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SUMMARY

To better understand the molecular basis for the cytotoxic
effects of suramin, we have developed suramin-resistant DC-
3F/SU 1000 cells by continuous exposure of fibrosarcoma cells
to increasing concentrations of suramin. The suramin resist-
ance (~10-fold) is not associated with changes in uptake or
intracellular distribution of the drug. The sensitivity to actino-
mycin D, cytarabine, aphidicolin, hydroxyurea, vincristine, and
5-fluorouracil is unaltered. In contrast, DC-3F/SU 1000 cells are
about 2-fold resistant to classical DNA topoisomerase Il inhib-
itors such as doxorubicin, amsacrine, and etoposide, whereas
the cells are 1.5-fold more sensitive to the topoisomerase |
inhibitor camptothecin. The cross-resistance to topoisomerase
Il inhibitors occurred earlier than the collateral sensitivity to
camptothecin. Amsacrine- and etoposide-induced DNA-pro-
tein complex formation is reduced about 2-fold in DC-3F/SU

1000 cells, compared with DC-3F cells, whereas camptothecin-
induced DNA-protein complex formation is increased 1.5-fold.
Western blot analysis of cellular lysates from the two cell lines
shows no significant differences in the level of topoisomerase I,
whereas the level of topoisomerase | is increased 2.5-fold in
DC-3F/SU 1000 cells. The catalytic activities of topoisomer-
ases | and Il in nuclear extracts from DC-3F/SU 1000 cells are
both about 2-fold higher than those in extracts from DC-3F
cells, whereas amsacrine- and etoposide-induced DNA-protein
complex formation is comparable between the two cell lines.
Taken together, our results support the involvement of DNA
topoisomerases in the cytotoxic activity of suramin. We further
believe that the DC-3F/SU 1000 cells may be a useful model for
the elucidation of factors that lead to low, clinically relevant,
levels of resistance to topoisomerase Il inhibitors.

Suramin is a hexasulfonated naphthylurea that has been
used in the treatment of sleeping sickness and other parasitic
diseases for almost 70 years (1). More recently, suramin has
shown antitumor activity toward several metastatic cancers
refractory to conventional chemotherapy, such as prostatic
carcinoma (for recent reviews, see Refs. 2-4). The use of
suramin is limited by a variety of toxic side effects, the most
serious of which is a Guillain-Barré neuropathy syndrome
(2). Further progress in the use of suramin, such as the
selection of clinically useful drug combinations and analog
development, is currently hindered by an incomplete under-
standing of its primary mechanism(s) of action, although
multiple potential targets have been proposed. Suramin has
been shown to inhibit the binding of various growth factors to
their receptors and to dissociate receptor-bound growth fac-
tors (Refs. 2—4 and references cited therein). Suramin also
interacts with many different nuclear enzymes, such as DNA
topoisomerase II and DNA polymerases (5-10). In addition,
anti-invasive properties have been attributed to suramin (11,
12).

The study of resistant cell lines is one of the most powerful
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means to understand the mechanisms of action of drugs. We
recently described the development and properties of
suramin-resistant DC-3F/SU 1000 cells, which were derived
from the DC-3F Chinese hamster fibrosarcoma cell line (13).
We now report that these cells exibit altered sensitivity to
DNA topoisomerase I and II inhibitors, which is associated
with altered topoisomerase I and II activities in vitro as well
as in vivo.

Materials and Methods

Drugs and chemicals. Amsacrine [4'-(9-acridinylamino)-3-
methanesulfon-m-aniside] and etoposide [4'-demethylepipodophyllo-
toxin-9-(4,6-O-ethylidene-B-D-glucopyranoside)] were kind gifts from
Dr. Jerzy Konopa (Technical University of Gdansk, Gdansk, Poland).
Suramin (Bayer, Leverkusen, Germany) was donated by Drs. Heine
and Hamel (Bayer). Hydroxyurea and aphidicolin were obtained
from Sigma (La Verpilliere, France). Vincristine sulfate (Oncovin)
and doxorubicin (Adriablastine) were purchased from Eli Lilly
(Saint-Cloud, France) and from Roger-Bellon (Neuilly-sur-Seine,
France), respectively. Actinomycin D (Lyovac) was from Merck,
Sharp, and Dohme (Rahway, NJ), and cytarabine (Aracytine) was
supplied by Upjohn (Paris, France). 5-Fluorouracil was obtained
from Roche (Neuilly-sur-Seine, France). Camptothecin was a gener-
ous gift from Dr. Christine Jaxel (Orsay, France). [*H]Suramin (9

ABBREVIATIONS: SDS, sodium dodecyl! sulfate; PBS, phosphate-buffered saline; BSA, bovine serum albumin; SV40, simian virus 40.
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Ci/mmol) was purchased from Moravek Biochemicals (Brea, CA),
[**Clamsacrine (>99% pure; 20.8 mCi/mmol) was kindly provided by
the Drug Synthesis and Chemistry Branch, National Cancer Institut
(Bethesda, MD), and [®Hletoposide (1 Ci/mmol), L-[**C(U))leucine
(316 mCi/mmol), and [6-3H]thymidine (30 Ci/mmol) were obtained
from Amersham Corp. (Les Ulis, France). All other chemicals were of
reagent grade.

