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ABSTRACT

We have previously shown that the multidrug-resistant EHR2/DNR+
cells, which overexpress P-glycoprotein, accumulate only about 20-30%
of daunorubicin at steady state compared to the sensitive cells. These
cells have been thought to be a "pure" P-glycoprotein cell line. We now

report that the EHR2/DNR+ cells exhibit decreased DNA topoisomerase
II catalytic activity. We also found that the amount of immunoreactive
DNA topoisomerase II from these cells is about one-third that seen in
the drug-sensitive cell line. In agreement with the decreased activity and
amount of topoisomerase II, the number of DNA-protein complexes
stabilized by teniposide (VM-26) was reduced by about 50% in nuclear
extracts from EHR2/DNR+ cells. Furthermore, using an intact cell assay
for DNA protein complexes, we found that the VM-26-stimulated com
plexes formed in the drug-resistant cells never reached the level seen in
the drug-sensitive cells. Verapamil and Cremophor EL both block P-
glycoprotein-mediated efflux of "natural product" drugs and increase

their accumulation in resistant cells. Coincubation of the EHR2/DNR+
cells with VM-26 and either of these modulators increased the number
of complexes formed in the resistant cells. However, neither modulator
increased the number of topoisomerase II-DNA complexes in the drug-
resistant cells to the level seen in the EHR2 cells. We conclude that the
resistance of EHR2/DNR+ cells is due in part to reduced amounts of
DNA topoisomerase II. Furthermore, we note that a single cell line can
express features of both P-glycoprotein-associated multidrug resistance
and altered topoisomerase II-associated multidrug resistance.

INTRODUCTION

Many cell lines exhibiting MDR3 associated with Pgp over-
expression (Pgp-MDR) have been described (1-5). Among the
"natural product" anticancer drugs involved in this phenotype

are Vinca alkaloids, epipodophyllotoxins, and anthracyclines.
This has been termed "classic" or Pgp-MDR (6). A second

form of MDR has been shown to be associated with drugs that
interfere with topoisomerase II activity and has been termed
"at-MDR" (6-8); it appears to be a common phenotype (9-12).

Many of the drugs mentioned above are included herein, except
the Vinca alkaloids (6, 9, 12).

The epipodophyllotoxins, aminoacridines, and probably an
thracyclines interfere with the breakage-reunion action of to
poisomerase II by blocking the rejoining step following topoi-
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somerase II-mediated DNA breakage (13-16). EHR2/DNR+
were among the first described that exhibited the Pgp-MDR
phenotype (17, 18). Subsequent studies showed that these cells
expressed Pgp (19, 20). Given that these cells were selected for
resistance to an anthracycline, we asked whether they were also
altered in topoisomerase II activity. Accordingly, we compared
the catalytic activity of topoisomerase II in nuclear extracts of
our drug-sensitive and -resistant Ehrlich ascites cells and ex
amined the effect of VM-26 on this activity. Using both nuclear
extracts and intact cells, we quantitated the amount of topoi
somerase II covalently bound to DNA in the two cell lines by
measuring the number of VM-26-stimulated DNA-protein
complexes formed between the enzyme and radiolabeled DNA.
Furthermore, we examined the effect of the Pgp modulators
VRP and CrEL on the ability of VM-26 to stabilize DNA-
protein complexes in intact cells, and we quantitated immuno
reactive DNA topoisomerase II in the cell lines. Our results are
the subject of this communication.

