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ABSTRACT

The Adriamycin-resistant small cell lung carcinoma cell line, t.l.(. 4/
ADR, showed large differences in cross-resistance to drugs such as Adri
amycin, etoposide (VP-16), teniposide (VM-26), 4'-(9-acridinylamino)-

-methanesulfon-m-anisidide (m-AMSA), and mitoxantrone, which
stimulate the formation of topoisomerase (Topo) II-DNA complexes.
(.1 <V VDK cells demonstrated a reduced Topo II activity and no detect
able levels of the P-glycoprotein compared to the parental GLC4 cells
(S. De Jong et al.. Cancer Res., 50: 304-309,1990). In the present study, the
resistance to VM-26 (59.5-fold) and to m-AMSA (4-fold) of GLCVADR
after a 1-h incubation was further analyzed. Using the K ' -sodium dodecyl

sulfate precipitation assay, a reduction in VM-26- and m-AMSA-induced
cleavable complex formation was found in <,1,(',/ \DK cells compared to

GLC4 cells that was related to the degree of resistance to each drug.
Cellular accumulation of the VM-26 analogue VP-16 was 3- to 8-fold less
and the accumulation of m-AMSA 1- to 2-fold less in GLCVADR cells than
in the parental cells. Following the removal of VM-26, the cleavable com
plexes in ( ;I.( '.,/VDK cells disappeared at least 2-fold faster than in GLC4

cells, while the efflux of VP-16 was also enhanced in the resistant cells. On

the contrary, no differences in cleavable complex disappearance or drug
efflux between these cell lines were observed with m-AMSA. Efflux of both

drugs, however, occurred at a much higher rate than cleavable complex
disappearance. Using isolated nuclei, a reduction in cleavable complexes in
(.I r,/VDK was still observed with VM-26 as well as m-AMSA compared
to (Â¡I.(',. The resistant nuclei and nuclear extracts showed a 3-fold de

crease in 17, 170,000 Topo II by immunoblotting. No differences in cleav
able complex formation were found between nuclear extracts of both cell
lines, when the Topo II activities were equalized. These findings suggest
that the cross-resistance to m-AMSA is due to a decreased amount of Topo

II and decreased drug accumulation, while in addition to these mecha
nisms an increased rate of cleavable complex disappearance is involved in
the cross-resistance to VM-26 of the (, I < ,/ VDK cell line.

INTRODUCTION

A number of intercalators, including Adriamycin, m-AMSA,4 el-

lipticine and mitoxantrone, and nonintercalative epipodophyllotoxins
such as VP-16 and VM-26 are Topo II inhibitors. These drugs stabilize
the Topo II-DNA (cleavable) complex (1^4) probably by interfering
with the Topo II-mediated religation of DNA as has been shown for
VP-16 and m-AMSA (5, 6). A general correlation between the level of
drug-induced cleavable complex formation and cytotoxicity exists
(7-10), although this relation is not the same for different types of

drugs and cell lines (8, 11, 12).
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Topo I and Topo II are enzymes that regulate the topologica! con
figuration of DNA (13). Topo II probably plays a role in DNA repli
cation (14) and DNA recombination (15) and is associated with the
nuclear matrix (15-17). To perform its catalytic activity under normal
conditions, the ATP-dependent Topo II dimer covalently binds to
DNA. The transient double-stranded DNA break is held together by
the Topo II dimer covalently bound to the 5' end of each nicked

strand, allowing another DNA double strand to pass and then the DNA
double-strand break rapidly relÃgales(13).

A number of cell lines with acquired resistance to these Topo II
inhibitors have been established. A well described resistance mecha
nism is the overexpression of the Afr 170,000 P-glycoprotein, an
energy-dependent efflux pump of the Topo II inhibitors and other
functionally unrelated drugs (18-20). In several other resistant cell
lines, that do not overexpress the Mr 170,000 P-glycoprotein, various

mechanisms have been found such as a reduced level of Topo II
(21, 22), sometimes in combination with a reduced drug accumulation
(23, 24), or an altered Topo II (25-27). The degree of resistance to
VM-26 or VP-16 can differ considerably from that to m-AMSA,
depending on the drug used to induce resistance (23, 25-27). Purified
Topo II from m-AMSA-resistant cell lines showed no m-AMSA-
induced DNA cleavage activity but normal VP-16-induced DNA
cleavage activity (26). A strong correlation between drug-induced

cleavable complex formation and cytotoxicity was observed while
comparing sensitive and resistant cell lines (25-27).