DNA substrates. Supercoiled plasmid pBR322 DNA (>95% form
I) was purchased from Boehringer Mannheim. Highly catenated
kinetoplast DNA (form I) was purified from Trypanosoma cruzi (gen-
erously provided by Dr. Guy Riou, Institut Gustave Roussy Villejuif,
France) after DNA extraction and sucrose sedimentation (14).

Antibodies. Antiserum against both a and B forms of DNA topo-
isomerase II was recovered from rabbits after four subcutaneous
injections (at 30-day intervals) with 300 ug of purified yeast topo-
isomerase II, as described (15). Monoclonal antibodies directed to-
ward topoisomerase I and topoisomerase Ila (16) were generously
provided by Dr. A. 1. Scovassi, Instituto di Genetica Biochimica ed
Evoluzionistica del C.N.R. (Pavia, Italy). Monoclonal antibodies di-
rected toward topoisomerase II8 were a kind gift from Dr. I. Hickson,
Imperial Cancer Research Fund, University of Oxford (Oxford,
England).

Cells and culture medium. The DC-3F Chinese hamster fibro-
sarcoma cell line has been described previously, as have the media
and growth conditions (10, 17). The DC-3F/SU 1000 suramin-resis-
tant cells were obtained after about 18 months of continuous expo-
sure to increasing concentrations of suramin in the growth medium
(13). The resistant cells are able to grow in the presence of 1 mg/ml
suramin and the resistant phenotype is stable for at least 10 months.

Cytotoxicity. Cell survival was measured by colony formation in
the continuous presence of drug-containing medium, as described
previously (13). Each experiment was done at least twice, with each
point determined in triplicate.

Intracellular localization of suramin. The intracellular loca-
tion of suramin in DC-3F and DC-3F/SU 1000 cells was determined
by electron microscopy after 24-hr exposure to [*H]suramin (50 um).
For quantitative analysis, a total of 40 cells/cell line were analyzed as
described previously (10).

Drug accumulation assays. Drug uptake in DC-3F and DC-
3F/SU 1000 cells was determined as described (13). Briefly, exponen-
tially growing cells were exposed to radiolabeled amsacrine (200 nm)
and etoposide (680 nM). At the indicated times, the cells were washed
twice with ice-cold 0.154 M NaCl and detached with trypsin. Cell
suspensions were harvested and counted in 15 ml of scintillation
fluid. The experiments were done at least twice, with each point
determined in triplicate.

DNA-protein complex formation in intact cells. To measure
the capacity of DNA topoisomerase II to form cleavable complexes,
the KCI1-SDS precipitation assay of DNA-protein complexes was per-
formed as described by Zwelling et al. (18). Cells were incubated in
the presence of [“Clleucine (0.2 uCi/ml) and [*H]thymidine (0.6
pCi/ml) for 18 hr to label the DNA and proteins. The cells were
exposed to various drug concentrations for 1 hr at 37°. To stop the
reaction, a solution of 1.25% SDS, 5 mM EDTA, pH 8.0, and 0.8
mg/ml denatured salmon testis DNA (final concentrations) was
added. The cell lysate was passed through a 22-gauge needle 10
times, heated to 65° for 15 min, and then precipitated with 100 mm
KCl on ice. The precipitate was washed three times and dissolved in
water, and the radioactivity was determined with a Packard liquid
scintillation counter. To measure the capacity of DNA topoisomerase
I to form cleavable complexes, the same process was used, except
that the first incubation was performed at 37° and the cell lysates
were precipitated with 250 mM KCI. Data are expressed as the ratio
of 3H-labeled DNA to '“C-labeled protein. The protein serves as an
internal measure of the exact number of cells used for any given
experimental condition.

In another series of experiments, nuclei were isolated as described
previously (19) and drug-induced DNA-protein complex formation

was determined as described for whole cells. All experiments,
whether with whole cells or with isolated nuclei, were done at least
four times, with each point determined in triplicate.

