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SUMMARY
Sensitive (P388/S) and amsacrine-resistant (P388/amsacrine)
sublines of P388 leukemia were cloned in vitro and tested for
differential chemosensitivity against a panel of drugs. P388/
amsacrine, resistant both in vivo and in vitro to amsacrine, was
cross-resistant to other putative topoisomerase II inhibitors in-
cluding teniposide, etoposide, bisantrene, and doxorubicin.
P388/amsacnne, was however, as sensitive as cloned P388/S
to camptothecin, an inhibitor of topoisomerase I. The pattern of
cross-resistance suggested that an alteration in topoisomerase
II may be involved in the resistance of P388/amsacrine to these
drugs. No differences in the uptake of amsacrine were detected
between the two sublines. Cross-resistance to vinblastine was
evident in P388/amsacnne; however resistance to vinblastine
was associated with alterations in uptake or efflux of the drug.
The number of protein-concealed single-strand breaks induced
in whole cells by amsacrine, teniposide, bisantrene, and camp-

tothecin was measured. Diminished numbers of strand breaks
in the resistant subline were consistent with decreases in DNA-
protein crosslinks. In the absence of drug treatment, resistant
cells sustained approximately one-half as many single-strand
breaks and DNA-protein crosslinks as the sensitive cells during
preparation of nuclei. As measured by the P4 phage DNA un-
knotting assay, 0.35 M NaCI nuclear extracts from P388/S
contained approximately 2.3-fold more topoisomerase II catalytic
activity than did extracts from P388/amsacnne. The amount of
protein that immunoreacted with a specific antibody to calf
thymus topoisomerase II was also decreased in the resistant
cells. These data suggest that alterations in topoisomerase II
which lead to differential drug sensitivities are partially respon-
sible for the resistance of P388/amsacnne to a specific group of
drugs.

DNA topoisomerases I and II are critical nuclear enzymes

which regulate three-dimensional DNA structure (1, 2). Several

classes of cytotoxic agents, including DNA intercalators (e.g.,

amsacrine and doxorubicin) and epipodophyllotoxins, induce

topoisomerase 11-mediated cleavage of DNA in vitro (3-8) and

protein-concealed DNA strand breaks in cultured mammalian
cells (3-5, 8). Camptothecin, a potent cytotoxic plant alkaloid
which is active against a number of experimental murine neo-

plasms (9), induces topoisomerase I-mediated single-strand

cleavage of DNA in vitro (10, 11) and protein-concealed single-

strand breaks in cells (12). These drugs appear to stabilize

topoisomerase-DNA covalent complexes, which can be trapped

as “cleavable complexes” upon denaturation and protease treat-

ment (3, 6, 13, 14).

Amsacrine has been shown to have antitumor activity in

experimental animal tumor models and in humans with acute

myelogenous leukemia (15, 16). Evidence linking an interaction
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with topoisomerase II and the cytotoxicity and antitumor ac-

tivity of amsacrine has been reported (8, 17). In addition, it has

been shown that amsacrine binds to DNA (17), produces DNA

single-strand breaks (18), interacts with copper, generating free

radical-induced DNA strand breaks (19), and reacts with

sulfhydryl groups on small molecules (e.g., glutathione) and

proteins (20, 21). To define more clearly the biochemical phar-

macology of amsacrine and to provide a cellular system to

evaluate analogues of this compound, an amsacrine-resistant

subline of P388 lymphocytic leukemia (P388/amsacrine) was

developed by serial passage of tumor cells in mice treated with

amsacrine (22). Complete resistance to the antitumor effects of

amsacrine developed after 20 transplant generations of drug
exposure. Resistance to amsacrine was found to be stable in

the absence of drug exposure and did not appear to be due to

alterations in the cellular uptake or efflux of amsacrine (23).

The unique pattern of cross-resistance of P388/amsacrine may

provide a tool to help elucidate the mechanism(s) of resistance.

The cells are partially or completely resistant to a number of
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structurally unrelated drugs, including etoposide (VP-16), ten-

iposide (VM-26), mitoxantrone, and doxorubicin (22). Because
each of these agents, like amsacrine, produces protein-con-

cealed DNA strand breaks in cells (3, 4, 8) and induces topoiso-

merase Il-mediated strand cleavage of DNA in vitro (3-8), it is

possible that alterations in topoisomerase II are responsible for

resistance in P388/amsacrine. To test this hypothesis, we have
undertaken a detailed in vitro pharmacological and biochemical

comparative evaluation of the P388/S and P388/amsacrine

tumor lines. We report here the in vitro cloning of cell lines

from their respective in vivo tumors and evaluation of: 1)

chemosensitivity of the cloned lines in vitro and in vivo, 2) the

ability of putative topoisomerase II inhibitors to produce pro-
tein-concealed DNA strand breaks in whole cells and nuclei

isolated from the resistant and sensitive clones, and 3) topoiso-

merase II activity in nuclear extracts from the two cloned cell

lines. The data suggest that an alteration in drug sensitivity at

the level of topoisomerase II is in part responsible for the

chemorefractory phenotype of P388/amsacrine.