Previously, we have described an Adriamycin-resistant human

small cell lung carcinoma cell line (GLC4/ADR) (28, 29). The degree
of resistance to Adriamycin, VP-16, and VM-26 is considerably
higher than to m-AMSA and mitoxantrone (28). GLC4/ADR does not
overexpress the P-glycoprotein, although Adriamycin accumulation is

reduced. Furthermore, the Topo II activity is decreased in the resistant
cells (28, 29). In the present study, we have investigated the resistance
to VM-26 and m-AMSA at the level of Topo II and drug accumula

tion. The formation of cleavable complexes and their rate of disap
pearance are determined in intact cells and compared to the cytotox
icity of these drugs. These results are related to drug accumulation and
drug efflux. To detect quantitative or qualitative Topo II changes, the
amount of topoisomerases and drug-induced DNA cleavage activity in

GLC4 and GLC4/ADR are determined.

MATERIALS AND METHODS

DNA and Chemicals. Kinetoplast DNA was isolated as described previ
ously (28) and supercoiled dimer of plasmid pBR322 DNA, prepared from
Escherichia coli strain HB 101, was a generous gift from Dr. Douwe van

Sinderen, Department of Molecular Genetics, University of Groningen, The
Netherlands.

RPMI 1640 medium was obtained from Gibco (Paisley, Scotland) and fetal
calf serum was from Sanbio (Uden. The Netherlands). ['H]Thymidine was
from New England Nuclear (Boston, MA), and [%H]VP-I6 was from Moravek

Biochemicals (Brea, CA). VM-26 was purchased from Bristol-Myers Co.
(Troisdorf, Germany). m-AMSA was a generous gift from Wamer Lambert

(Amsterdam, The Netherlands). ATP, proteinase K, and phenylmethylsulfonyl
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fluoride were obtained from Merck (Darmstadt, Germany), and 3-(4,5-dime-
thylthiazol-2-yl)-2.5-diphenyltetraz.olium bromide was from Sigma (St. Louis,

MO).
Cell Lines and Drug Sensitivity Assay. GLC4 is a human small cell lung

carcinoma cell line and GLCi/ADR is a subline of the parental line that was
made resistant by stepwise increasing concentrations of Adriamycin, until the
cells were growing at a continuous drug level of 1.18 UM.Both cell lines were
cultured in RPMI 1640 medium supplemented with 10% fetal calf serum at
37Â°Cin a humid atmosphere with 5% COs (30). Prior to experimental use,

GLCVADR was cultured without Adriamycin for 20 days, at which time the
resistance was maximal (30).

Drug sensitivity testing was performed with the microculture tetrazolium
assay as described previously (28). The linear relationship of cell number to
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra/.olium bromide formazan crys

tal formation and the exponential growth of cells in the wells were checked.
For GLC4 5000 cells/well and for GLCVADR 12500 cells/well were incubated
in a total volume of 0.1 ml culture medium in 96-well culture plates. After drug

incubations were performed for I h, cells were washed 3 times and then
cultured for 4 days. Each drug concentration was tested in quadruplicate.

Cellular Drug Accumulation of |'ll|\ I'-ld and m-AMSA. Log phase

cells were washed and resuspended in density of 3 x IO6 cells/ml in RPMI

1640 medium supplemented with 10% fetal calf serum and incubated with
different concentrations of ['HJVP-16 for l h at 37Â°C.Cells were washed 3

times with ice-cold PBS, then transferred to Picofluor-30 (Packard, Downers

Grove, IL), and the radioactivity was measured. Values were corrected for
cellular drug binding at time zero at 0Â°C.

To study drug efflux, cells were loaded for 60 min at 37Â°Cwith ['HJVP-16.

Cells were centrifuged and resuspended in ice-cold medium and incubated for
various time intervals at 37Â°C.Drug efflux was stopped with ice-cold PBS and

cellular retention of the radiolabeled drug was measured.
Cells were incubated with m-AMSA and washed as described for accumu

lation studies with ['HJVP-16. Cellular m-AMSA accumulation was measured

by using HPLC. Briefly, cells were resuspended in PBS, an equal volume of
0.6 M NaH2PO4 was added, and the samples were vortexed for 1 min. After
adding 2 volumes of dichloromethane, the samples were vortexed for 2 min,

centrifuged, and the dichloromethane solution was transferred to a HPLC tube.
For HPLC analysis, a Lichrosorb Si 60 (5 urn) column (Merck. Amsterdam)
was used and m-AMSA was eluted at ambient temperature with methanol/

dichloromethane/30% acetic acid and 5% diethylamine, pH 3.2 (10/90/0.15) as
a solvent at a flow rate of 1 ml/min. m-AMSA was monitored with a UV

detector set at 254 nm and was quantitated by integration of the peak area.
Values were corrected for cellular drug binding at time zero at 0Â°C.

Drug efflux studies were performed as described for |!H|VP-16 and cellular

retention of m-AMSA was measured by using HPLC.

Preparation of Nuclei and Nuclear Enzyme Extracts. Nuclei were iso
lated from log phase cells (2-5 x 10' cells/ml) as described previously (28).