MATERIALS AND METHODS

Chemicals. VM-26 was a generous gift of Bristol-Myers Laboratories
(Wallingford, CT). CrEL was from BASF Aktiengesellshaft (Ludwig
shafen, Germany) and VRP was supplied by Meda AS (Copenhagen,
Denmark). DNR was obtained from Farmitalia-Carlo Erba (Milan,
Italy). Agarose and Bio-Rad dye reagent were purchased from Bio-Rad
Laboratories (Richmond. CA) and RPMI 1640 was from GIBCO (Life
Technologies Ltd., Pailey, Scotland). The protease inhibitors benza-
midine, soybean trypsin inhibitor, leupeptin, pepstatin. and aprotinin
were from Sigma Chemical Co. (St. Louis, MO). Supercoiled (form I)
pBR322 DNA dimer, Klenow fragment of DNA polymerase I, and
HintftU restriction enzyme were purchased from Bethesda Research
Laboratories (Gaithersburg, MD). Nitrocellulose paper (0.45 M) was
purchased from Schleicher and Schuell (Keene, NH). a-["P]dATP
(specific activity, 3000 Ci/mmol), L-[14C]leucine(specific activity, 325
mCi/mmol), and ['H]thymidine (specific activity, 20 Ci/mmol) were

obtained from DuPont/NEN (Boston, MA). Immunoglobulin-free bo
vine serum albumin was from Boehringer Mannheim (Indianapolis,
IN), and alkaline phosphatase-linked goat anti-rabbit IgG was pur
chased from Zymed Laboratories, Inc. (San Francisco, CA). 5-Bromo-
4-chloro-3-indolyl phosphate and nitroblue tetrazolium chloride were
from Sigma. All other chemicals were purchased from Sigma.

Tumor Cells. The wild-type hypotetraploid EHR2 and the subline
EHR2/DNR+ were developed and maintained in vivo as described
before (21). EHR2/DNR+ expresses Pgp ( 19, 20, 22) and thus displays
the Pgp-MDR phenotype (17, 18, 23, 24). Cells were routinely cultured
in RPMI 1640 medium containing 10% fetal bovine serum and 4 ITIM
glutamine and maintained at 37Â°Cin a humidified atmosphere contain

ing 5% CO2.
Preparation of Nuclear Extracts. Nuclear extracts were prepared as

described previously (8). To minimize proteolysis during extraction of
the nuclear topoisomerase II, the protease inhibitors benzamidine,
soybean trypsin inhibitor, leupeptin, pepstatin. and aprotinin were
included in all buffers. The Bio-Rad dye reagent was used to determine
the protein concentration of the nuclear extracts from both cell lines.

DNA Substrates and Unknotting Activity. Phage P4 knotted DNA
was prepared by a modification (8) of the method of Liu et al. (25).
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Unknotting activity of nuclear preparations was assessed as described
previously (8). Quantitation of unknotted bands was with a Visage 110
image analysis system, as described previously (26).

o-[3!P|-labeling of DNA and Formation of DNA-Protein Complexes

in Vitro. Labeling of DNA was done according to the procedure
described previously (8). The specific activity of the DNA was approx
imately 6 x IO6 cpm/Mg of DNA. Covalent complex formation was

done according to the methods of Muller (27) and Liu et al. (25) as
modified by Danks et al. (8). The reaction mixture contained 1 mM
ATP.

DNA-Protein Complex Formation in Intact Cells. Cells were incubated
at 37Â°Cwith ['"Cjleucine, (0.2 nCi/ml) and [mer/ry/-'H]thymidine (0.6

Â¿iCi/ml).After about 18 h, the cells were centrifuged at 1000 rpm for 5
min, and the cell pellet was suspended in phosphate-buffered saline.
Drugs were then added and the cells were further incubated for 30 min
at 37Â°C.To stop the reaction, 1.25% SDS, 5 mM EDTA, and 0.8 mg

salmon sperm DNA/ml (final concentrations) were added. The cell
lysate was passed through a 23-gauge needle 20 times, heated to 65Â°C,

and then precipitated with 100 mM KC1 on ice. After the precipitate
was washed three times, the pellet was dissolved in water, and the
solution was transferred to a scintillation vial and radioactivity deter
mined. A manuscript detailing this assay has been submitted for
publication.4