Materials and Methods

Drugs and chemical reagents. Amsacrine, teniposide, etoposide,

mitoxantrone, camptothecin, ellipticine, and bisantrene were kindly

provided by the Drug Synthesis and Design and Natural Products

Branches ofthe National Cancer Institute, Bethesda, MD. Vinblastine,

mitomycin C, dactinomycin, cisplatin, and doxorubicin were purchased
from Sigma Chemical Co., St. Louis, MO. Other reagents were pur-

chased from Sigma or Thomas Scientific, Swedesboro, NJ.

In vitro cloning and maintenance of P388 tumor cell lines.
P388/S and P388/amsacrine tumors were maintained by serial intra-
peritoneal passage in syngeneic DBA/2 mice from cryopreserved stocks,

as described previously (22). P388/S and P388/amsacrine cells were
inoculated intraperitoneally (106 cells) into DBA/2 mice. On day 7, the

aacites tumors were removed from the mice. Cells were washed twice
by centrifugation in PBS and then suspended in RPM! 1630 medium
supplemented with 20% fetal calf serum, 100 �cg/ml penicillin, 100 �g/

ml streptomycin, 10 zM 2-mercaptoethanol, and 0.6% noble agar in a

total volume of 5 ml in round bottom polypropylene tubes. Following
6-7 days of incubation at 37’ in a 5% CO2-humidified incubator,
microscopic colonies were visible. Under these conditions, the cloning
efficiency of both tumors was 0.5-1%. Individual colonies were then
removed from the soft agar and grown as suspension cultures in the
medium described above, minus agar. Cultures were determined to be
free of Mycopkisrna contamination (24). Individual cultures were stored
in liquid nitrogen. All in vitro experiments were carried out with

cultures of the clones which had undergone �30 passages.

Soft agar clonogenic assay. Cultures were treated with various
concentrations of the drugs for 1 hr at 37*� Treated cells were then

diluted (1:200) into the in vitro cloning medium and incubated for 7
days at 37� to permit development of macroscopic colonies, which were
stained with tetrazolium salts (0.1%) for 1-2 days and then enumerated

with a Biotran Ill automatic totalizer (New Brunswick Scientific Co.).

Cloning efficiency for each of the cloned tumor cell lines in this assay

was 2-3%. The mean ± standard deviation of triplicate samples was

determined for each drug concentration. The data were expressed by
plotting the log of the surviving fraction (cloning efficiency in drug-
treated samples/cloning efficiency in controls) versus drug concentra-
tion.

Cellular accumulation assay. [9-’4CjAmsacrine (102 Ci/mol,

Stanford Research Inst., Menlo Park, CA) was incubated with 2xlOe

A20 and Wt20 cells in 0.5 ml of RPM! 1630 medium (containing

supplements as described above). Cells were incubated at 37’ with

increasing concentrations of amsacrine for 30 mm or with 20 �M

amsacrine for various times from 0 to 60 mm. Cells were transferred
to glass microfiber filters in a sampling manifold (Millipore Corp.,

Bedford, MA) and were washed five times with 5 ml of cold PBS

containing 50 j�M nonradiolabeled amsacrine. Filters were then dried

and placed into scintillation vials with 5 ml of Econofluor (New

England Nuclear, Boston, MA), and cell-associated radioactivity was

measured in a Beckman LS 9800 counter (Beckman Instruments, Palo

Alto, CA). [G-3H]Vinblastine sulfate (9.8 Ci/mM; Amersham Corp.,

Arlington Heights, IL) was incubated at a concentration of 20 nM with

3x106 cells in 0.5 ml of RPM! 1630 medium (with supplements) for

time intervals up to 90 mm at 37�. At each time of measurement, 5 ml

of cold PBS were added to the cells, which were collected by centrifu-
gation at 1000 rpm for 5 mm at 45� Cell pellets were washed once with

5 ml of cold PBS, resuspended in 0.5 ml of PBS, and transferred to
vials containing 10 ml of HPB scintillation fluid (Beckman Instru-

ments) and 5 ml of H20 for determination of cell-associated radioactiv-
ity as described above.

Determination of protein-concealed DNA strand breaks.
DNA filter elution assays were performed as described by Kohn et al.

(25). Drug-treated and untreated control cells were mixed with equal

numbers of 3H-labeled cells that had been irradiated with 300 rads in

a Gammacell 40 cesium source (Atomic Energy of Canada, Ltd.) (dose

rate 134 rads/min). Cells were deposited onto polycarbonate membrane

filters (2-�cm pore diameter; Nucleopore Corp., Pleasanton, CA) and

lysed with a solution containing 0.1 M glycine, 0.025 M disodium EDTA,

2% SDS, pH 10, with or without 0.5 mg/ml proteinase K. Elution was

carried out with tetrapropylammonium hydroxide/EDTA/0.1% SDS,
pH 12.1, at a flow rate of 0.04 ml/min. Fractions were collected every

3 hours for a total of 18 hr. Single-strand break frequency was calcu-

lated and results were expressed as “rad equivalents” of DNA strand

breakage.
In experiments in which isolated nuclei were evaluated for protein-

concealed DNA strand breaks and DNA-protein crosslinks, labeled

cells were washed and incubated in radiolabel-free medium for 1 hr.