The nuclei pellet was resuspended in nucleus buffer (150 HIMNaCl, I mm
KHiPO4, 5 mM MgCl2. 1 mM ethylenebis(oxyethylenenilrilo)tetraacetic acid,
1.0 mM dithiotreitol, and 1 mM phenylmethylsulfonyl fluoride). pH 6.4, and an
equal volume of nucleus buffer containing 0.55 M NaCl was added (final

concentration. NaCl 0.35 M).Nuclear protein was extracted from the nuclei for
30 min at 4Â°Cand then the mixture was centrifuged at 16.000 x g for 20 min
at 4Â°C.Protein concentrations were determined by the method of Bradford

(31). The enzyme solution was diluted with an equal volume of 87% glycerol
and stored at -20Â°C until assayed.

K ' -SDS Precipitation of Protein-DNA Complexes. The formation of

covalent Topo II-DNA complexes in intact cells and isolated nuclei was quan
tified by using the K*-SDS precipitation assay as described previously (10.
32). Cells were labeled for 24 h with ['H)thymidine (2 Ci/mmol) to a final

concentration of 0.4 uCi/ml. One h prior to drug treatment cells were washed
twice with culture medium and resuspended in fresh medium to a final con
centration of 10' cells/ml. In the experiments with isolated nuclei, cells were

washed with PBS. nuclei were isolated as described below, and resuspended in
Triton-free nucleus buffer. The cells and the nuclei were treated with various
concentrations of VM-26 or m-AMSA tor I h and 30 min, respectively.

Whether nuclei were intact during the experiment was determined by adding
trypan blue and observing the shape of the nuclei. Following drug treatment,
cells and nuclei were pelleted at 900 x g for 3 min. Media were removed and
cells and nuclei were lysed by the addition of I ml of a prewarmed (65Â°C)lysis

solution (1.25% SDS, 5 mm EDTA (pH 8.0). and 0.4 mg/ml salmon sperm
DNA). After IO min. 250 ul 325 mM KCI were added and the suspension was
vigorously vortexed for 15 s, which gave reproducible fragmentation of DNA
in untreated as well as drug-treated cells. One ml of the lysate was transferred

to a 1.5-ml Eppendorf tube and the sample was cooled on ice for 10 min and
centrifuged for 10 min at 4Â°Cin a microfuge. The pellet was resuspended in

1 ml of a wash solution [10 mM Tris-HCl (pH 8.0), 100 mM KCI, 1 mM EDTA.
and 0.1 mg/ml salmon sperm DNA] by heating at 65Â°Cfor IO min with

periodic mixing. The tubes were then placed on ice for 10 min and centrifuged.
The pellet was resuspended in I ml of a wash solution at 65Â°Cfor IO min. then

the tubes were placed on ice for IO min and centrifuged. The pellet was
resuspended in 500 ul H,O at 65Â°C and added to 4 ml Picofluor-30 for

radioactivity measurements. The remainder of a cell lysate was used to deter
mine the total amount of radioactivity present in 1 ml cell lysate. Results were
expressed as the Â«Â¡precipitated('HI-DNA/radioactivity. ratio present in 1 ml

cell lysate x 100%. In these experiments, 3 to 5 x IO3 cpm were present in

1 ml lysate of each cell line, whereas 100 to 200 cpm were precipitated in 1 ml

lysate of untreated samples.
To determine the rate of disappearance of drug-induced cleavable com

plexes in both cell lines, the cells were incubated with VM-26 or m-AMSA for

1 h. Four samples were centrifuged at high speed for 3 min and were lysed as
described in the K*-SDS precipitation assay. The other samples were centri

fuged at 150 X g for 10 min and resuspended in drug-free culture medium.

Precipitation was performed at various times after washout of the drugs as
described above.

SDS-Polyacrylamide Gel Electrophoresis and Western Blotting. SI is

polyacrylamide gel electrophoresis was performed according lo the procedure

of Laemmli (33). Nuclei and nuclear extracts were obtained as described
above. An equal volume of SDS sample buffer (10% mercaptoethanol, 4%
SDS, 100 HIMTris-HCl, pH 6.8, and 25% glycerol) was added and the mixture

was boiled in a water bath for 5 min. All samples were electrophoresed on
SDS-polyacrylamide gels (7.5%). Proteins were then transferred from the
SDS-acrylamide gel onto nitrocellulose paper at 125 mA for 4 h at 4Â°Cby

using a dry-blot system (Ancor, Denmark). Topo II was detected by using a

polyclonal rabbit antiserum against human Topo II ( 1:1000) which was kindly
provided by Dr. Leroy Liu. Johns Hopkins University. Baltimore, MD. Topo I
was detected with the serum of a systemic sclerosis patient ( 1:250) (34), kindly
provided by Dr. Piel C. Limburg, University Hospital, Groningen. The Bio-Rad
Immun-blot assay kit (Richmond, CA), which uses goat anti-rabbit and goat
anti-human alkaline phosphatase conjugates was used to detect Topo 1 and

Topo II in the Western blots. Blots were incubated overnight at room temper
ature with the first antibody and for 2 h with the second antibody.