Western Blots. Nuclear protein (50 or 100 /Â¿g)from each cell line
was loaded onto a 1.5-mm 5-15% SDS-PAGE gradient gel and elec-
trophoresed overnight at 8 mA. Proteins were transferred to nitrocel
lulose paper using a PolyBlot apparatus (American Bionetics, Emery
ville, CA). The topoisomerase II antiserum was prepared in rabbits by
Danks and Schmidt, using a M, 70,000 fragment of the COOH terminus
of human topoisomerase II expressed in Escherichia coli as the immu-
nogen. (The E. coli expressing this peptide was generously provided by
Dr. Leroy Liu.) The antiserum was diluted 1:1000 with 3% immuno-
globulin-free bovine serum albumin-5% nonfat dry milk-0.2% Tween
20-0.02% sodium azide in 10 HIMTris-HCI, pH 7.5-140 mM NaCl.
Blots were incubated overnight at 4Â°Cand washed as described previ

ously. The immunoreactive bands were visualized with 5-bromo-4-
chloro-3-indolyl phosphate and nitroblue tetrazolium chloride sub
strates, as described before (28). Control blots with preimmune serum
diluted 1:1000 were negative.

RESULTS
DNA Topoisomerase II Catalytic Activity of Nuclear Extracts

from EHR2 and EHR2/DNR+ Cells. The catalytic activity of
DNA topoisomerase II in nuclear extracts from the two cell
lines was measured using P4 DNA as a substrate. Fig. 1
illustrates the ATP-dependent unknotting activity of increasing
amounts of nuclear extract protein from EHR2 and EHR2/
DNR+ cells. Complete unknotting of P4 DNA was seen with
0.13 Mg EHR2 extract, and catenation occurred at protein
concentrations >1.0//g. Protein concentrations >2 Mginhibited
strand-passing activity (data not shown). Nicked DNA was
present at 0.03 and 0.06 ng protein from EHR2 cells. By
contrast, with nuclear extracts from EHR2/DNR+ cells, nicked
DNA was seen in several lanes (0.03-0.13 Mgprotein). Impor
tantly, the lowest amount of nuclear extract protein from
EHR2/DNR+ cells that catalyzed complete unknotting of
DNA was twice the amount needed by sensitive cell extracts,
0.25 Mg-Compared to the drug-sensitive cells, 1-4 Mgprotein
from nuclear extracts from EHR2/DNR-I- cells did not inhibit
strand-passing activity. We quantitated the amount of unknot
ted DNA in each lane and calculated the amount of protein
that produced unknotting of 50% of the P4 DNA. When
compared with extracts from drug-sensitive cells, approxi
mately twice as much nuclear protein from the resistant cells
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4 M. K. Danks, T. Funibiki. and W. T. Beck, manuscript submitted for

publication.
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Fig. 1. Unknotting (strand-passing) activity of 1.0 M NaCI extracts of nuclei

from EHR2 and EHR2/DNR+ cells. Increasing amount of protein from each
cell line was incubated with 0.5 fig P4 DNA for 30 min. The samples were treated
with protcinase K (150 Â¿ig/ml)and electrophoresed on a 0.7% agarose gel. The
experiment was done 6 times with very similar results and representative gels are
shown. See "Materials and Methods" for details.

was required to unknot one-half the substrate DNA (EHR2,
0.06 Mg;EHR2/DNR+, 0.13 MgXquantitation not shown). The
data in Fig. 1 show a difference in the activity of DNA topoi
somerase II in the two cell lines, with the resistant cell activity
being decreased by about 50%.