Nuclei were prepared by a modification of the method of Filipski and

Kohn (26). Cells were incubated in nucleus buffer [150 mM NaCl/1

mM KH2PO4/5 mM MgCl2/1 mM EDTA/0.2 mM dithiothreitol/10%

(v/v) glycerol/0.1 mM phenylmethylsulfonyl fluoride, pH 6.4], contain-

ing 0.15% Triton X-100 for 10 mm at 0-4� and then centrifuged and

washed with Triton-free nucleus buffer. Nuclei were incubated with

various concentrations of drug in Triton-free nucleus buffer for 1 hr

and then assayed for protein-concealed DNA strand breaks.
DNA-protein crosslinking. DNA-protein crosslinking was esti-

mated by a gravity drip method adapted by Bartus et al. (27) from

Minford et al. (28). [3H]Thymidine-labeled cells or nuclei (isolated as

described above) were deposited onto polyvinyl chloride filters (Milli-

pore Corp.) mounted in Swinnex holders (25) and lysed by passing

through the filter 5 ml of 0.2% Sarkosyl, 40 mM EDTA, 2 M NaC1, pH

10. The lysed material was washed with 2 ml of 20 mM Tris, 10 m�t

EDTA, pH 7.9. Lysis and wash fractions were collected into 20-ml

scintillation vials. Flow through the filters was interrupted by clamping

off the tubing attached to the filter units positioned beneath the

funnels, and 2 ml of Fe(II)(NH4)2(S04)2-EDTA solution were added to
each funnel to randomly degrade the DNA (29). Solutions were pre-

pared 1-2 hr before use as follows. Stock solutions of 200 mM dithio-

threitol and 5 mM Fe(NH4)2(S04)2 were prepared, the latter stirred at

room temperature for 30 mm. To 20 mM Tris-lO mM EDTA, pH 7.9,

were added Fe(!I)(NH4)2(S04)2 stock to 5 �M and dithiothreitol stock

to 1 mM. The Fe(II)-EDTA mixture was added to the funnels and kept

in contact with the lysed cells at room temperature for 30 mm, after

which it was allowed to drip from the funnels by the removal of the

clamps. Excess Fe(!I) was removed by washing with 20 m�i Tris, 10
mM EDTA, pH 7.9. Fe(II) and wash solutions were collected into 20-

ml scintillation vials. DNA fragments not attached to protein were

removed by alkaline elution with four 5-ml additions of tetrapropyl-

ammonium hydroxide (pH 12.1), each one collected into a 20-ml

scintillation vial. Radioactivity remaining on the filters and that in

each eluted fraction were determined as described previously (28), and

the fraction of the total radioactivity remaining on the filter was
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calculated. This value was considered to be directly proportional to the
extent of DNA-protein crosslinking (25), and values obtained from

various cell preparations could be compared to ascertain relative DNA-

protein crosslinking.
Preparation of nuclear extracts. Nuclei prepared from 10� cells

were resuspended in 1 ml of nucleus buffer at 4’ . Five M NaCl was

slowly added to a final concentration of 0.35 M, and nuclei were

extracted for 30 mm by gentle rotation at 4’ and then centrifuged at

1,800 rpm for 20 mm at 4�. Supernatants were collected into Eppendorf

tubes and centrifuged again at 12,000 x g for 10 mm at 4� to remove

any nuclei or insoluble material. Extracts were assayed for protein
concentration (30) or P4 unknotting activity (31), electrophoresed on
SDS-polyacrylamide gels, or assayed for topoisomerase II content by

immunoblotting within 24 hr of nucleus extraction.
Topoisomerase II assay. Topoisomerase II catalytic activity in

nuclear extracts was assayed using the P4 unknotting assay described

previously (31).

Protein gel electrophoresis and immunoblotting. Polyacryl-
amide gels (7.5%) were run at 25 mamp for 2 hr in a circulating water

bath at 4’ . Proteins were electrotransferred to nitrocellulose (0.2 �tM

pore size) for 16 hr at 60 V at 4� using a Bio-Rad Trans-Blot cell as

described (32). Blots were incubated sequentially with a polyclonal

antibody to calf thymus topoisomerase II (kindly provided by Dr. Leroy

Liu, Johns Hopkins University) and ‘9-protein A, and then dried.

Antibody-reactive proteins were visualized by autoradiography as de-
scribed by Halligan et at. (33).

Results

Selection and propogation of cloned cell lines. The
development, in vivo growth characteristics, and chemosensi-
tivity of P388/amsacrine have been reported (22). To obtain
clonally derived cell lines for in vitro characterization, P388/S

and P388/amsacrine tumors were cloned in soft agar (see

Materials and Methods). Individual clones were selected ran-

domly and established as suspension cultures. Two clones of

each tumor type were evaluated further. All four clones had

doubling times of 10 ± 1 hr and grew to approximately the

same maximum cell density (2.3 ± 0.4 x 106/ml).
In vitro chemosensitivity of clones from P388/S and

P388/amsacrine. Each clone was evaluated for sensitivity to
amsacrine in the in vitro soft agar clonogenic assay (Fig. 1).