Assays for Topo II Catalytic Activity and Topo Il-mediated DNA Cleav

age. Topo II catalytic activity in nuclear extracts was assayed with the decat
enation assay (25. 35). The standard reaction mixture used for the Topo II
activity assays was 50 mM Tris-HCl (pH 7.5), 85 m.MKCI, 10 mM MgCl:, 0.5

m.Mdithiothreitol, 0.5 mM EDTA, bovine serum albumin. 0.03 mg/ml. and ATP
when indicated. Decatenation of 0.4 )jg of kinetoplast DNA was carried out as
described previously (28).

Topo II-induced cleavage of DNA was assayed by the generation of form III

(linearized) DNA from supercoiled (form I) pBR322 DNA in the presence and
absence of drugs (1^4). The standard reaction mixture for DNA cleavage was
the same as described for the decatenation assay. Topo II-induced DNA cleav

age was carried out as described previously (28). and the reaction was stopped
with SDS and proteinase K at final concentration of 1% and 0.5 mg/ml.
respectively.

Statistics. All results were expressed as means Â±SD. Statistical signifi
cance was determined by use of the Student's t test.

RESULTS

Sensitivity of GLC4 and GLCVADR to VM-26 and m-AMSA.
The nonintercalator VM-26 and the intercalator m-AMSA were cho

sen for this study to further analyze the differences in the degree of
resistance to these drugs (28). Fig. 1 shows the cytotoxicity of VM-26
and m-AMSA after a 1-h incubation in GLC4 and GLC4/ADR
cells. The degree of resistance to VM-26 (60.1-fold) and m-AMSA
(4.0-fold) in GLC4/ADR after a 1-h incubation was comparable with
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VM-26 (MM) m-AMSA (MM)

Fig. 1. Survival of GLC4 and GLCVADR cells to VM-26 (A) and m-AMSA (fi) after
a 1-h incubation at 37Â°C.Cell survival was determined with the microculture tetrazolium

assay in the presence of VM-26 and m-AMSA in GLC4 (O) and GLCj/ADR (â€¢).With
VM-26 the drug dose required to induce 50% growth inhibition for GLCVADR was 24.62
Â±10.77 MM;for GLC4 it was 0.4 Â±0.15 JIM;with m-AMSA it was 5.28 Â±1.56 (IMand
1.32 Â±0.3 JIM, respectively. Values are the mean Â±SD of three experiments, each
performed in quadruplicale.

the degree of resistance to these drugs after continuous incubation
(72-fold and 5.1-fold, respectively, see Ref. 28).

VM-26- and m-AMSA-induced Topo II-DNA Complexes in In
tact Cells. Drug-induced cleavable complex formation in intact cells
was measured with the K^-SDS precipitation assay after a drug in
cubation for l h at 37Â°C.In both cell lines, cleavable complex for

mation was induced by VM-26 and m-AMSA in a concentration-
dependent but nonlinear manner (Fig. 2). Only a VM-26 concentration

as high as 5 UMgenerated a significant increase in cleavable complex
formation in GLC4/ADR cells compared to the control cells (7.8 Â±1.6
versus 2.9 Â±0.6%, P < 0.0025), whereas in GLC4 cells at least a
similar increase in cleavable complex formation was observed at a
VM-26 concentration of 0.2 UMcompared to control cells (12.7 Â±4.8

versus 4.5 Â±1.4%, P < 0.01) (Fig. 2A).
In experiments with m-AMSA, a significant increase in cleavable

complex formation in GLC4/ADR cells compared to control cells was
observed at a drug concentration of minimally l UM( 19.2 Â±5.3 versus
4.8 Â±1.9%, P < 0.0025), whereas a similar increase in GLC4 cells
was found at a drug concentration of 0.2 UMcompared to control cells
(21.8 Â±5.2 versus 3.0 Â±0.7%, P < 0.0005) (Fig. 2B).

Thus, the stimulation of cleavable complexes in GLC4/ADR cells
was at the least 25-fold reduced with VM-26 and 5-fold reduced with
m-AMSA and appeared to be related to the degree of resistance to
these drugs. At high VM-26 and m-AMSA concentrations, the amount

of the cleavable complexes in both cell lines reached a plateau level,
but the amount was still lower in GLC4/ADR cells (Fig. 2).

Drug Accumulation. Previously, a reduced Adriamycin accumu
lation was found in GLC4/ADR cells, although P-glycoprotein over-

expression was not demonstrated in these cells (28, 30). Studies were
performed to examine whether reduced drug accumulation was also
involved in the resistance of GLC4/ADR to VM-16 and m-AMSA.