Effect of VM-26 on the Unknotting and Nicking of P4 DNA
by Nuclear Extracts from EHR2 and EHR2/DNR+ Cells. Drugs
that interact with DNA topoisomerase II have been shown to
inhibit strand-passing activity (29). Therefore, we compared the
effect of VM-26 on the activity of DNA topoisomerase II from
the drug-sensitive and -resistant Ehrlich cells. Fig. 2 demon
strates the effect of VM-26 (25-200 MM)on equal amounts (0.5
Mg) of nuclear extract protein from the two cell lines. The
negative controls to which no ATP was added are also shown
in the left lanes of each panel. The next lanes in each panel
show the maximum reaction in the absence of VM-26. Inhibi
tion of catalytic activity was seen at 100 MMVM-26 with EHR2
extracts and at 50 MMwith EHR2/DNR+ extracts. All unknot
ted DNA disappeared at 200 MMVM-26 in the resistant cell
extracts. Nicked DNA was visible at 50 MMVM-26 in EHR2/
DNR+ extracts, but it took 200 MMdrug to produce this form
in EHR2 extracts. These results suggest that either less topoi
somerase II was present in the extracts from the resistant cells
or that enzyme from the resistant cells was more susceptible to
inhibition of VM-26.

Formation of DNA-Protein Complexes by VM-26 with Nu
clear Extracts and Intact Cells. The assay for DNA topoisom
erase II that consistently identifies the at-MDR phenotype is a
reduced number of drug-stabilized topoisomerase II-DNA co
valent complexes (30). We used two types of these assays to
examine the effect of VM-26 on covalent binding of topoisom
erase II to DNA. Using an in vitro assay, we first incubated 200
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EHR2 EHR2/DNR+

-ATP + ATP
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-ATP +ATP

Fig. 2. Effect of VM-26 on unknotting and
nicking by DNA topoisomerase II in 1.0 M
NaCI nuclei extracts from EHR2 and EHR2/
DNR+ cells. Each lane contains the reaction
products after incubation of 0.5 fig protein, 0.5
MgP4 DNA, and the indicated concentrations
of VM-26. All reactions were done in the pres
ence of 1 HIMATP except the first lane show
ing the control with no ATP. This experiment
was done 7 times; shown is a representative
gel. See "Materials and Methods" for details.
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Fig. 3. Effect of increasing concentrations of enzyme from nuclear preparations

of EHR2 and EHR2/DNR+ cells on the formation of VM-26-stabilized DNA-
protein covalent complexes. 3'-End-labeled [J2P|-pBR322 was incubated for 30
min with 0-1.0 ng nuclear protein. The concentration of VM-26 was 200 nM,
and the concentration of ATP was 1 m\i. Shown is one of 2 experiments. The
variation of the means from each experiment was <5%. Each point was done in
duplicate whose variability was also < 5%. See "Materials and Methods" for

details.

MMVM-26, 3'-end-labeled [32P]-pBR322 DNA, and increasing

amounts of nuclear extract from the two cell lines and measured
the number of complexes formed. As can be seen in Fig. 3, the
number of complexes formed with the extracts from EHR2/
DNR+ cells was less than that formed with extracts from EHR2
cells at each protein concentration. We also found (Fig. 4) that
increasing VM-26 concentrations caused a progressive increase
in the number of DNA-protein complexes formed with 1 ^g
nuclear extract protein from each cell line. However, as before,
nuclear preparations from the drug-resistant cells produced

fewer complexes than those from the EHR2 cells. Thus, 200

fiM VM-26 produced about one-half the complexes in EHR2/
DNR+ than in EHR2 cells.

DNA-protein complexes can also be measured in intact
cells4(31, 32). We measured the ability of VM-26 to stabilize

DNA-protein complexes in intact EHR2 and EHR2/DNR+
cells labeled with ['Hjthymidine and [14C]leucine. As shown in

Fig. 5, increasing concentrations of VM-26 produced a pro
gressive increase in stable DNA-protein complexes, but, as seen
with nuclear extracts, the drug-resistant cells produced fewer of
these complexes than did the EHR2 cells. A plateau was reached
at about 50 /UMVM-26 for both cell lines, but the drug-resistant
cells produced about two-thirds the number of complexes seen
in EHR2 cells.