The dose response curves obtained for the two P388/S clones

z
0

>-

z
S
0

C.)

-J
0

z
0
0

Fig. 1. Response of cloned cell cultures from P388/S [Wtl 9 (0) Wt20
(#{149})Jand P388/amsacnne [A19 (0), A20 (U)] to a 1-hr treatment with
amsacnne as determined in the soft agar colony formation assay. Values
are the result of three separate determinations in which standard devia-
tions were within 10% for each value.

(Wt19 and Wt20) were identical: 0.13 �g/ml amsacrine for 1 hr

decreased clonogenic capacity by 1 log (IC�). Although the
shapes of the dose response curves were the same for the
sensitive and resistant clones, the curves for both P388/amsa-
crine clones (A19 and A20) were shifted to the right of those

for Wt19 and 20 with IC�o values of approximately 2.5 j�g/ml
(Fig. 1). Thus, the clones selected from the amsacrine-resistant
tumor displayed approximately 20-fold resistance to amsacrine

in vitro. Wt20 and A20 were selected for further studies. Both

of these clones were maintained (in the absence of amsacrine)
as suspension cultures. The clones were routinely passed up to

40 times, during which time the A20 cells maintained a stable
level of resistance to amsacrine.

A20 and Wt20 were evaluated for their in vitro sensitivity to

a variety of structural and mechanistic types of antitumor
agents (Table 1). A20 cells were resistant to a number of agents

in whose mechanism of action topoisomerase II has been im-
plicated (teniposide, ellipticine, doxorubicin, bisantrene, and
dactinomycin). Ofall drugs tested, A20 cells were most resistant
(200-fold) to bisantrene. No cross-resistance to cisplatin or

camptothecin and only weak resistance to mitomycin C were
detected. In addition, A20 cells were resistant to vinblastine,
an agent reported to bind to tubulin (34), by a factor of 10.
When evaluated in vivo as an intraperitoneal tumor in mice

and compared to the P388/S tumor, the A20 clone maintained
resistance to amsacrine, ellipticine, doxorubicin, bisantrene,

dactinomycin, and vinbiastine (data not shown).
Cellular accumulation of amsacrine and vinblastine

by A20 and Wt20 clones. Kessel et al. (23) reported that

P388/S and P388/amsacrine cells accumulate radiolabeled am-
sacrine and daunorubicin to similar extents, suggesting that

resistance is not the result of impaired cellular drug accumu-

lation. To determine whether this phenotypic characteristic of

the P388/amsacrine tumor was retained in the A20 clone, we

measured uptake and accumulation of labeled amsacrine in A20
and Wt20 cells (Fig. 2). Following 30 mm of incubation, the

cellular accumulation of radiolabel was similar in both cell
types over a range of amsacrine concentrations (Fig. 2A). The

time course of uptake was similar in A20 and Wt20 cells exposed
to 20 �zM amsacrine, with rapid uptake and attainment of steady
state within 20 mm (Fig. 2B). In contrast, studies using [3HJ
vinblastine showed that the rates of accumulation and steady

TABLE 1
In vitro sensitivity of cloned amsac#{241}ne-sensftive and -resistant
P388 tumor lines

Drug Wt20 1C905 A20 lC� Resistance ratioc

MM �zM

Amsacnne 0.33 6.3 19
Teniposide 0.15 1.5 10
Bisantrene 0.21 43 200
Ellipticine 0.41 2 5
Doxorubicin 0.07 0.7 10
Dactinomycin 0.015 0.12 8
Cisplatin 1.7 1.7 1
Camptothecin 2.3 2.9 1.3
Mitomycin C 1 .3 3.2 2.5
Vinblastine 0.04 0.4 10

a As determined in a soft agar clonogenic a ssay following a 1 -hr exposure to thedrug.

a Concentration required to inhibit colony formation by 90% relative to control.

Values are the result of three separate determinations in which standard deviations
were within 10% for each value.

C A20 (lC�) divided by Wt20 (lC�).
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Fig. 2. Cellular accumulation of [14C]am-
sacnne by Wt20 (#{149})and A20 (0) cells.
Cells were incubated with [14C]amsacnne
at various concentrations for 30 mm (A)
or with 20 �M [‘4C]amsacnne for increas-
ing time intervals (B). Cell-associated ra-
dioactivity was determined as described
in Materials and Methods. Points repre-
sent the average of two determinations
from separate experiments, and the bars
represent their range.
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state concentrations achieved in A20 and Wt20 cells were
different. After 30 mm of incubation, the P388/amsacrine cells

accumulated approximately 75% less [3H]vinblastine than did

the P388/S cells (Fig. 3).

Formation of protein-concealed DNA strand breaks in
sensitive and resistant cells. Trapping of DNA topoisomer-

ase II by amsacrine and other putative topoisomerase II inhib-
itors can be detected in intact cells by DNA-filter elution

measurements of protein-concealed DNA strand breaks. Am-

sacrine, teniposide, and bisantrene generated far more single-

strand breaks in Wt20 than in A20 cells (Fig. 4, A, B, and D).