Western blotting. To prepare cell lysates, 2 X 107 exponentially
growing cells were scraped into ice-cold PBS, centrifuged for 4 min at
400 X g, and then washed twice with 20 ml of cold PBS and once with
20 ml of buffer C (1 mM phenylmethylsulfonyl fluoride, 1 mM benza-
midine, 50 pg/ml leupeptin, and 10 ug/ml trypsin inhibitor in PBS).
Pellets were resuspended at 2.5 X 107 cells/ml of lysis buffer, heated
for 5 min at 68°, and passed five times through a 21-gauge needle.
Protein concentrations were measured using the bicinchoninic acid
assay (Pierce), according to the procedure recommended by the sup-
plier. The different suspensions were adjusted to the same protein
concentration with lysis buffer, and 20-100 ug of protein (1 volume
of sample with 0.5 volume of 3X loading buffer consisting of 375 mM
Tris-HCl, 6% SDS, 30% glycerol, 4% 2-mercaptoethanol, and 2%
bromphenol blue) were loaded in each well. Proteins were separated
on 7.5% polyacrylamide-SDS gels and then transferred to nitrocel-
lulose filters in 0.192 M glycine, 0.025 M Tris, 20% methanol, at 4° for
5 hr. Nitrocellulose membranes were saturated overnight at 4° in
PBS, pH 7.4, containing 3% BSA. The strips were then incubated in
PBS/0.1% BSA containing either a purified polyclonal antibody that
recognizes both topoisomerase II isoforms (1/500 dilution, 4 hr at
room temperature), a monoclonal antibody directed toward the to-
poisomerase Ila isoform (1/50 dilution, 3 hr at room temperature), a
monoclonal antibody directed toward the topoisomerase II8 isoform
(/3 dilution, overnight at 4°), or a monoclonal antibody directed
toward topoisomerase I (1/100 dilution, 2 hr at room temperature).
After three 15-min washes in PBS/0.1% Tween 20, the strips were
incubated for 2 hr at room temperature in PBS, with 0.1% BSA and
0.1% Tween 20, containing a 1/500 dilution of a peroxidase-conju-
gated goat anti-mouse IgG or goat anti-rabbit IgG (Sigma). After four
washes in PBS/Tween 20 as described above, antibody binding was
detected by enhanced chemiluminescence (Amersham Life Sciences,
Amersham, UK). Quantitative evaluations were performed by den-
sitometric scanning of the strips using a Joyce-Loebl Chromoscan 3
densitometer. All experiments were done with at least two different
cellular lysates.

Nuclear extracts. All steps were done at 4°. To obtain nuclear
extracts, about 7 X 107 exponentially growing cells were scraped into
0.154 M NaCl and centrifuged (500 X g for 4 min). Pellets were
washed with 20 ml of buffer A (6 mmM KH,PO,, pH 7, 0.1 mm EDTA,
1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, 10 ug/ml
trypsin inhibitor, 10 mM 2-mercaptoethanol, 2 mm MgCl,). Cells
were resuspended at 107 cells/ml in buffer A including 125 nM oka-
daic acid and were rotated gently for 1 hr. The swollen cells were
disrupted by 80 strokes of a Dounce type A homogenizer, and the
nuclei were pelleted by centrifugation at 500 X g for 10 min. The
pelleted nuclei were resuspended in 3 packed cell volumes of nuclei
extraction buffer (buffer A with 0.35 M NaCl, 25 ug/ml aprotinin, and
125 nM okadaic acid) and incubated for 30 min, with gentle stirring.
Nuclear extracts were centrifuged at 12,000 X g for 15 min, and
supernatants were adjusted to the same protein concentration by
dilution with nuclei extraction buffer. Nuclear extracts were imme-
diately frozen with 20% glycerol (final concentration) and stored at
—20°. The nuclear extracts were used for topoisomerase assays
within 4 days. Both decatenation and relaxation assays were done at
least three times with different nuclear extracts.

Decatenation assay. The reaction mixture contained 50 mMm
Tris-HCI, pH 8, 10 mM MgCl,, 150 mM KCl, 5§ mM EDTA, 5 mm
dithiothreitol, 1 mmM ATP, and 200 ng of kinetoplast DNA. The
reaction was initiated by the addition of nuclear extract and was
allowed to proceed at 30° for the indicated times. Reactions were
stopped by addition of 1% SDS, 0.5% bromphenol blue, and 30%
glycerol. The samples were electrophoresed in 1.2% agarose gels at §
V/em for 6 hr, in Tris/borate/EDTA buffer, pH 8.3. Liberated mi-
nicircles were quantified by densitometric scanning of photographic
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negatives of the ethidium bromide-stained agarose gels with a Joyce-
Loebl Chromoscan 3 densitometer.