Effect of Pgp Modulators on Complex Formation in Intact
Cells. The decreased number of complexes formed in the intact
resistant cells could be due to decreased VM-26 accumulation
mediated by Pgp. Accordingly, we inhibited Pgp function with
verapamil or Cremophor EL (20, 23) and examined their effects
on VM-26 stabilized DNA-protein covalent complex forma
tion. Table 1 shows that addition of either of the two modulators
does not affect the number of complexes formed in EHR2. By
contrast, both verapamil and a nontoxic concentration of CrEL
(0.001%) (20) produced a substantial increase in the number of
VM-26-stimulated complexes in EHR2/DNR+ cells (32 and
42%, respectively), but the level never reached that seen in the
drug-sensitive cells. Even increasing the concentration of CrEL
by 10- and 100-fold did not stimulate complex formation in the
drug-resistant cells to sensitive cell levels (data not shown).

Immunodetection of Topoisomerase II. The previous experi
ments suggested that the amount of topoisomerase II is de
creased in the EHR2/DNR+ cells compared to the EHR2 cells.
We therefore measured the amount of immunoreactive DNA
topoisomerase II in 1.0 M NaCI extracts of nuclei from each of
the cell lines. As shown in Fig. 6, the topoisomerase II bands
from each cell line migrated at M, 170,000 and 180,000. When
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the bands were quantitated by laser-scanning densitometry, the
nuclear extracts from the drug-resistant cells were found to
contain approximately one-third the amount of immunoreactive
topoisomerase II as those from the drug-sensitive cells (quan-
titation not shown).

DISCUSSION

EHR2 cells resistant to DNR express the classic Pgp-MDR
phenotype characterized by cross-resistance to natural product
cytostatics, reduced drug accumulation, and overexpression of
Pgp (1, 4, 24, 33, 34). The EHR2/DNR+ cell line has been
thought to express a pure Pgp phenotype. However, we show
in the present study for the first time that these cells also
possess an altered DNA topoisomerase II, indicating that the
at-MDR phenotype can be produced by exposure to anthracy-
clines and can coexist with the Pgp-MDR phenotype in the
same cell line (35). Thus, nuclear extracts from the drug-

Table 1 Effect ofverapamil and cremophor EL on VM-26-stimulated DNA-
protein complex formation in intact Ehrlich cells

DNA-protein complex formation was measured in intact cells as detailed in
"Materials and Methods." Labeled cells were treated with VM-26 Â±verapamil

or cremophore EL at the indicated concentrations for 30 min. Results represent
the means Â±SD of three separate experiments.

[3H]DNA/[MClprotein cpm

precipitated

TreatmentNo

drug
VM-26 (30 i<M)
VM-26 (30 ,IM) + VRP(10MM)
VM-26 (30 JIM)-1-CrEL (0.001%)EHR

20.47

Â±0.04
1.52 Â±0.03
1.56 Â±0.05
1.60 Â±0.03EHR2/DNR+0.46

Â±0.02
0.70 Â±0.02
0.93 Â±0.03
0.99 Â±0.03

15

5
B
u
Â£o. ?
s 9v
O *

HCVJ o

10

EHR2

50 100
VM-26

150 200

Fig. 4. Effect of VM-26 on the formation of topoisomerase II-DNA covalent
complexes in vitro. Nuclear protein (1.0 /jg) from EHR2 and EHR2/DNR+ cells
was incubated for 30 min with 3'-end-labeled [32P]-pBR322 (0.1 ng) and the
indicated concentration of VM-26. The amount of ATP was 1 HIM.Point, average
of duplicate samples; the experiment was done twice. The means of each point
varied by <5% for all but one point which varied by 8%. See "Materials and
Methods" for details.
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Fig. 5. Effect of increasing concentrations of VM-26 on formation of drug-
stabilized DNA-protein complexes in intact EHR2 and EHR2/DNR+ cells. Cells
were labeled about 18 h with ['H]thymidine and |'"C]leucine. Approximately
15.000 cpm [14C]leucine were precipitated for each sample. Results are expressed
as |3H]thymidine/[14C]leucine to use leucine as an internal control. Point, mean
of duplicate samples from 3 separate experiments; bar, SD. Variability is s5%.
See "Materials and Methods" for details.
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Fig. 6. Western blots of DNA topoisomerase II in nuclear extracts of EHR2

and EHR2/DNR+ cells. DNA topoisomerase II was extracted from nuclei with
1.0 MNaCI. Equal amounts of protein (50 or 100 fig) from each of the preparations
were separated on a 5-15% SDS-PAGE gel, transferred to nitrocellulose paper,
and reacted with DNA topoisomerase II antiserum. See "Materials and Methods"

for details.