Chen et al. (3) have shown that the reduced cleavable complex
formation in intact cells with VP-16, an analogue of VM-26, com
pared to VM-26, could be explained by its less potent stimulation of

cleavable complexes and not by differences in drug accumulation.
Since the degree of resistance to VM-26 and to VP-16 was also similar
for GLC4/ADR (28), commercially available [3H]VP-16 could be

used in these experiments instead of VM-26. Cellular accumulation of
[3H]VP-16 and m-AMSA at different incubation concentrations are
shown in Fig. 3. ['H)VP-16 accumulation was 3 to 8-fold reduced in

GLC4/ADR compared to GLC4 cells (Fig. 3/4). Cellular accumulation
of m-AMSA was 2-fold reduced in GLC4/ADR with I and 5 JIM

m-AMSA, whereas no differences in accumulation between these cell
lines were observed with 25 UMm-AMSA (Fig. 3D).

VM-26- and m-AMSA-induced Topo II-DNA Complexes in Iso
lated Nuclei. To exclude the effect of cellular-resistant mechanisms
such as a decreased drug accumulation, drug-induced cleavable com

plexes formation was measured in isolated nuclei following incuba
tion with drugs for 30 min at 37Â°C.Nuclei were still intact after

incubation. VM-26-induced cleavable complex formation in nuclei of

GLC4 and GLC4/ADR was comparable with the cleavable complex
formation induced by m-AMSA in these nuclei (Fig. 4). With VM-26
as well as m-AMSA cleavable complex formation was at least 2-fold

reduced in nuclei of GLC4/ADR compared to GLC4. The amount of
drug-induced cleavable complexes in nuclei, however, was decreased

compared to the amount of complexes in intact cells. This finding was
consistent with previous reports (9) and was probably due to Topo II
inactivation by the isolation procedure.

Disappearance of Topo II-DNA Complexes in Intact Cells. The
rate of disappearance of cleavable complexes following drug removal
was determined in GLC4 and GLC4/ADR cells after incubation for 1
h with 5 and 50 JIMVM-26, respectively. These concentrations in

duced similar amounts of cleavable complexes in both lines. Follow
ing the removal of VM-26, the cleavable complexes in GLC4 cells

disappeared slowly with a decline to 50% of the initial complex level
within 40 to 60 min (Fig. 5A). In contrast, in GLC4/ADR cells a rapid
decline to 50% occurred within 20 min (Fig. 5A). At 120 min, the
percentage of cleavable complexes remaining was still higher in GLC4

B

O2 1 5 25
VM-26 (MM)

02 1 5
m-AMSA (MM)

Fig. 2. Cleavable complex formation in GLC4 and GtXVADR cells induced by VM-26
(A) and m-AMSA (fl) after l-h incubation at 37Â°Cwith various drug concentrations.

Cleavable complex formation induced by VM-26 or m-AMSA in GLC4 (O) and in
GLC.I/ADR (â€¢)was quantitated with the K*-SDS precipitation assay as described in
"Materials and Methods." Values are the mean Â±SD of four experiments, each performed

in duplicate.

B

8 '0Â°

5

VP-16 m-AMSA

Fig. 3. Dose-dependent uptake of |'H]VP-I6 (A ) and m-AMSA (ÃŸ)in GLC4 (O) and
GLCVADR (â€¢)cells measured at 37Â°Cafter l-h incubation as described in "Materials
and Methods." Values are the mean Â±SD of three experiments, each performed in

duplicate.
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B

5 25
VM-26 (MM)

5 25
m-AMSA (MM)

Fig. 4. Cleavable complex formation in isolated nuclei of GLC4 and GLCo/ADR
induced by VM-26 (A ) and m-AMSA (B). Nuclei were isolated as described in "Materials
and Methods." Nuclei were then treated for I h at 37Â°Cwith various drug concentrations

and cleavable complex formation induced by VM-26 or m-AMSA in GLC4 (O) in
GLCVADR â€¢¿�was quantitated with the K*-SDS precipitation assay as described in
"Materials and Methods." Values are the mean Â±SD of four to five experiments, each

performed in duplicate.

than in GLC4/ADR cells (24.9 Â±8.1 versus 10.6 Â±3.6%, P < 0.005).
In GLC4/ADR cells a background level was achieved at 90 min,
whereas in GLC4 cells a background level was reached at 150 min.

Similar experiments were performed with m-AMSA. GLC4 and
GLC4/ADR cells were treated with 1 and 5 \IM m-AMSA, respec
tively, for 1 h. These were the ID50 concentrations of m-AMSA for

each cell line (1 h incubation; Fig. 1). Following the removal of
m-AMSA, there was a rapid loss of complexes in GLC4 and GLC4/

ADR cells (Fig. 5B). In both cell lines a decline to 50% of the initial
level occurred within 10 to 20 min, whereas background levels were
reached within 60 min. A similar rate of disappearance was observed
when GLC4 cells were incubated with 5 UMm-AMSA (results not

shown).
Drug Efflux. The difference in rate of cleavable complex disap

pearance with VM-26 could be due to an increased drug efflux in

GLC4/ADR cells which was further examined. Cells were therefore
incubated with similar drug concentrations as were used for cleavable
complex disappearance. Outward transport of ['H]VP-16 was very

rapid and within 10 min a stationary state was reached in GLC4/ADR
cells (Fig. 6A). Differences in drug efflux between GLC4 and GLC4/
ADR cells were only observed at 5 min (39.8 Â±6.2 versus 23.5 Â±
2.4%, P < 0.0025) and 10 min (12.7 Â±2.3 versus 5.3 Â±2.4%,
P < 0.0025).