Relaxation assay. Reaction conditions were as described above,
except that no ATP was used and kinetoplast DNA was replaced by
150 ng of pBR322 DNA. Electrophoresis was in 1% agarose gels at 2
V/em for 18 hr. DNA bands were quantitated by scanning photo-
graphic negatives of the ethidium bromide-stained agarose gels with
a Joyce-Loebl Chromoscan 3 densitometer. Levels of DNA relaxation
were determined by monitoring the loss of the supercoiled band.
Under the conditions used, the intensity of bands in the negative was
directly proportional to the amount of DNA present.

DNA-protein complex formation with nuclear extracts.
SV40 DNA was 5'-end labeled at the Accl site as described previously
(20). Briefly, SV40 DNA was linearized with Accl and then the DNA
5' termini were dephosphorylated with calf alkaline phosphatase
and labeled with [y-32P]JATP and T4 polynucleotide kinase. The DNA
was purified by phenol/chloroform extraction and ethanol precipita-
tion after each step and at the end of the labeling procedure. The
precipitation of end-labeled DNA by nuclear extracts was quantified
by the KCI-SDS precipitation method, as described previously (18).
Results are expressed as the amount (counts/minute) precipitated in
the presence of drug minus that precipitated in the absence of drugs,
using a fixed concentration of nuclear extract proteins. All experi-
ments were done with at least three different nuclear extracts, with
each point determined in duplicate.

Topoisomerase II-induced cleavage of end-labeled SV40
DNA. The linear, 5'-labeled, SV40 DNA described in the previous
section was subjected to a second enzyme digestion with EcoRI. This
procedure generates uniquely 5’-end-labeled DNA fragments, which
can be used to map unequivocally the DNA cleavage sites generated
by topoisomerase II. End-labeled DNA (50,000 cpm) was reacted for
15 min at 30° with nuclear extracts from DC-3F and DC-3F/SU 1000
cells, in the absence or presence of amsacrine and etoposide, in a
reaction mixture containing 50 mM Tris-HCl, pH 8, 10 mm MgCl,,
150 mM KCl, 5 mM EDTA, 5 mM dithiothreitol, and 1 mM ATP.
Reactions were stopped by the addition of a solution of 1% SDS, 20
mM EDTA, and 0.5 mg/ml proteinase K (final concentrations) and
were incubated for an additional 1 hr at 42°. Samples were loaded
into 1.2% agarose gels in Tris/borate/EDTA buffer containing 0.1%
SDS, to remove DNA-bound drug molecules that otherwise would
retard the electrophoretic migration of DNA fragments. Agarose gels
were run at 2 V/cm overnight, dried, and autoradiographed with
Amersham Hyperfilm MP.

Results

Suramin resistance and drug uptake. Suramin-resist-
ant DC-3F/SU 1000 cells derived from the DC-3F Chinese
hamster lung fibrosarcoma cell line are about 10-fold resis-
tant to suramin, as determined by colony formation in the
continuous presence of the drug (Table 1). The resistance
cannot be explained by decreased drug uptake, because drug
accumulation is the same for suramin-sensitive and -resist-
ant cells (data not shown). To determine whether the resist-
ance might be linked to altered intracellular distribution of
the drug, sensitive and resistant cells were treated with 50
puM [®Hlsuramin for 24 hr, followed by autoradiography of
cellular sections. A quantitative determination of the cellular
distribution of suramin shows that the density of silver
grains is 2-3-fold higher over the nucleus than over the
cytoplasmic area, which confirms our previous findings (10).
No significant difference was found between the cellular dis-
tribution of grains in sensitive cells and that in resistant
cells; the nucleus to cytoplasm ratio is 2.53 + 0.03 for DC-3F
cells and 2.84 + 0.03 for DC-3F/SU 1000 cells.

TABLE 1

Cross-resistance of suramin-resistant DC-3F Chinese hamster
fibrosarcoma cells

EDs5o®
Drugs Degree of resistance®
DC-3F/SU
DC-3F 1000
]
Suramin 28 x 10° 290 x 10° 104
Vincristine 2.8 29 1
Actinomycin D 2.1 2.3 1
Cytarabine 34 33 1
Aphidicolin 310 310 1
Hydroxyurea 127 x 10° 127 x 10° 1
5-Fluorouracil 24 24 1
Amsacrine 6.2 10.8 1.8
Etoposide 48 95 2
Doxorubicin 2.8 4.6 1.7
Camptothecin 46 30 0.65

® The cytotoxic effects were determined by colony formation in the continued
presence of drug. Each value is the result of at least two individual experiments,
each done in triplicate. The standard error was <10% of the mean in all cases.

® Ratio of the ED5, for the resistant cells to the ED,, for the sensitive parental
cells.
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Fig. 1. Cytotoxic effects of amsacrine (A) or aphidicolin (B) on DC-3F
(@) and DC-3F/SU 1000 (O) cells, as determined by colony formation in
the continued presence of drug. Each value is the average of two
individual experiments, each done in triplicate. Bars, standard devia-
tions.