resistant cell line show decreased catalytic activity of DNA
topoisomerase II compared to that from the drug-sensitive cells,
a finding that agrees favorably with similar results with other
drug-resistant rodent and human cell lines (7, 8, 11, 36-38).
This is not surprising, because our cell line was selected for
resistance to an anthracycline that has several cytotoxic sites of
action including the cell membrane (39), the cytoplasm (40),
and the nucleus (41, 42).

In the Ehrlich cells, the protein concentration range for
complete unknotting activity is much wider (0.125-1 ^g) than
that for the resistant cells (0.25-0.5 ^g)- Using VM-26, a
specific topoisomerase II inhibitor, we confirm that the concen
trations of VM-26 affecting enzyme activity equally also are
different in the two cell lines.

Stabilization of topoisomerase II-DNA complexes appears
to be a reliable indicator, if not a major cause, of the cytotoxicity
of drugs that target this enzyme (16). We found that the
resistant enzyme shows a reduced ability to form drug-stabilized
covalent protein-DNA complexes in vitro (Fig. 3) and that VM-
26 is much less effective in stabilizing DNA-protein complexes
in nuclear extracts from the resistant cell line compared to the
sensitive cell line. This result also compares favorably with
those of others using different drug-resistant cell lines in the
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presence of topoisomerase II-acting drugs (8, 9, 38, 43). Our in
vitro data were confirmed in intact cell assays: we found that
VM-26 produced a dose-dependent increase in topoisomerase
II-DNA complexes but that the amount of complexes in the
EHR2/DNR+ cells was reduced by 55% compared to those
formed in the drug-sensitive cells (Table 1).

Previous studies have demonstrated that MDR resistance
modifiers such as verapamil, cyclosporin A, and CrEL were
able to reverse the resistance of Pgp-MDR cells by increasing
the intracellular accumulation of the cytostatics to levels seen
in the sensitive cells (20, 23, 44-46). In the intact cell assay we
found that VRP (10 MM)and a nontoxic concentration of CrEL
(0.001%) permitted some increase in the formation of VM-26-
stimulated DNA-protein complexes in EHR2/DNR+ cells, but
neither of these agents could stimulate the amount of complexes
to levels seen in the drug-sensitive EHR2 cells. These results
would appear to be in conflict with prior results from one of
our laboratories (20) showing that these concentrations of mod
ulators completely restored steady-state DNR levels to those
seen in drug-sensitive cells and reversed the DNR resistance of
these cells. However, we note that the two studies used different
drugs (VM-26 and DNR) and measured different end points.
Thus, the modulators may have different overall effects on these
agents (47).

Finally, immunoblotting experiments support our pharma
cological and biochemical findings of decreased topoisomerase
II activity in the drug-resistant cells: we found that the amount
of salt-extractable nuclear topoisomerase II in the resistant cells
is one-third that seen in the drug-sensitive cells. We also found
that both the M, 170,000 and 180,000 forms were present in
both nuclear extracts and that the reduction in amount is seen
for both types.

In summary, we have shown here clear evidence that the
DNR-resistant cell line possesses two entirely different resist
ance mechanisms, Pgp-MDR and at-MDR. We conclude that
the resistance of the EHR2/DNR+ cells is at least partly due
to a decrease in amount of topoisomerase II. Our findings
indicate that two separate mechanisms of MDR coexist in this
cell line selected for resistance to DNR, a drug with multiple
cytotoxic targets. Our study also suggests that it will be appro
priate to ask whether multiple mechanisms of MDR can coexist
in human tumors.
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