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ABSTRACT

A camptothecin-resistant cell line that exhibits more than 600-fold
resistance to camptothecin, designated CFP@.2000, was established from

mutagen-treated A2780 ovarian cancer cells. CPT'@.2000cells also exhibit
3-fold resistance to a DNA minor groove-binding ligand Ho33342, a
different class of mammalian DNA topoisomerase I inhibitors. However,
CPT@C.2000cells exhibit no cross-resistance toward drugs such as Adria.
mycin, amsacrine, vinblastine, and 4'-dimethyl.epipodophyllotoxin. The
mRNA, protein levels, and enzyme-specific activity of DNA topoisomerase
I are relatively the same in parental and CPTR.2000cells. However, unlike
the DNA topoisomerase I activity of parental cells, which can be inhibited
by camptothecin, that of CPTR.2000 cells cannot. In addition, parental
cells after camptothecin treatment results in a decrease in the level of DNA
topoisomerase I, whereas CPTR.2000 cells are insensitive to camptothecin

treatment. These results suggested that the mechanism of camptothecin
resistance is most likely due to a DNA topoisomerase I structural muta
tion. This notion is supported by DNA sequencing results confirming that
DNA topoisomerase I of CPTR.2000 is mutated at amino acid residues
Gly717to Vol and Thr729to lIe. We also used the yeast system to examine
the mutation(s) responsible for camptothecin resistance. Our results show
that each single amino acid change results in partial resistance, and the
double mutation gives a synergetic effect on camptothecin resistance.
Because both mutation sites are near the catalytic active center, this
observation raises the possibility that camptothecin may act at the vicinity
of the catalytic active site of the enzyme-camptothecin-DNA complex.

INTRODUCTION

The topological state of DNA is an important determinant for DNA
structure and function. Two fundamentally different types of DNA
topoisornerases have been found in nature. Type I DNA topoisomer
ase breaks and rejoins only one of the two strands, whereas type II
DNA topoisomerase breaks and rejoins both strands for each DNA
strand-passing reaction (1â€”5).Through these two fundamentally dif
ferent mechanisms, the topological state of DNA is modulated; there
fore, the important biological processes, such as DNA replication,
recombination, transposition, nucleosome assembly, and transcrip
tion, can be performed (4â€”9).

Perhaps more importantly, DNA topoisomerases have been identi
fled as important therapeutic targets in cancer chemotherapy (10â€”12).
CPT3 is the representative drug that targets DNA topoisomerase I
(12â€”14).The epipodophyllotoxins (VP-16 and VM-26), the amino
acridine m-AMSA, and the intercalating anthracycline derivatives
doxorubicin and mitoxantrone target topoisomerase II (15â€”17). It has

been proposed that CPT-induced cell killing begins with CPT trapping
a covalent intermediate between topoisomerase I and DNA (12â€”14).
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The CPT-stabilized cleavage complexes lead to DNA damage through
an apparent collision with an active replication fork, producing a
double-strand break near the collision site and subsequent cell death
(18â€”20).The strong S-phase specificity of CPT supports this inter
pretation (21, 22). Additional support comes from studies with repli
cation inhibitors that have shown that transient inhibition of DNA
replication during CPT treatment can completely abolish CPT cyto
toxicity (23, 24).

The identification of DNA topoisomerases as therapeutic targets
has allowed for more rational drug design. However, a major obstacle
to successful anticancer therapy is the rapid emergence of drug
resistant subpopulations of cancer cells. Reduced levels and activities
of DNA topoisomerases represent potential mechanisms of drug re
sistance (25, 26). Other studies have demonstrated that structural
alterations of DNA topoisomerase I can confer a CPT-resistant phe
notype without affecting enzymatic activity (27â€”32).The present
work describes the isolation of an A2780 ovarian cancer cell clone
selected for resistance to CPT. The results demonstrate that the
CPT-resistant cell line CPT'@-2000 exhibits similar protein levels and

enzymatic activities of DNA topoisomerase I compared to those in
parental cells and that a mutation in the DNA topoisomerase I gene
confers CPT resistance.