Camptothecin produced dose-dependent increases in single-

strand breaks in both the Wt20 and A20 cells (Fig. 4C). At the
concentrations of camptothecin tested, there were no differ-

ences in the total numbers of single-strand breaks produced in

the two cell lines. Vinblastine at concentrations up to 100 zM

produced no single-strand breaks in either cell type (data not

shown).

0.4
Cl)
-J
-I

w
C.)

a

2 0.3
x

w
z

Cl) 02
4

z
>

I

�_J.

U)

-J
0

Fig. 3. Cellular accumulation of [3H]vinblastine by Wt20 (#{149})and A20 (0)
cells. Cells were incubated with 20 �M [3H]vinblastine for increasing time
intervals of 90 mm. Cell-associated radioactivity was determined as
described in Materials and Methods. Points represent the average of two
determinations from separate experiments, and the bars represent their
range.

DNA strand breakage induced by drugs in isolated nuclei was
assayed to determine if there were cytoplasmic effects that

could have affected the yields of single-strand breaks (Fig. 5).

The differences in the numbers of single-strand breaks pro-

duced in A20 and Wt20 cells by amsacrine or teniposide were

observed in isolated nuclei, as well as in whole cells. Incubation

of nuclei isolated from either Wt20 or A20 cells with bisantrene

did not result in DNA single-strand breaks. This result is

consistent with the results of Bowden et al. (35), who demon-
strated that bisantrene and a structurally related anthracene,
mitoxantrone, both produced protein-concealed DNA strand
breaks in whole L1210 leukemia cells but not in isolated nuclei.

Production of DNA strand breaks and DNA-protein
crosslinks during the isolation of nuclei from A20 or

Wt20 cells. The Triton X-100 method of nucleus preparation
is a relatively mild technique, yet it produces DNA that elutes

more rapidly from filters than DNA from corresponding lysed

cells (26). The amount of this intrinsic DNA strand breakage

depends upon cell type. Although DNA from either Wt20 or

A20 untreated cells sustained the same negligible amount of
strand breakage, DNA from Wt20 isolated nuclei consistently

eluted more rapidly than that from A20 nuclei (Fig. 6). Because:

1) this difference in fragility ofchromosomal DNA was revealed
by detergent-based nucleus isolation, and 2) detergent treat-

ment unmasks protein-associated DNA strand breakage that is

mediated by topoisomerases (26), intact cells and isolated nuclei

were assayed for DNA-protein covalent links after 60 mm at
370 in the absence of any drug. The assay was based on that

developed by Minford et al. (28). Proteinase-sensitive retention

of randomly fragmented DNA from lysed cells on protein-

adsorbing filters (polyvinyl chloride) was taken as a quantita-

tive measure of relative DNA-protein linking (28). The filters

retained <5% of the fragmented DNA from lysed A20 or Wt20

whole cells (data not shown), but 10-20 or 30-40% of the

fragmented DNA of lysed nuclei isolated from A20 or Wt20

cells, respectively (Fig. 7). Proteinase K reduced the retention

of DNA to background amounts, confirming that DNA frag-

ments were retained by protein binding (Fig. 7). Thus, nuclei

isolated from amsacrine-resistant cells by detergent treatment

were deficient in both strand breaks and DNA-protein cross-

links assayed in the absence of drug.
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Fig. 6. Alkaline elution rates of DNA from untreated Wt20 (0, 0) or A20
(5, U), cells (0, 5) or isolated nuclei (0, ). - - -, the average elution
rate of DNA from cells irradiated with 300 rads.

this enzyme in A20 and Wt20 cells, topoisomerase II catalytic

activity was assayed in 0.35 M NaCl nuclear extracts of each

line by measuring the ability of the extracts to unknot P4 phage

DNA. Nuclear extracts from 106 cells of A20 and Wt20, con-

taming approximately equal amounts of protein, were serially

diluted to determine the maximum dilution at which one unit
of P4 unknotting activity could be measured (Fig. 8). In this
assay, P4 knotted DNA migrates as a smear representing a

heterogeneous population of DNA molecules containing various

numbers of topological knots (31). Upon the removal of the

knots via the catalytic strand-passing activity of topoisomerase

II, the circular form of P4 DNA migrates as a single band
directly above the trailing end of the smear representing knot-

ted DNA. One unit of enzyme is defined as the amount of
enzyme required to completely unknot 0.4 �tg of P4 DNA. As
shown in Fig. 8, the extract from A20 cells contained one unit

Altered Topoisomerase II in Amsacrine-Resistant P388 Leukemia 21

DRUG CONCENTRATION (MM)

Fig. 5. Concentration dependence of protein-concealed DNA single-
strand breakage in isolated nuclei from Wt20 (#{149})or A20 (0) incubated
with amsactine (A) or VM-26 (B). Nuclei were lysed in the presence of
0.5 mg/mI proteinase K. Data are averages from two or more independ-
ent experiments; the average error of the alkaline elution assay is 10-
15%.