Outward transport of m-AMSA was also rapid and a stationary state

was reached within 2.5 min in both cell lines (Fig. 6ÃŸ).No differences
in drug efflux were observed between GLC4 and GLC4/ADR cells.

Immunodetection of Topo I and Topo II. To determine whether
the reduced Topo II activity in nuclear extracts of GLC4/ADR (28) and
the reduced cleavable complex formation in nuclei (Fig. 4) was due to
quantitative or qualitative changes of Topo II, the amount of Topo II
in both cell lines was determined with Western blotting. The amount
of M, 170,000 Topo II was 3-fold reduced in 0.35 M salt nuclear

extracts as well as total lysates from nuclei of GLC4/ADR compared
to GLC4 (Fig. 1A ). A Topo II with a molecular weight of 180,000 was
also detected in nuclear extracts and total lysates of nuclei of both cell
lines (Fig. 7, A and B). The amount of M, 180,000 Topo II was lower
in GLC4/ADR than in GLC4, but difficult to quantify. Equal Topo 1
amounts were detected in 0.35 Msalt nuclear extracts as well as total
lysates of nuclei from GLC4 and GLC4/ADR (Fig. 1C).

Characterization of Topo II in Nuclear Extracts from GLC4
and GLCVADR. The possibility that a mutated Topo II was present
in GLC4/ADR cells was investigated. No differential ATP dependence
for decatenation activity was observed between nuclear extracts of
GLC4 and GLC4/ADR, using equalized Topo II catalytic activities
with a maximum activity at 0.5 ITIMATP (results not shown). VM-26-
and m-AMSA-induced formation of the cleavable complex was stud

ied in an in vitro DNA cleavage assay, using nuclear extracts of both
cell lines with equalized Topo II catalytic activities. DNA cleavage
activities in the extracts from GLC4 and GLC4/ADR were similarly
sensitive to stimulation by VM-26 (Fig. 8). In nuclear extracts of both
cell lines. Topo Il-mediated DNA cleavage by VM-26 was higher in
the presence than in the absence of ATP (Fig. 8). With m-AMSA

identical results were obtained (results not shown).

DISCUSSION

Previously, it was demonstrated that the Adriamycin-resistant
GLC4/ADR cell line was highly resistant to Adriamycin, VP-16, and
VM-26, and moderately resistant to mitoxantrone and m-AMSA. Part

of the resistance could be explained by the reduced Topo II catalytic
activity and the decreased formation of the cleavable complex ob
served in cellular extracts of these cells (28). In the present study, the
differences in degree of resistance to VM-26 and m-AMSA was

further analyzed in nuclei and intact cells to determine whether GLC4/
ADR cells contained an altered Topo II with different sensitivities to
these drugs, as was observed in a number of other resistant cell lines
(25-27).

VM-26- and m-AMSA-induced Topo II-DNA complex formation
in whole cells and isolated nuclei was determined with the K +-SDS

precipitation assay. This assay was specific for Topo II-DNA com
plexes, since previous reports showed that VM-26- and m-AMSA-
induced protein-linked single and double stranded breaks in vitro as

Fig. 5. Disappearance of cleavabie complexes in
GLC4 and GLCj/ADR cells in time following
VM-26 (A land m-AMSA (ÃŸ)removal. Cells were
treated for I h at 37Â°Cwith various drug concen

trations and at various times after drug removal
cleavable complexes remaining were quantitated
with the K'-SDS precipitation assay as described
in "Materials and Methods." Results were ex

pressed as the percentage of cleavahle complexes
remaining after GLC4 cells (O) were treated with 5
UMVM-26 or I (JMm-AMSA. and GLCVADR cells
(â€¢)with 50 UMVM-26 or 5 MMm-AMSA. Values
are the mean Â±SD of four to five experiments,
each performed in duplicate.
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1OO

Fig. 6. Efflux of ['HIVP-16 (Ai and m-AMSA

(ÃŸ)from GLC4 and GLCj/ADR cells. Cells were
loaded for I h al 37Â°Cwith various [3H]VP-16 and

m-AMSA concentrations and at various times after

drug removal the cellular drug remaining was de
termined as described in "Materials and Methods."

Results were expressed as the percentage of drug
remaining after GLC4 cells (O) were treated with 5
MM('HIVP-16 or 1 MMm-AMSA. and GLCVADR
cells (â€¢)with 50 MM['H|VP-16 or 5 MMm-AMSA.