MATERIALS AND METHODS

Materials. Media and sera for cell culture were purchased from Life
Technologies, Inc. Reagents for electrophoresis and the protein assay kit were

obtained from Bio-Rad. The secondary rabbit antibody and reagents for im

munoblotting were from Promega Corp. The nick translation kit was from
Boehringer Mannhein. Human topoisomerase I and II cDNAs were obtained as
described previously (33, 34). Antisera to human topoisomerase I and II were

generated in female New Zealand White rabbits using recombinant human
topoisomerase I and II polypeptides as antigens (35, 36). CPT and most other
chemicals were purchased from Sigma Chemical Co. [32P]UTP and
[a-32P]dCFP were obtained from Amersham Corp. Saccharomyces cerevisiae
strain JN2-134 (MATa, rad52::LEU2, trp, ade2â€”1, his7, ura3â€”52, isel, toplâ€”1,

leu2) and plasmid YCpGAL1-hTOP1 were kindly provided by Dr. James C.

Wang (Department of Biochemistry and Molecular Biology, Harvard Univer
sity, Cambridge, MA; Refs. 37 and 38).

Cell Culture. A2780 human ovarian cancer cells were maintainedas
monolayers in RPM! 1640 containing 10% heat-inactivated FCS, 50 units/rn!

penicillin, 50 mg/ml streptomycin, and I mM glutamine in a control atmo

sphere of 5% CO2. 95% air at 37Â°C.

Selection of CPT-resistant Mutant Cells. Exponentially growing A2780
cells were initially treated with 250 @xg/ml ethyl methanesulfonate for 20 h.

Under these conditions, cell survival was approximately 40%. Following ethyl

methanesulfonate mutagenesis, the cells were grown for 3 days in nonselective

medium to allow time for fixation of induced mutations. After 3 days, CPT was
added at a concentration of 25 ng/ml until the emergence of resistant colonies.
Following trypsinization and plating, the concentration of CPT in the medium

was increased to 50 ng/ml. With the emergence of resistant colonies, stepwise
increases of CPT concentration in cultures were performed.

Detection of the Protein Levels of DNA Topoisomerase I and II. Mono
layers that were 50â€”80% confluent were scraped and collected by centrifuga

tion. The cell pellets were lysed in 10 volumes of a 2X SDS sample buffer
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Table 1 Drug sensitivity ofparent (A2780) and CPT-resistant human ovarian cancer
(CP7@-2000) cell lines to various anticancer drugs

Proliferating cells (2 X 1ff' cells/well) were seeded in a 96-well plate overnight.
Various concentrations of drugs were added. After incubation for 96 h. the IC50 was then

measuredby 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromideassay.IC50

of A2780 cells IC50of CPTR@2000cellsCamptothecin

21 Â±5 ng/ml > 14 @sg/ml
Adriamycin 23 Â±7 ng/ml 23 Â±5 ng/ml

m-AMSA 34 Â±10ng/ml 29 Â±7 ng/ml
Colchicine 62 Â±12 ng/ml 65 Â±15 ng/ml
Vinblastine 8.5 Â±3.2 ng/mI 7.6 Â±2.5 ng/ml
VM-26 16 Â±4 ng/ml 15 Â±5 nglml

CAMPTOTHECIN-RE5ISTANTHUMAN DNA TOPOISOMERASE I

(20% glycerol, 10% f3-mercaptoethanol, 6% SDS, and 125 nmi Iris, pH 6.8)

and heated in a boiling water bath for 5 mm. Samples of each lysate (100

p@gflane)were separated electrophoretically in a 7.5% SDS polyacrylamide gel
as described by Laemmli (39), followed by electroblotting onto a polyvinyli

dene difluoride membrane. The membrane was probed with rabbit anti-human
topoisomerase I and anti-human topoisomerase II antisera, followed by an
anti-rabbit IgG alkaline phosphatase conjugate as secondary antibody (35, 36).

Color for the protein bands of DNA topoisomerase I and II was developed with
5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium.

