
lanes of 80, 120, and 160 fig of KB. Following
Western transfer technique, samples were
stained with respective antibodies and visual
ized by alkaline phosphatase-conjugated sec
ondary antibody staining, as described in "Ma
terials and Methods." kDa, molecular weight

in thousands.

--190 kDa

B-Topo I

s

â€” â€¢ - 92 kDa

there was no cross-resistance to mitotic inhibitors (vincristine,

vinblastine, podophyllotoxin) or methotrexate. Fostriecin has
been shown to inhibit topo II activity without causing dsDNA
breaks (51), thus apparently acting in a different manner than
VP-16, DOX, or m-AMSA. 4'-DMEP-ME is one of a family

of epipodophyllotoxin derivatives in which the glycoside moiety
has been replaced by an O-methyl group (28). A related conge
ner, having an O-ethyl group in place of 6>-methyl, has the same
activity as VP-16 in inhibiting topo II (28). Since a change in
regulation or activity of topo II may have been responsible for
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VP-16 resistance, it was possible that this may have been
accompanied by changes in topo I activity. Therefore the re
sistant lines were assayed for sensitivity to 10-hydroxycampto-
thecin (52), a derivative of camptothecin, a selective inhibitor
of topo I which does not bind to DNA but causes topo I-linked
single-stranded DNA breaks (53). Vincristine and DOX are

commonly among drugs to which cells are pleiotropically re
sistant (7, 9, 21, 35, 36, 50, 54-58). As well, cells selected for
resistance to vincristine (56), vinblastine (54), DOX (55), or
colchicine (59) are usually cross-resistant to VP-16 [with excep
tions (18)]. Resistance in this latter group of drugs is generally
dependent on reduced intracellular accumulation of drug, the
feature referred to as PDR. Cross-resistance between metho-
trexate and vincristine (7, 60), VP-16 (60), and DOX (60) is
rarely observed.

Resistance to vincristine, methotrexate, and fostriecin, which
do not cause protein-associated double-stranded DNA breaks,
was obvious in the KB/lc cell line, but the level of resistance
did not increase in the subsequent cell lines. Accumulation of
[3H]VP-16 was decreased by 50-75% in all of the resistant lines
(Fig. 2), a phenomenon not due to changes in cell size. Salt-
extracted protein in a known quantitity of cells was calculated
for some experiments and averaged 218 Â±22 Mg/106 cells for

18 samples, including at least 2 from each line. The level of
drug uptake in the revenants returned to that of the parent line,
even though they still expressed significant resistance to VP-
16. The slower loss of drug from preloaded resistant cells
compared with the parent line (Fig. 3) suggests that VP-16
resistance was not due to a putative efflux system. Neither the
size of the nonexchangeable fraction of drug (approximately
0.1 pmol/106 cells) nor loss of the exchangeable fraction ap

peared to contribute to the differences in relative resistance.
Resistance to vincristine was almost completely reversed by
verapamil in all the resistant cell lines, whereas sensitivity to
VP-16 was only partially restored. Given the established ability
of verapamil to circumvent PDR (21, 37-39) and increase
uptake of [3H]VP-16 (20, 22), this again suggests the presence

of a mode of resistance, other than PDR, affecting topo II
inhibitors.

The long-established phenomenon of PDR has been de
scribed for a wide variety of cell lines (18, 21, 35, 50, 55, 57),
displaying a greater amount of a membrane glycoprotein with
a molecular weight generally between 130,000 and 180,000 (23,
39, 58, 61-65) and which is stained by the C219 antibody used
in this study (23, 55, 63). The KB/VCR100 line exhibited at
least an 8-fold higher level of gplSO than any of the VP-16-
resistant lines yet had an IC5o of VP-16 between that of KB/lc
and KB/7d. This strongly suggests that in the VP-16-resistant
lines, especially above the level of the KB/lc line, there exists
a very important mechanism of resistance to VP-16 other than
the presence of gplSO. As well, some other mechanism, inde
pendent of gplSO, may have been responsible for decreased
drug accumulation.

The above results collectively indicated the presence of 2
separate modes of resistance, one of which was reduced accu
mulation of drug. The second mode of resistance was apparently
due to an alteration(s) in topo II activity, manifested as a
decrease in topo II and subsequently activity. This alteration
made cells more resistant to drugs which caused topo II-asso-
ciated dsDNA breaks but did not significantly alter sensitivity
to fostriecin, which is not believed to act in this manner (51).
Greater expression of this mechanism of resistance, increasing
the resistance to VP-16, did not lead to changes in resistance
to vincristine or methotrexate.

Activity assays showed that concomitant with the decrease in
topo II activity was an increase in topo I activity (Fig. 5). Thus
some biological activity of topo II may have been compensated
by topo I, but other actions of topo II, inhibitable by 4'-DMEP-

ME, were not fully compensated. This is in contrast to reports
by Pommier et al. (6) in which Chinese hamster lung DC-3F
cells resistant to 9-hydroxyellipticine, a topo II inhibitor, had
the same topo I activity as the parent line. Some of the unex
pected levels of sensitivity of all of our lines to drugs such as
4'-DMEP-ME and fostriecin, as well as the changes in toxicity

of other drugs against the KB/40a line, may be due to changes
in the activities of topo I, topo II, and the PDR mechanism
working against each other in raising or lowering resistance or
other mechanisms of resistance as yet undetected. This may
explain the relatively minor change in sensitivity to 10-hydrox-
ycamptothecin across the range of cell lines, even though the
increased level of topo I and activity could have led to more
topo I-dependent single-stranded DNA breaks.