Topoisomerase II activity in 0.35 M NaCl extracts
from A20 and Wt20 nuclei. Differences in the sensitivity of
A20 and Wt20 to the protein-concealed DNA strand breakage

that were: a) induced by topoisomerase II inhibitors, and b)

observed in isolated nuclei without drug exposure could be due
to quantitative and/or qualitative changes in their topoisomer-

ase II. To test whether there were quantitative differences in

Fig. 4. Concentration dependence of protein-con-
coaled DNA single-strand breakage in Wt20 (#{149})or
A20 (Lx) cells incubated with amsacrine (A), VM-26
(B), camptothecin (C), and bisantrene (D). Cell lysis
occurred in the presence of 0.5 mg/mI proteinase K.
Data were calculated from alkaline elution kinetics as

described by Kohn et al. (25). Data are averages from
two or more independent experiments. The average
error of the alkaline elution assay is 10-15%.
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Fig. 7. DNA-protein crosslinks in nuclei isolated from Wt20 (5) and A20
(A) cells. Radiolabeled nuclei were isolated by the Triton method and
incubated at 37#{176}for increasing time intervals in nucleus buffer and then
lysed with (0, t�) or without (5, A) 0.5 mg/mI proteinase K. The nuclei
were eluted from polyvinyl chloride filters and the fraction of the total
[3H]DNA retained on the fifters was measured. Points represent three
determinations and the bars indicate standard errors.

of enzyme at a dilution of 1:400, whereas the Wt20 extract
contained one unit of enzyme at 1:800. Thus, when the extracts

were normalized for equivalent protein concentration, those of

Wt20 nuclei contained approximately 2.3-fold more topoiso-

merase II activity than did those of A20 nuclei. This result was

obtained in three independent experiments in which topoiso-

merase II activity in nuclear extracts of Wt20 was 1.7-, 1.9-,

and 3.2-fold that in A20 extracts. The amount of topoisomerase

II in each cell type was determined using a polyclonal antibody
to topoisomerase II isolated from calf thymus (33). As indicated

by immunoblot analysis, the number of topoisomerase II mol-

ecules in Wt20 and A20 cells differed as well.

In lysates of both Wt20 and A20 cells, the antibody reacted

primarily with two proteins of molecular weights 173,000 and

164,000 (Fig. 9). These proteins were observed in whole cell
lysates and in nuclear extracts, in both of which the ratio of

the 164-kDa protein to the 173-kDa protein was greater in
Wt20 than in A20 cells. The ratio of the total of 164 kDa +

173 kDa protein from A20:Wt20 was approximately 3:1 as

determined by densitometric analysis of immunoblots for both

whole cells and nuclear extracts, in good agreement with the

ratios of P4 unknotting activity (see above). Immunoblot anal-
ysis of Wt20 or A20 nuclear pellets, after extraction, demon-
strated that extraction had removed 90-95% of both 164- and
173-kDa topoisomerase II antibody-reactive proteins (data not

shown).

Discussion

These studies were performed to establish an in vitro system

to assess the role of topoisomerase II in multiple drug resist-

ance. Consistent with such a role, the cell line that we have
cloned from the P388/amsacrine tumor is resistant to amsa-

crine-induced cell killing and production of protein-concealed
DNA strand breaks. Moreover, the congruity of biochemical

and biological data obtained with other, structurally diverse
compounds known to interact with topoisomerase II strongly
suggests that a change in drug sensitivity at the level of this

target enzyme is involved in the resistance of A20 cells to a

variety of antineoplastic agents.
Recently, a number of reports have implicated topoisomerase

II in the resistance of various cell lines to intercalators and/or

epipodophyllotoxins. For example, 20-fold resistance to epipo-

dophyllotoxins was obtained by mutagenesis and single-step
selection in Chinese hamster ovary cells (36). This cell line was
subsequently found to be resistant to a variety of other anti-
neoplastic agents (37). Glisson et al. (38) have shown that the

multidrug resistance phenotype of these cells may be the result

of a qualitative change in topoisomerase II that alters the
interaction of drugs with the enzyme or enzyme-DNA complex.
Pommier et al. (39) investigated the mechanism of resistance

of a Chinese hamster lung cell line selected for resistance to 9-
hydroxyellipticine; the cells are also resistant to amsacrine,

daunorubicin, vincristine, and methotrexate (40). Although

their resistance to some of the drugs could in part be due to

reduced uptake, as is common in pleiotropic resistance, the

cells were not deficient in the uptake of 9-hydroxyellipticine,

1 2 3 4 5 6 7 8 9 10

P388/

AMSACRINE

P388

11 12 13 14 15 16 17 18 19 20

- Unknotted

J.Knotted Fig. 8. DNA strand passing activity of 0.35 M NaCI
extracts of nuclei from A20 (lanes 2-10) and Wt20
(lanes 12-20). Nuclear extracts from 1 06 cells at
dilutions of 1 :1 2,800(lanes 2 and 12), 1 :6,400 (lanes
3 and 13), 1 :3,200 (lanes 4 and 14), 1 :1 600 (5 and
15), 1:800 (6 and 16), 1:400 (7 and 17), 1:200 (8
and 18), 1:100 (9 and 19), and 1 :50 (10 and 20)
were incubated with 0.4 �g of P4 DNA and analyzed
on 0.7% agarose gels as described previously (31).
Lanes 1 and 1 1 contain P4 DNA incubated in the
absence of nudear extract.
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1 234