RNA Isolation, RNA Blotting, and RNase Protection Assay. Total cy
toplasmic RNA was isolated according to the method described by Wilkinson
(40). Fifteen pg/well of RNA resolved in a 1% agarose gel containing 6.6%
formaldehyde were probed with labeled human topoisomerase I and topoi
somerase II cDNA. RNase protection assays were performed as described (41)

to detect mutations in the DNA topoisomerase I gene in CPT'@-2000cells and
to quantitate the amounts of MDR RNA of parental and various drug-resistant
cell lines.

Cytotoxicity Assays. Drug cytotoxicity assays were performed as de
scribed using the tetrazolium-based compound 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (42). Briefly, 24 h after plating, 100 @lof
drug were added to logarithmically growing cells (2 X i04 cells/well) in a
96-well plate. After incubation for 96 h, 50 @.dof 3 mg/ml 3-(4,5-dimethyl
thiazol-2-yl)-2,5-diphenyltetrazolium bromide in PBS were added, and the
cells were incubated for an additional 4 h. Eighty pA of 23% SDS in 50%
dimethylformamide were then added, and the plates were incubated overnight

at 37Â°Cto allow solubilization of the formazan crystals. The absorbance values
for each well were determined in a model MA31Oautomated EIA plate reader
at a wavelength of 550 nm. IC50s were obtained by a linear regression analysis

of percent absorbance versus log drug concentration.

Nuclear Extracts. Nuclear extracts were prepared as described (43). Cells

were harvested and washed with hypotonic solution [5 m'vipotassium phos
phate (pH 7.0), 2 mMMgC12,and 1 mr@iDTTJ and resuspended in hypotonic
solution containing 0.2% NP4O, 1 mM phenylmethylsulfonyl fluoride, and 0.1

/Lg/ml aprotinin. Nuclei were isolated by centrifugation at 12,000 rpm for 10
mm and extracted with 0.35 MNaCl in hypotonic solution. Following isolation,
glycerol was added to a final concentration of 50%, and the extracts were then
stored at â€”20Â°Cfor up to 2 weeks.

Topoisomerase I Enzymatic Assay of Nuclear Extracts. Topoisomerase
I enzymatic activity was measured by a DNA relaxation assay using super
coiled plasmid DNA pSP64 (44). Each reaction mixture had a total volume of

20 @.dcontaining 0.5 @gof supercoiled DNA, 50 mM Tris-HCI (pH 7.5), 60mM

KCI, 2.5 mMMgCl2, 0.5 mMEDTA, 50 @g/mlBSA, and varying amounts of
nuclear extracts in the presence of CPT or DMSO. The reaction mixture was

incubated at 37Â°Cfor 30 mm, terminated by adding 1%SDS, and separated on
a 1% agarose gel. One unit of topoisomerase I activity was defined as the

amount of enzyme necessary to completely relax 0.5 @gof supercoiled DNA
in 30 mm at 37Â°C.

Topoisomerase I eDNA Sequencing. RNA was isolated from A2780 and
CPTR.2000 cells as described (40). Five @.tgof RNA in DEPC treated water
were heated at 72Â°Cfor 5 mm and immediately put into an ice-bath prior to
reverse transcription. The latter was performed in a 20-pi reaction mixture

containing 1 mM of each deoxynucleotide triphosphate, 1 unitJ@.dRNase
inhibitor, 2.5 units4tl Moloney murine leukemia virus reverse transcriptase,

and 2.5 p@Mofthe 3' oligonucleotide primer (5'-2540CCTCTFCACGAGCTCT

GCC2522-3'). The mixture was successively incubated at 42Â°Cfor 50 mm, at
70Â°Cfor 15mm,andin an icebathfor 5 mmto synthesizethecomplementary
strand DNA. Oligonucleotide primers (5' primer: 5'-'65Â°TACTFCATCGA

CAAGCVFGC@9-3', and the same 3' primer) were then added to a final
concentration of 0.15 rnsi, and PCR was carried out for 35 cycles (45).
Following separation on a polyacrylamide gel, approximately 1 @gof the
purified fragment was sequenced by the dideoxynucleotide method (46, 47).