Values are the mean Â±SD of three experiments,
each performed in duplicate.

i
S

time after VP-16 removal (mm) time after m-AMSA removal (mm)

well as i/i vivo were due to Topo Il-mediated DNA cleavage (1-3, 10,
36, 37). The amount of Topo II-DNA complexes induced by VM-26
and m-AMSA in GLC4 and GLC4/ADR cells after a l-h incubation
generally corresponded to the cytotoxicity. A 25-fold reduction in
VM-26-induced cleavable complex formation and a 60-fold resistance
to VM-26 was found in GLC4/ADR compared to GLC4. With
m-AMSA a 5-fold decline in cleavable complex formation and a
4-fold resistance was found in GLC4/ADR. The decreased accumu
lation of VM-26 (3- to 8-fold) and m-AMSA (1- to 2-fold) in GLC4/

ADR cells compared to GLC4 cells could only partially explain the
reduced cleavable complex formation in the resistant cells.

A relation between rate of cleavable complex disappearance and
toxicity of drugs was demonstrated by Fox and Smith (11). In GLC4
cells, 50% of the cleavable complexes was still present l h after
VM-26 removal, which could have a substantial effect on the toxicity

of this drug. Thus, an additional mechanism of resistance to VM-26

could be the increased rate of cleavable complex disappearance that
was observed in GLC4/ADR cells compared to GLC4 cells. With
m-AMSA the rate of reversibility was similar in both cell lines. Loss
of VM-26- and m-AMSA-induced cleavable complexes after drug

removal was also found in other human and Chinese hamster cells
(3, 8, 38, 39). Our results are consistent with cleavable complex
reversibility described in in vitro and in vivo studies ( 1-3, 37), but they

do not rule out the possibility of DNA repair. Disappearance of cleav
able complexes in both cell lines correlated with the efflux of VM-26
and m-AMSA, since the rate of efflux of the VM-26 analogue VP-16
but not of m-AMSA was higher in GLC4/ADR than in GLC4 cells.

The rate of efflux, however, was much higher than the rate of complex
reversibility. Extremely rapid efflux of these drugs was also observed
in other cell lines (22, 40).

(A)
1234 56

(C)
1234

ISOkD
^- 170kD

â€”¿�lOOkD

â€”¿� 67 kD

(B)

ISOkD
Iâ€” 170kD

Fig. 7. Analysis of Topo II (A and fl) and Topo I (C) in nuclear extracts and isolated nuclei of GLC4 and GLCVADR cells by Western blotting. Proteins were separated on a 7.5%
SDS-polyacrylamide gel as described in "Materials and Methods." A, Lanes ÃŒ-3,were loaded with 25, 12.5, and 6.25 Mgnuclear extract protein of GLC4; Lane 4, with 25 Mgnuclear

extract protein of GLC-t/ADR; Lanes 5 and 6, 50 Mgnuclear protein of GLC4 and GIXVADR, respectively. B, Lanes I and 2 were loaded with 75 Mgnuclear extract protein of GLC4
and GLCVADR. respectively. C. Lanes ÃŒand J. GLC4; Lanes 2 and 4. GLCVADR. Lanes I and 2 were loaded with 7.5 Mgnuclear extract protein and Ltmes 3 and 4 with 15 Mgnuclear
protein. Ordinate, molecular weight in thousands.
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Fig. 8. VM-26-stimulatcd DNA cleavage by Topo II in nuclear extracts from GLC4 and GLCVADR cells in the absence or presence of I ITIMATP. Topo II-mediated DNA cleavage

by nuclear extracts of were done as described under "Materials and Methods." Various concentrations of VM-26 were added to a reaction mixture with I ITIMATP (Lanes 1-13} or
without ATP (Lanes 14-261 Nuclear extract protein from GLC4 or GLCJADR containing equal Topo II catalytic activities was added to the reaction mixture. After .TOmin al 37Â°C,

the reaction was terminated with SDS and proteinase K was added. Lanes I and 14. control, no nuclear extract protein; Lanes 2-7. 0.25 Mgnuclear extract protein of GLCj with 0,
0.4, 2.0, 10, 25, and 50 MMVM-26, respectively; Lanes 8-1 j, 0.6 ug nuclear extract protein of GLCj/ADR with 0, 0.4, 2.0. 10, 25. and 50 |4MVM-26, respectively, Â¡Mnes15-20. same
as in iMnes 2-7. respectively; Lanes 21-26. same as in Lanes 8-13, respectively. Plasmid pBR322 DNA are marked form 1 (supercoiled), form II (relaxed) and form III (linear).