Cross-resistance and drug uptake. The cross-resist-
ance of DC-3F/SU 1000 cells to various anticancer drugs was
determined. No altered sensitivity was observed with respect
to different antineoplastic agents known to interact with
nuclear targets such as DNA polymerase, RNA polymerase,
and various enzymes involved in DNA metabolism (Table 1).
However, a 2-fold resistance was observed toward the DNA
topoisomerase II inhibitors amsacrine, etoposide, and doxo-
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rubicin. This is further illustrated in Fig. 1, which compares
the cytotoxic effects of amsacrine and aphidicolin on
suramin-sensitive and -resistant cells. Interestingly, DC-
3F/SU 1000 cells are about 1.5-fold more sensitive to the
topoisomerase I inhibitor camptothecin (Table 1).

The cross-resistance to topoisomerase II inhibitors could be
due to reduced drug uptake or to altered topoisomerase II
activity. Fig. 2 shows that the accumulation of etoposide and
amsacrine is comparable for sensitive and resistant cells.

Formation of covalent DNA-protein complexes in in-
tact cells. The KCI-SDS precipitation assay was used to
determine the covalent interaction between DNA and topo-
isomerase II. Fig. 3, A and B, shows that the DNA-protein
complex formation induced by amsacrine or etoposide is re-
duced 2-fold in resistant cells, compared with the sensitive
parental cell line. The same results were obtained with iso-
lated nuclei from the two cell lines (data not shown). The
KCI-SDS precipitation assay was also used to determine the
covalent interaction between DNA and topoisomerase I. Fig.
4C shows that the DNA-protein complex formation induced
by camptothecin is increased 1.5-fold in DC-3F/SU 1000 cells,
compared with DC-3F cells.

Development of cross-resistance. DC-3F/SU 150 cells,
which represent an early stage in the development of
suramin resistance (13), were used to determine the chrono-
logical order in which the altered sensitivity to topoisomerase
I and II inhibitors occurred. Fig. 5 shows that these cells
already exhibit cross-resistance to etoposide (about 1.3-fold),
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Fig. 2. Accumulation of etoposide (A) or amsacrine (B) as a function of
time. DC-3F (®) and DC-3F/SU 1000 (O) cells were incubated in the
presence of [°H]etoposide (680 nm) or [*“Clamsacrine (200 nwm) for the
indicated times, and the amount of intracellular drug was determined as
described in Materials and Methods. The amount of drug is expressed
as pmol/10® cells. Values are means of two individual experiments,
each done in triplicate. Bars, standard deviations.
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Fig. 3. Drug-stimulated DNA-protein complex formation in DC-3F (@)
and DC-3F/SU 1000 (O) cells. DNA and protein were radiolabeled as
described in Materials and Methods, and the cells were treated with the
indicated concentrations of etoposide (A), amsacrine (B), or camptoth-
ecin (C) for 1 hr at 37°. Data are expressed as the amount of radiola-
beled DNA precipitated with the cellular protein. Data shown are means
of four independent experiments. Bars, standard deviations.

whereas the sensitivity to camptothecin is the same as that of
the parental DC-3F cells. Therefore, the collateral sensitivity
to topoisomerase I inhibitors seems to occur later than the
acquisition of cross-resistance to topoisomerase II inhibitors.

Cellular levels of DNA topoisomerases I and II. The
levels of DNA topoisomerase II present in DC-3F and DC-
3F/SU 1000 cells were quantitated by Western blot analysis
of cellular lysates. The blots were probed either with poly-
clonal anti-topoisomerase II antibodies that recognize both
topoisomerase II isoforms (Fig. 5A) or with monoclonal anti-
bodies specific for either the topoisomerase IIB (Fig. 5B) or
topoisomerase Ila (Fig. 5C) isoform. Densitometric analysis
of the Western blots shows no significant differences in the
levels of topoisomerase Ila and -B between the two cell lines.
The levels of DNA topoisomerase I present in the two cell
lines were also determined. Fig. 5D shows that the levels
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Fig. 4. Cytotoxic effects of suramin (A), etoposide (B), or camptothecin
(C) on DC-3F (@), DC-3F/SU 150 (a), or DC-3F/SU 1000 (O) cells, as
determined by colony formation in the continued presence of drug.
Each value is the average of two individual experiments, each done in
triplicate. Bars, standard deviation.

of immunoreactive DNA topoisomerase I are increased about
2.5-fold in DC-3F/SU 1000 cells, compared with the parental
DC-3F cells.