CPT Sensitivity ofYeast Cells Expressing Wild-type or Mutant Human
DNA Topoisomerase I. JN2-l34, a yeast strain lacking yeast DNA topoi
somerase I, was individually transformed with YCpGAL1-hTOP1, YCp
GAL1-hTOP1Â°717â€•,YCpGAL1-hTOPl@291,or YCpGALl@hTOPlG7hlV@29t
by treatment with lithium acetate (48). These plasmids were used for expres
sion of wild-type and mutant human DNA topoisomerase I in yeast under GAL

promoter regulation. Individual transformants were grown in minimal glucose

media lacking uracil to an A595of 0.3. Cells were pelleted and resuspended in

minimal media containing galactose in the presence of CPT at the concentra

tion of 75 p@g/ml. At the times indicated, cells were serially diluted and plated

on minimal uracil-minus plates. The number of cells forming colonies were
scored after 4 days.

RESULTS

Isolation and Cloning of CPT-resistant Mutants. The A2780
ovarian cancer line was used in the present study to isolate CPT
resistant cell lines as described in â€œMaterialsand Methods.â€•Follow
ing mutagenesis and selection in 25 ng/ml CPT, only a few clones
survived and grew as isolated colonies. One of these clones was
advanced as a population by stepwise increases of CPT to a final

concentration of 2000 ng/ml. The CPT-resistant lines proliferated
more slowly than the parental A2780 cells. The CPT-resistant subline
used in the present study, CPTR@2000,was continuously maintained in
2000 ng/ml CPT.

DrugSensitivity.Theresistanceof CPT'@.2000relativetoparental
A2780 cells to various agents is shown in Table I . The resistance is
CPT specific. CPTR.2000 and A2780 cells have similar sensitivity to
Adriamycin, m-AMSA, colchicine, vinblastine, and VM-26, but the
CPTR@2000cells were 667-fold more resistant to CPT than the A2780
cells. Cross-resistance to Ho33342, which inhibits DNA topoisomer
ase I through DNA minor groove binding, was only 3-fold (49, 50).
The large difference in CPT resistance compared to Ho33342 suggests
that CPT acts differently from Ho33342 to poison DNA topoisomer
ase I. The lack of cross-resistance to Adriamycin, m-AMSA, VM-26,
vinblastine, and colchicine suggested that the expression of MDR-I
was not increased, a finding that was confirmed by RNase protection

analysis with an MDR-I specific probe (data not shown).

DNA Topoisomerase I Gene and Protein Expression. Northern
blot analysis of total cellular RNA from A2780 and CPTR@2000 cells
revealed similar levels of expression of both topoisomerases I and II
mRNA (Fig. 1A). Immunoblotting using anti-topoisomerase I and
anti-topoisomerase II antibodies showed that the protein levels were
also similar in parental and CPTR@2000 cells (Fig. IB). These results
exclude the possibility that the basis of the CPT resistance is a change
in the level of drug target.

DNA Topoisomerase I Catalytic Activity. Having demonstrated
similar levels of topoisomerase I mRNA and protein, we examined the
enzymatic activity of topoisomerase I by measuring the DNA relax
ation activity of nuclear extracts from A2780 and CPTR@2000 cells.
The assay was performed in the absence of ATP to avoid detecting
topoisomerase II activity. As shown in Fig. 2, the plasmid relaxation
activity of nuclear extracts from A2780 was similar to that obtained

with extracts from CPT'@-2000. These findings indicate that the nu
clear extracts of A2780 and CPTR@2000 contain similar specific
activity of topoisomerase I and exclude the possibility that the basis of
the CPT resistance is a change in the topoisomerase I activity.

Sensitivity of DNA Topoisomerase I to CPT. The sensitivity of
topoisomerase I to CPT was determined using 1 unit of topoisomerase
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Fig. 1. Analysis of topoisomerase I and topoisomerase II mRNA (A) and protein levels (B) in A2780 and CPTR@2000 cells. Total cellular RNA (15 @sg)isolated from A2780 and
CPTR@2000 cells was probed with radiolabeled topoisomerase I and topoisomerase II cDNA fragments (A). Total cell lysate (100 @sg)isolated from A2780 and CFP@-2000 cells was
probed with polyclonal rabbit anti-topoisomerase I and anti-topoisomerase II antibodies (B).

of inhibition of topoisomerase I by CPT. As shown in Fig. 3, in the
absence of CPT, supercoiled DNA was completely relaxed by nuclear
extracts of both A2780 and CFT'@-2000. The addition of CPT dem
onstrated the sensitivity of A2780 topoisomerase I to this agent, as
shown by the increasing amounts of supercoiled DNA remaining. In
contrast, supercoiled DNA was completely relaxed by nuclear extracts
of CPTR@2000, even at CPT concentrations of 25 p@M.This observa
tion indicates that the resistance of CPTR@2000 is due to the insensi
tivity of topoisomerase I to CVF.