Although changes were detected in the level of topo II activity
between the parent and resistant lines (Fig. 5), the unknotting
activity from each line was equally sensitive to inhibition by
VP-16 (Fig. 6). Others have found that unknotting activity was
unchanged in a VP-16-resistant line compared to the wild type,
with respect to total activity and sensitivity to VP-16, whereas
the cleavage activity of topo II was approximately 26-fold
resistant to VP-16 in the resistant line, suggesting the loss of a
factor required for drug-enzyme interaction (11). One possibil
ity for such a factor is the polyamine level, alteration of which
has been shown to change topo II dependent, drug-induced
DNA cleavage (66) and cytotoxicity (67). Another possibility
for this factor is that it has regulatory control over the expres
sion or activity of the topoisomerases, perhaps by phosphoryl-
ation (68) or poly(ADP) ribosylation (69). The gradual loss of
VP-16 resistance (Fig. 1) appears to be more a function of
instability of the pleiotropic mechanism of resistance (reduced
drug accumulation) than of topo H-dependent resistance. Pleio
tropic resistance has been found by others to be in some cases
stable (55), in other cases not (56). The KB/lc, KB/7d, and
KB/20a revertants clearly show a reversion to the parental level
of drug accumulation (Fig. 2), and resistance to vincristine was
completely lost. Resistance was found to be stable in 2 other
lines which were suggested to have a topo Il-dependent mech
anism of resistance (8, 36).

The reduced level of detectable topo II (Fig. 7) is unlikely
due to a mutational change in the enzyme which altered its
ability to be recognized by the antibody. As suggested by Long
et al. (4), a mutation in topo II which altered binding of VP-16

would confer resistance only to drugs which bind topo II and
not to drugs such as DOX or m-AMSA which intercalate with
DNA. However, resistance due to a decrease in topo II activity
or enzyme level would account for resistance to all compounds
which cause cell death by causing topo H-associated double-
stranded DNA breaks (including VP-16, DOX, m-AMSA, and
possibly mitoxantrone) (2-5, 45, 49, 70), since a smaller
amount of enzyme would lead to fewer breaks. This phenome
non of a reduced level of target has been observed for topo II
in 9-hydroxyellipticinium-resistant Chinese hamster cells (6),
an m-AMSA-resistant P388 mouse leukemia (43), and VP-16-
resistant K562 human leukemia (71) and for topo I in a human
leukemia line selected for resistance to camptothecin (72). A
reduced level of topo II is also suggested to be responsible for
inherent VP-16 resistance in a human small-cell lung carcinoma
line (4). The level of topo II in cells has been correlated closely
with the proliferative status of the population (73). The mean
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generation times shown in Table 1 were measured in control
cells over the course of the experiments presented, over a 3-day
period following 1 day of drug-free growth; thus the slightly
slower growth rate in cells having increased resistance is not an
effect of VP-16. A function which regulates topo II level, either
as a cause or result of slower cell growth, may be responsible
for the resistance in our lines.

In the process of selecting the KB/7d, KB/20a, and KB/40a
lines, the new concentration of VP-16 used was not greater
than 95% inhibitory of cell proliferation. It is possible that this
rather mild selection procedure, rather than selecting mutation-
ally resistant cells, instead put pressure on surviving cells to
change phenotypically, possibly by altering mechanisms of reg
ulation. With successive passages in selecting medium, before
selection of colonies, the cell growth rate and cell survival
appeared to increase with each passage. This suggests that an
acquired phenotypic change increased to a certain stage and
then was stable at the selection concentration of VP-16 which
was used. Thus, the mechanism of resistance in selected lines
may depend on the stringency of the selection conditions.

In summary, by using a stepwise method of selection, we
have established human KB cell lines resistant to VP-16, which
express multiple modes of resistance. In the lower levels of
resistance, resistance was contributed to significantly by reduc
tion in cellular drug accumulation, possibly attributable to a
factor other than gplSO. The progressive increase in the levels
of resistance was a result of a decreased level of the drug target,
topo II. We cannot rule out the possibility of other mechanisms
of resistance, given the patterns of cross-resistance observed,
especially in comparing the KB/40a line with KB/20a. An
example of such another mechanism is an increase in the
activity of the glutathione-metabolizing system, which has been
suggested to afford cells resistance of a pleiotropic nature (74).
As well, in a DOX-resistant human lung cancer line with several
apparent mechanisms of resistance, DOX-induced topo H-de-
pendent DNA breaks were repaired more rapidly compared
with the parent line (10). These latter 2 activities require further
investigation in our lines.

These observations of cross-resistance patterns for the var
ious drugs we have tested, nearly all of which are commonly
used clinically, may have important implications in establishing
multidrug treatment protocols. The results of our selection
procedure suggest that, under long-term treatment, cells may
adapt in an epigenetic fashion in order to circumvent the effects
of a topo II inhibitor. Topo H-dependent resistance may be
considered as a pleiotropic mechanism of resistance, since it
encompasses a variety of drugs with very different structures
and may appear in clinic more frequently than classical PDR.
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