Topoisomerase activities in nuclear extracts. Nuclear
extracts from sensitive and resistant cells were prepared and
the catalytic activity of topoisomerase II was determined by
decatenation of kinetoplast DNA. Fig. 6 shows that the catalytic
activity is about 2-fold higher in 0.35 M NaCl nuclear extracts
from DC-3F/SU 1000 cells than in similar extracts from DC-3F
cells. This is not a result of differential extraction of topoisomer-
ase II, because Western blot analysis shows that similar
amounts of both topoisomerase Ila and -B are present in nu-
clear extracts from the two cell lines (data not shown).

The catalytic activity of topoisomerase I in nuclear extracts
from sensitive and resistant cells was determined by relaxation
of supercoiled DNA in the absence of ATP. Fig. 7 shows that the
catalytic activity is about 2-fold higher in nuclear extracts from
DC-3F/SU 1000 cells than in similar extracts from DC-3F cells.

A DC-3F DC-3F/
SuU 1000
kDe a b
P1BO~ TOPO Il
a 170/=ﬂ’“§']
B
a b
B 180 <=—jss s TOPO NN
C
a b
@ 170 <= w== wss TOPOII
D

Fig. 5. Westem blot analysis of cellular lysates from DC-3F (lanes a)
and DC-3F/SU 1000 (/anes b) cells. Whole-cell lysates were subjected
to SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose
membranes, and probed with antibodies directed toward both topoi-
somerase Il (TOPO I) isoforms (A), topoisomerase lIB isoform (B),
topoisomerase lla isoform (C), or topoisomerase | (TOPO /) (D). Num-
bers on the left, size markers (in kDa).

Drug-induced DNA-protein complex formation with
nuclear extracts. A comparison of the level of drug-stimu-
lated DNA-protein complexes induced by nuclear extracts
from the two cell lines revealed no clear differences, in con-
trast to the findings with whole cells. Fig. 8 shows the dis-
tribution of double-stranded DNA cleavage of the SV40 ge-
nome stimulated by amsacrine in the presence of nuclear
extracts from sensitive (Fig. 8, lane 2) or resistant (Fig. 8,
lane 3) cells. The results indicate that the distribution of
topoisomerase II cleavage sites on the SV40 DNA is similar
for nuclear extracts from the two cell lines.

Discussion

We have previously shown that suramin penetrates to the
nucleus of DC-3F Chinese hamster fibrosarcoma cells, where
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Fig. 6. Catalytic activity of topoisomerase |l in nuclear extracts from
DC-3F (®) and DC-3F/SU 1000 (O) cells. Kinetoplast DNA (lane K) was
incubated for 0, 1, 2, 5, 10, or 15 min with nuclear extracts from DC-3F
(lanes a-f, respectively) or DC-3F/SU 1000 (lanes g-/, respectively) cells.
kDNA, kinetoplast DNA; mc, decatenated minicircles. Data shown are
typical of four independent experiments with three different nuclear
extracts.

it interacts with DNA topoisomerase II. We have also dem-
onstrated that cells resistant to 9-hydroxyellipticine, which
have an altered topoisomerase II activity, are cross-resistant
to suramin (10). More recently, it has been shown that
suramin also interacts with DNA topoisomerase I and II in
human prostate cancer cells (21). These results suggest that
DNA topoisomerases are targets of suramin action and that
this action might play a role in the cytotoxic activity of the
drug.
To further understand the molecular basis for the cytotoxic
effects of suramin, we have developed suramin-resistant DC-
3F/SU 1000 cells by exposing sensitive DC-3F cells to in-
creasing drug concentrations. The resistant cells grow in the
presence of 1 mg/ml suramin and are about 10-fold resistant
to the drug, compared with the sensitive parental cells (13).
We now show that the suramin-resistant cells are cross-
resistant to classical topoisomerase II inhibitors such as am-
sacrine, etoposide, and doxorubicin. The ability of these
drugs to stabilize a covalent reaction intermediate (the cleav-
able complex) between DNA and topoisomerase II is gener-
ally believed to be the first step in the reaction cascade that
eventually results in cell death. The drug-induced DNA-pro-
tein complex formation was determined by the KC1-SDS pre-
cipitation assay in DC-3F and DC-3F/SU 1000 cells. Expo-
sure to amsacrine or etoposide leads to a dose-dependent
increase in the formation of DNA-protein complexes in both
cell lines. However, at any given dose, the total amount of
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Fig. 7. Catalytic activity of topoisomerase | in nuclear extracts from
DC-3F (circf]) and DC-3F/SU 1000 (O) celis. Supercoiled pBR322 DNA
(/anes S) was incubated for 0, 1, 2, 5, 10, or 15 min with nuclear extracts
from DC-3F (lanes a-f, respectively) or DC-3F/SU 1000 (lanes g-/,
respectively) cells. S, supercoiled DNA; R, relaxed DNA. Data shown
are typical of four independent experiments with three different nuclear
extracts.