Nuclear proteins (100 ng)

CPTR@2OOOA2780

I 1 1
Nuclear proteins (ng) 0 100 30 10 100 30 10

Relaxed DNA -

Supercoiled DNA -

Fig. 2. Topoisomerase I DNA relaxation activity of A2780 and CPTR@2000 cells.
Supercoiled plasmid DNA (0.5 @g)was incubated with various amounts of nuclear
extracts isolated from A2780 and CPTR@2000 cells, respectively, at 37Â°C for 30 mm.

RelaxedDNAwasdetectedbyelectrophoresison a 1%agarosegel.Similarresultswere
obtained in two separate experiments.

I from either A2780 or CPT'@.2000, 0.5 @gof supercoiled DNA, and
varying amounts of CPT. Sensitivity of topoisomerase I to CPT
inhibition is demonstrated by the incomplete relaxation of supercoiled
DNA. The amount of supercoiled DNA remaining reflects the degree

CVFR@20OO A2780
+ + + + + +

I @1 I â€”1
CPT(@tM) 25 5 0 25 5 0 0

Relaxed DNA -

Supercoiled DNA -

Fig. 3. Effect of CFF on topoisomerase I activity of nuclear extracts isolated from
A2780 and CFTR@2000cells. Supercoiled plasmid DNA (0.5 @g)was incubated with I
unit of topoisomerase I of A2780 and CPTR@2000cells, respectively, and various con
centrations of CPT at 37Â°Cfor 30 mm. Relaxed DNA was detected by electrophoresis on
a 1% agarose gel. Similar results were obtained in two separate experiments.
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Fig. 4. Topoisomerase I depletion assay. CVFR@
2000 cells were cultured in drug-free medium for 2
days prior to assay. A2780 and CPTR@2000cells
were treated with 1% DMSO, 25 @sMCPT, or 50

@MCPT for 30 mm. The protein levels of topoi

somerase I and topoisomerase II were then exam

med by immunoblotting with anti-topoisomerase I
and anti-topoisomerase II antibodies, respectively.
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To further confirm that the resistance in CPT'@-2000is due to the
insensitivity of topoisomerase I to CPT, we performed a topoisomer
ase I depletion assay. This assay exploits the ability of CPT to trap
topoisomerase I and DNA to form a CPT-topoisomerase I-DNA triple
complex. In the presence of a denaturing agent, such as SDS, topoi
somerase I forms a covalent complex with chromosomal DNA, pre
cluding its extraction by cell lysis buffer. The degree to which
depletion occurs depends on the extent to which topoisomerase I binds
DNA, which is a function of CPT sensitivity. Prior to the topoisomer
ase I depletion assay, CPTR@2000 cells were cultured in CPT-free
medium for 2 days. Both A2780 and CPTR@2000 cells were treated
with 1% DMSO and 25 @LMor 125 p.M CPT for 30 mm. The protein
levels of topoisomerase I were then examined by immunoblotting.
The levels of topoisomerase I in A2780 extracts decreased after CPT
treatment, whereas the levels of topoisomerase I in CPTR@2000 cx
tracts remained relatively unchanged. By comparison, the levels of
topoisomerase H of A2780 and CVFR@2000extracts are unaffected by
CPT treatment (Fig. 4). Together, these results indicate that CPT
resistance in CPTR@2000 is a result of the insensitivity of topoisomer
ase I to CPT.