-173
-164

Fig. 9. lmmunoblotting of SDS-polyacrylamide gel of A20 (lanes 1 and
3) and Wt20 (lanes 2 and 4) whole cell lysates (lanes 1 and 2), 0.35 M

NaCI extracts of isolated nuclei (lanes 3 and 4). Lanes 1 and 2 contained
the amount of material normalized to 1 06 cells. Lanes 3 and 4 contained
the amount of material normalized to 106 nuclei. Equivalent amounts of
protein were loaded into lanes 3 and 4. The samples were run into a
7.5% polyacrylamide gel, transferred to nitrocellulose, and assayed for
their reactivity to rabbit anti-topoisomerase II antiserum. Right, molecular
weights (kDa) as determined by molecular weight markers run in the gel.

amsacrine, or etoposide but, rather, in protein-concealed DNA

strand breakage induced by these drugs (40). Recent studies

suggest that a line of P388 leukemia cells is resistant to doxo-
rubicin by a mechanism that is independent of the presence of

an energy-driven active extrusion pump (41). The resistant

cells are characterized by a marked reduction in anthracycline-
induced, protein-concealed DNA strand breakage which cannot

be accounted for by reduced intracellular drug accumulation. A
similar pattern of cross-resistance to putative topoisomerase II

inhibitors has also been identified in an amsacrine-resistant

subline of HL-60 human leukemia (42).

The A20 clone of P388 leukemia described here has a number

of pharmacologic and biochemical characteristics in common

with those of the intercalator or epipodophyllotoxin-resistant

lines described above. The observation that amsacrine and

teniposide produce far fewer protein-concealed DNA strand

breaks in A20 whole cells or isolated nuclei than in Wt20 cells

or nuclei suggests that resistance is linked specifically to a

decrease in topoisomerase Il-mediated damage in DNA. Con-

sistent with this specificity is the finding that camptothecin,

an inhibitor of topoisomerase I (12), is equally toxic to both

A20 and Wt20 cells and induces the same amount of protein-

concealed DNA strand breakage in both. Given that resistance

of A20 to amsacrine does not appear to be due to altered

transport of the drug, a plausible cause of resistance is a

modification of either topoisomerase II itself or of some other

factor which participates in its regulation, expression, or func-

tion.

A20 cells appear to be deficient in two kinds of lesions that

are associated with the action of topoisomerase II on DNA:
DNA-protein crosslinks detected in the absence of drug (Fig.

7) and DNA strand breaks induced by a topoisomerase-acting

drug (Fig. 4). Although these results do not prove that topoiso-

merase II generated the strand breaks or DNA-protein cross-

links in cells or nuclei, they demonstrate a difference between

A20 and Wt20 cells in the response of intact chromatin to

treatment with detergent or topoisomerase Il-active drugs.

Both treatments are known to produce the intermediate or

“cleavable” complex of the topoisomerase II reaction (14). A20

cells contain fewer topoisomerase II molecules and lower to-

poisomerase enzymatic activity per cell than do Wt20 cells

(Figs. 8 and 9), consistent with fewer topoisomerase-mediated

DNA lesions. It has been reported that levels of topoisomerase

II activity are directly correlated with sensitivity to drugs such
as etoposide and doxorubicin (43, 44). In addition, preliminary

studies have shown that amsacrine- or teniposide-induced DNA

double strand cleavage of purified plasmid DNA mediated by
Wt20 nuclear extracts is 5 to 10 times greater than that
mediated by A20 extracts.’ We are currently determining

whether this difference is due to changes in the target enzyme

or is the result of some other factor which modulates the
interaction of the drugs with topoisomerase I! differentially in

A20 and Wt20 cells. The latter would be similar to the 9-
hydroxyellipticine-resistant subline of Chinese hamster cells,
whose resistance to topoisomerase II inhibitors is due not to

the absence of drug-sensitive topoisomerase I! but, rather, to
the presence of a 55-kDa modulating factor that may be related

to topoisomerase I (39). As shown in Fig. 9 and described in

Results, two major proteins in P388 cells react with a polyclonal

topoisomerase II antibody and differ in relative amounts in
A20 and Wt20 cells, there being more of the 164-kDa protein,

relative to the 173-kDa protein, in Wt20 cells than in A20 cells.
Recent data from our laboratory have demonstrated that, upon

isolation from P388 cells, both proteins possess toposiomerase

I! activity, and have suggested that the 164-kDa protein is not

a proteolytic fragment of the 173-kDa protein. In addition, the
catalytic activity (P4 DNA unknotting) of the 164-kDa protein