complexes is reduced by about 40% in the suramin-resistant
cells, compared with the parental cells. Similar results are
found with isolated nuclei exposed to amsacrine or etoposide,
which excludes the possibility that the effect could be due to
differential drug uptake. Furthermore, the difference in the
formation of DNA-protein complexes is not a result of quan-
titative differences in the amount of topoisomerase II present
in the two cell lines, because Western blot analysis of whole-
cell lysates shows no significant differences in the levels of
the two topoisomerase II isoforms between sensitive and
resistant cells. In contrast, Western blot analysis shows a
clear increase in the amount of topoisomerase I in the DC-
3F/SU 1000 cells, which is accompanied by an increase in the
formation of camptothecin-stabilized DNA-protein com-
plexes. This is likely the reason for the collateral sensitivity
of the DC-3F/SU 1000 cells to camptothecin.

To determine the chronological order in which the altered
sensitivities to topoisomerase I and II inhibitors occurred, a
cell line that represents an early stage in the development of
suramin resistance was studied. The results show that the
collateral sensitivity to camptothecin seems to occur later
than the acquisition of cross-resistance to topoisomerase II
inhibitors. This suggests that topoisomerase II may be more
sensitive than topoisomerase I to suramin exposure in vivo.
Alternatively, the expression of topoisomerase I could have
been up-regulated to compensate for the altered topoisomer-
ase II activity.

Suramin is a potent inhibitor of several nuclear enzymes,
such as DNA polymerase a and RNA polymerases, in vitro
(5-9). If these enzymes are also inhibited by suramin in
living cells and this plays a role in the cytotoxicity, we would
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Fig. 8. Topoisomerase lI-stabilized cleavage of SV40 DNA. Linear
SV40 DNA (lane 1) was incubated with 5 um amsacrine in the presence
of nuclear extracts from DC-3F (lane 2) or DC-3F/SU 1000 (lane 3) cells,
followed by treatment with SDS and proteinase K. Numbers on the left,
genomic positions of cleavage sites.

expect the DC-3F/SU 1000 cells to show an altered sensitivity
to drugs such as aphidicolin and cytarabine (which act on
DNA polymerase a) and actinomycin D (which acts on RNA
polymerases). However, our results show that the sensitivity
to these drugs is the same for sensitive and resistant cells.
Therefore, even a potent effect of suramin on purified en-
zymes in vitro may not reflect the in vivo situation or prove
the pharmacological importance of these targets.

To further analyze the changes in topoisomerase activities
that had occurred in the DC-3F/SU 1000 cells, 0.35 M NaCl
nuclear extracts were prepared from sensitive and resistant
cells and their properties were compared. The catalytic ac-
tivity of topoisomerase I in nuclear extracts from DC-3F/SU
1000 cells is about 2-fold higher than that in similar extracts
from DC-3F cells, as determined by the relaxation of super-
coiled DNA in the absence of ATP. This difference in catalytic
activity is consistent with the increased amount of topo-
isomerase I in DC-3F/SU 1000 cells. Nuclear extracts from
suramin-resistant cells also show about 2-fold higher cata-
lytic activity of topoisomerase II, as measured by decatena-
tion of kinetoplast DNA, compared with extracts from the
sensitive parental cells. This cannot be attributed to differ-
ential extraction of cellular topoisomerase II, because West-
ern blot analysis shows that similar amounts of topoisomer-

ase Ila and -B are present in nuclear extracts from sensitive
and resistant cells.

To evaluate the effects of amsacrine and etoposide on to-
poisomerase II in the nuclear extracts, drug-stabilized DNA-
protein complex formation was determined by the KC1-SDS
precipitation method. In contrast to the results observed for
living cells, no clear differences in the levels of drug-stabi-
lized DNA-protein complexes were apparent between the two
cell lines.

Therefore, the alterations in topoisomerase II activities in
DC-3F/SU 1000 cells include 1) about 2-fold reduction in the
formation of drug-stabilized DNA-protein complexes in vivo,
2) no quantitative changes in the amount of cellular topo-
isomerase II, 3) increased (~2-fold) catalytic activity in vitro,
and 4) no difference in the formation of drug-stabilized DNA-
protein complexes in vitro. These properties are, to the best of
our knowledge, different from those reported before for other
cell lines resistant to topoisomerase II inhibitors. The DC-
3F/SU 1000 cells may therefore be a useful model for the
elucidation of factors that can lead to low levels of resistance
to topoisomerase inhibitors.