In GLC4/ADR cells, a reduction in VM-26. m-AMSA, as well as

Adriamycin (29) and daunorubicin (41) accumulation was found,
although these cells demonstrated no overexpression of the P-glyco-

protein (28). Recently, it was shown that the efflux of daunorubicin in
GLC4/ADR cells was an energy-dependent process (41). In Adriamy-
cin-resistant human leukemia cells (42) as well as in GLC4/ADR cells

(43), the overexpression of a M, 190,000 membrane protein with
minor sequence homology to the P-glycoprotein was demonstrated,

which might be related to a decreased drug accumulation in these
P-glycoprotein-negative cell lines. Another antibody (LRP56) against
P-glycoprotein-negative Adriamycin-resistant cells, recognizing a un

known cytoplasmic protein, also showed intense staining of GLCV
ADR cells in contrast to the parental cell line (43).

Previously, we had described that the Topo II activity and the
cleavable complex formation were reduced in cellular and nuclear
extracts of GLC4/ADR compared to GLC4 (28). When isolated nuclei
were incubated with VM-26 and m-AMSA, differences in cleavable

complex formation were also observed between GLC4 and GLC4/
ADR. By immunoblotting it was now shown that the amount of Mf
170,000 Topo II was 2- to 3-fold reduced in nuclear extracts as well

as nuclear lysates of GLC4/ADR. The reduced amount of Topo II
could also explain the reduced maximum level of drug-induced cleav

able complexes in intact cells and nuclei at high drug concentrations.
A Mr 180,000 Topo II was detected in nuclear extracts and lysates of
both cell lines but the amount of this enzyme could not be quantified.
The M, 180,000 Topo II was present in other cell lines as well
(26, 44-46). Both the M, 170,000 and the M, 180,000 Topo II isoen

zyme have been isolated and characterized and the isoenzymes were
found to share extensive nucleotide and predicted peptide homology
(44, 46, 47). These studies also showed that the M, 170,000 Topo II
was maximally expressed in cells in the exponential growth phase and

the MT 180,000 Topo II in the plateau phase of growth, and that the
cleavage activity of the M, 180,000 Topo II was 4-fold less stimulated
by VM-26 than DNA cleavage activity of the M, 170,000 Topo II (46).

Another study showed that the efficacy of Topo II inhibitors was
related to a higher proportion of the M, 170,000 Topo II as well as a
higher amount of this Topo II (45). Equal amounts of Topo I were
detected in GLC4 and GLC4/ADR which was in agreement with the
Topo I activities formerly observed in nuclear extracts (29). Thus, the
decreased level of Topo II was not compensated by an increased Topo
I level as was demonstrated in m-AMSA-resistant P388 cells (48).

Further studies were performed to determine if GLC4/ADR cells
contained an altered Topo II. Topo II from VM-26- (28) and m-AM
SA-resistant cells (28) was more ATP dependent (26, 28) and less

sensitive to stimulation of DNA cleavage by drugs (26, 28) than Topo
II from sensitive cells. These alterations of Topo II are probably due
to a single point mutation (49, 50). In GLC4/ADR cells, however, no
altered Topo II was detected, since the catalytic activity and DNA
cleavage activity of the enzyme in nuclear extracts showed neither an
increased ATP dependency nor an altered drug-induced cleavable

complex formation.
Reduced Topo II catalytic activities and amounts of Topo II were

also found in Vp-16- and m-AMSA-resistant cell lines (23, 24, 44, 48)
and in two multidrug (51, 52) and two non-P-glycoprotein-mediated

(53) multidrug resistant cell lines with acquired resistance to Adria
mycin. The changes in amount of Topo II could be due to rearrange
ment of one alÃeleof the Topo II gene and hypermethylation of the
Topo II gene (48) or a decreased copy number of one alÃeleand a
mutation in the second alÃeleleading to a reduction in Topo II mRNA
(54). In some of the VP-16- and Adriamycin-resistant cell lines with

reduced amounts of Topo II. an additional resistance mechanism was
found as was observed in GLC4/ADR cells, namely reduced drug
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accumulation without overexpression of the P-glycoprotein (23, 24,
53). In the two non-P-glycoprotein-mediated multidrug resistant cell
lines a reduction in Topo II mRNA as well as mdrl P-glycoprotein

mRNA was observed (53). With somatic cell fusions Eijdems et al.
(53) showed that the reduced drug accumulation and the loss of mdrl
P-glycoprotein mRNA were cotransferred and were possibly due to a

single dominant mutation, but it did not cause the reduction in Topo
II. The results suggested that the phenotype of these non-P-glycopro
tein-mediated multidrug resistant cell lines was due to at least two

independent genetic alterations (53).
In summary, we have shown that the amount of the Mr 170,000

Topo II and the drug accumulation were reduced in GLC4/ADR cells,
which can explain the resistance to m-AMSA completely, whereas

other cellular mechanisms such as the increased removal of cleavable
complexes are additionally involved in the resistance to VM-26. The

reduced amount of the A/r 170,000 Topo II and the reduced drug
accumulation in GLC4/ADR cells need further genetic analysis.
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