is approximately 5- to 10-fold more sensitive than that of the

173-kDa protein to the inhibitory effects of amsacrine.2

A20 cells were more resistant to bisantrene than to amsa-

crine, to which resistance was generated in vivo (Table 1).
Bisantrene produces protein-concealed DNA strand breaks in

cells (Fig. 4; Ref. 35) but not in isolated nuclei (34)3 and inhibits

the catalytic activity of purified topoisomerase II (7). Cross-

resistance of A20 cells to bisantrene is consistent with its anti-

topoisomerase II activity and protein-associated strand break

production. However, we cannot account for the approximately

10-fold greater resistance of A20 cells to bisantrene than to

amsacrine on the basis of protein-associated, single-strand

breakage. At the IC,� (drug concentrations giving 10% survival),

amsacrine produced 5-7 times and bisantrene 10-15 times as

many strand breaks in Wt20 as in A20 cells. This result is not

unexpected, as cytotoxicity may not be proportional to the

numbers of protein-concealed single-strand breaks (35, 45). As

bisantrene does not produce protein-free DNA strand breaks
in L1210 cells (35), free-radical mechanisms are unlikely. En-
hanced resistance to bisantrene may be due to effects other

than the interaction of the drug with topoisomerase Il-DNA.

The fact that no breaks are produced by bisantrene in isolated

nuclei could mean that cellular activation of the drug (in which

A20 cells could be defective) is required for its topoisomerase-
DNA interaction, or that perturbations of chromatin structure

by nucleus isolation render the chemical microenvironment

unfavorable for drug-DNA-topoisomerase interactions. Our

data do not permit us to distinguish among several possible

explanations, including increased drug efflux (see below), for

enhanced resistance of A20 cells to bisantrene.

1 � R. Per, and H. F. Bartus, unpublished observations.

2 F. H. Drake, J. P. Zimmerman, F. L. McCabe, H. F. Bartus, S. R. Per, D. M.

Sullivan, W. E. Ross, M. R Mattern, R. K. Johnson, S. T. Crooke, and C. K.
Mirabelli, submitted for publication.

3 5. R. Per, unpublished results.
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The in vitro and in vivo cross-resistance pattern of A20 cloned

cells was not entirely consistent with that reported for the
P388/amsacrine tumor from which the clone was derived.

While the cloned cell line, like P388/amsacrine, is resistant to

agents known to produce topoisomerase Il-mediated DNA dam-
age, it is also cross-resistant to a number of agents to which

the original P388/amsacrine tumor was sensitive. These agents

include dactinomycin, for which there is evidence of interaction

with topoisomerase II in vitro (7). There are no data indicating

that vinbiastine or mitomycin C interacts with topoisomerase

II. Although the mechanism of action of vinblastine and related

Vinca alkaloids has not been clearly elucidated, the agents

appear to produce cytotoxic effects by interaction with tubulin

and microtubules (34). Although we have not investigated the

possibility that alterations in tubulin levels and/or Vinca-

binding sites on tubulin in A20 cells could contribute to their
apparent 20-fold resistance to vinblastine, the data suggest that

resistance may be in part related to decreased uptake and/or
increased efflux of the drug (Fig. 3). Tsuruo et a!. (46) have
described a Vinca-resistant P388 tumor line, the resistance of

which was clearly linked to an enhanced rate of drug efflux.

Recently, a number of multidrug-resistant cell lines have been

isolated which are resistant to Vinca alkaloids, doxorubicin,

actinomycin D, and other agents (47, 48). Decreased drug

accumulation as a result of increased drug efflux has been

demonstrated in such multidrug-resistant cell lines (49). These

multidrug-resistant cells contain and express an amplified gene,

mdrl, which is transcribed into a 4.5-kilobase mRNA (50-53)

and translated into a 170-kDa membrane glycoprotein (54, 55).

This protein appears to bind to the drugs and transport them

out of the cell. Therefore, the resistance to vinblastine as well

as some degree of the total level of resistance to doxorubicin,
actinomycin D, and bisantrene may be mediated in part by an

overexpression of the 170-kDa membrane glycoprotein by the

A20 cells. It is unclear whether the additional resistance of the

A20 clone to vinblastine relative to the P388/amsacrine tumor

characterized originally is the result of subsequent passage of

the tumor in vivo. We have been unable to reestablish the

comparative in vivo chemosensitivity profile of the uncloned

P388/amsacrine subline, due to changes in its growth kinetics.

Alternatively, the potential for changes in the phenotype of

cloned cells derived from heterogeneous polyclonal tumors has

been demonstrated (56). In order to investigate this as a poten-

tial explanation for the vinblastine resistance in A20 cells, we

are currently evaluating the in vivo chemosensitivity of A20
and Wt20.

The data presented herein, directly linking resistance to

amsacrine, other intercalators, and epipodophyllotoxins to a

decrease in drug-induced, protein-concealed DNA strand

breaks and showing changes in the amounts of topoisomerase
II in resistant cells, provide further support for topoisomerase

II as a major target of these drugs. The cloned, amsacrine-
resistant A20 cells will provide a model to evaluate both in
vitro and in vivo the biochemical mechanisms which underlie

topoisomerase Il-mediated resistance in tumors.
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