The interpretation that seems to fit best with our data is
that the topoisomerase II in the suramin-resistant cells
could have undergone some post-translational modifica-
tions, such as increased phosphorylation. It has previously
been shown that phosphorylation of topoisomerase II by
casein kinase II or protein kinase C in vitro leads to
2-3-fold increased catalytic activity (22—24). In contrast,
phosphorylation has little effect on the level of drug-stabi-
lized cleavable complexes (25). These changes are compa-
rable to those we observed for the DC-3F/SU 1000 cells in
vitro. The in vivo effects of the phosphorylation of topoi-
somerase II are not known, but it is thought that phos-
phorylation could also play a role in the nuclear localiza-
tion of the enzyme. If the nuclear localization of
topoisomerase II is indeed altered in the resistant cells,
then this might explain the in vitro/in vivo discrepancy in
drug-induced protein-DNA complex formation.

Our results raise some fundamental questions regarding
the mechanism of action of topoisomerase II inhibitors in
general. Although all topoisomerase II inhibitors, by defini-
tion, are able to inhibit the catalytic activity of topoisomerase
II in vitro, it is generally agreed that their biological effects
might fall into two broad categories. The first group includes
the classical topoisomerase II inhibitors such as amsacrine,
etoposide, and doxorubicin, which stabilize the cleavable
complex. In this case it is probably not the inhibition of the
catalytic activity as such that is the lethal event but, rather,
the cleavable complex itself somehow triggers cell death.
This concept is supported by the finding that drug-induced
cleavable complex formation is reduced in a number of cell
lines resistant to these drugs (for a recent review, see Ref.
26). The reduced complex formation is usually associated
with a decrease in the amount and/or catalytic activity of the
enzyme.

The second group of topoisomerase II inhibitors is a
heterogenous collection of compounds that inhibit the cat-
alytic cycle at steps different from the cleavable complex
and includes fostriecin (27), merbarone (28), bis(2,6-diox-
opiperazine) derivatives (29, 30), aclacinomycin (31), novo-
biocin (32), and suramin (33). The cytotoxic effects of these
“new” topoisomerase II inhibitors are presumably a direct
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result of inhibition of the catalytic activity of DNA topo-
isomerase II, which is an essential enzyme (33, 34). There-
fore, one would expect cells resistant to this group of
topoisomerase II inhibitors to have an increased amount
and/or catalytic activity of topoisomerase II. This is con-
sistent with our present results, because the suramin-
resistant cells exibit an increased catalytic activity of to-
poisomerase II. What was initially surprising is that cells
resistant to either category of topoisomerase II inhibitors
show cross-resistance to compounds from the other cate-
gory, rather than a collateral sensitivity, which was ex-
pected based on the changes in topoisomerase II activity
and/or amounts present in cell lines resistant to the two
categories of inhibitors. The level of cross-resistance to
inhibitors from the other group is often quite modest,
compared with the level of resistance to compounds from
the same group. For example, cells resistant to 9-hy-
droxyellipticine are 140-fold resistant to amsacrine but
only 7-fold resistant to suramin under comparable condi-
tions (10). Similarily, suramin-resistant cells are 10-fold
resistant to suramin but barely 2-fold resistant to etopo-
side and amsacrine (this report). A slight cross-resistance
to new topoisomerase inhibitors has also been reported for
teniposide-resistant CEM cells (35). Taken together, these
results suggest that the two classes of topoisomerase II
inhibitors may have some, but not all, properties in com-
mon.

It is possible that the two categories of topoisomerase II
inhibitors act on the same pool of nuclear topoisomerase II.
Time-lapse, three-dimensional, wide-field microscopy of liv-
ing Drosophila melanogaster embryos injected with rhodam-
ine-labeled topoisomerase II has shown at least three differ-
ent pools of topoisomerase II associated with the
chromosomes, as well as a pool of topoisomerase II localized
in the nucleolus (36). It is currently not known what controls
the different intranuclear localizations or whether the differ-
ent pools are equally accessible to topoisomerase II inhibi-
tors. However, it is likely that the intranuclear localization
is, at least in part, determined by protein-protein interac-
tions, because topoisomerase II has been shown to form mo-
lecular complexes with casein kinase II (15) as well as with
chromosome scaffold protein 2 (37). Such complex formation
might result in a molecular environment that renders the
topoisomerase II less accessible to its inhibitors. Interest-
ingly, it has been shown that suramin can interfere with the
formation of complexes between topoisomerase II and casein
kinase II (15). It is therefore possible that long term suramin
exposure may have resulted in the selection of cells in which
such protein-protein interactions are altered.

Taken together, our results support the involvement of
DNA topoisomerases in the cytotoxic activity of suramin. We
further believe that the DC-3F/SU 1000 cells may be a useful
model for the elucidation of factors that lead to low, clinically
relevant, levels of resistance to topoisomerase II inhibitors.
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