Detection of DNA Topoisomerase I Mutation in CPTR@2000
Cells. Because it seemed that the insensitivity of topoisomerase I in
CPTR@2000 cells was most likely a result of a structural mutation of
topoisomerase I, additional studies were conducted to identify such
acquired changes. As a first step, PCR was used to generate a series
of overlapping topoisomerase I cDNA fragments of 300 to 400 bp in
length, covering the entire coding region of the topoisomerase I gene.
These DNA fragments were subcloned into transcription vector and
used in the preparation of antisense probes. Using radiolabeled anti
sense probes, a mismatch was identified in an RNase protection assay
near the 3' end of the topoisomerase I gene (data not shown). Guided
by this finding, RT-PCR was used to clone the topoisomserase I
cDNA of both A2780 and CPTR.2000 cells, followed by sequencing
both topoisomerase I cDNAs. DNA sequencing confirmed two mu
tations in the topoisomerase I of CVfR@2000 at nucleotide residues
2361 (G to T; Gly717 to Val) and 2397 (C to T; Thr729 to Ile) (Fig. 5).

Use of a Yeast System to Confirm That the Topoisomerase I
Mutations Confer CPT Resistance. To clarify the role of the mdi
vidual mutations in CPT resistance, recombinant PCR was used to
generate topoisomerase I enzymes containing a single mutation for

analysis in a yeast system (Fig. 6). Yeast strain JN2-134, which is
devoid of yeast topoisomerase I, and plasmid YCpGAL1-hTOPl,
which can be used for expression of wild-type human topoisomerase
I in yeast, were used to examine the contribution of each mutation to
topoisomerase I responsiveness to CPT. Plasmids containing each
individual mutation, or both, were constructed and designated: YCp
GAL1-hTOP1Â°717â€•, YCpGALl-hTOPP@291, and YCpGAL1-
hTOP107t7â€•@â€•@291.JN2-134 cells were then transformed with these
plasmids, and their growth in minimal media without or with CPT was
measured. As shown in Fig. 6, JN2-l34 cells transfected with YCp
GAL1-hTOPl0717â€•@29' exhibited the greatest resistance to CPT,
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Fig. 5. Identification of individual mutant topoisomerase I by DNA sequence. Reverse
transcription and PCR were used to isolate topoisomerase I cDNA from A2780 and
CPT'@-2000 cells. Single mutation oftopoisomerase I was made by recombinant PCR. The
products were directly sequenced using the dideoxynucleotide method.
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CAMPTOTHECIN-RESISTANTHUMAN DNA TOPOISOMERASE

whereas JN2-l34 cells transfected with YCpGALl@hTOPlG7t7@' ex
hibited intermediate resistance to CPT, and JN2-134 cells transfected
with YCpGALl-hTOPf'@29' exhibited weak resistance to CPT com
pared with JN2-l34 cells transfected with wild-type YCpGAL1-
hTOPl . This result suggests that each individual amino acid substi
tution can confer partial resistance to CPT, whereas the double
mutation has an additive or synergistic effect on CPT resistance. Also,
we have used the baculovirus expression system to express the wild
type and mutant topoisomerase I proteins. These four recombinant
topoisomerase I proteins were then purified and used for CPT sensi
tivity assay. The results are consistent with the observation of the
yeast study (these data will be presented in another manuscript),
further confirming that mutations in topoisomerase I confer CPT
resistance.

DISCUSSION

Previous works have demonstrated that CPT resistance is associ
ated with either a decrease in the levels of topoisomerase I or muta
tions of topoisomerase I (25â€”32).CPT resistance due to point muta
tion(s) at the topoisomerase I gene is summarized in Fig. 7. One of the
CPT-resistant cell lines, CPT-K5, was found carrying two mutation
sites in the topoisomerase I gene (Asp533 to Gly, and Asp583 to Gly;
Ref. 27). However, further analysis revealed that only the substitution
of Asp533 to Gly is responsible for CPT resistance (27). In the other
CPT-resistant cell line, PC-7/CPT, its topoisomerase I gene bears a
single amino acid change of Thr729 to Ala (28). Another CPT-resistant

I

T729Ain pc-7/cpt( ref. 28)
F361S in U937/CR
(ref.32) D533G&D@3C

361t533H583729I
in CPT-K5 ( ref. 27)

765

717@ 729

G717v & T7291

in cvrR.2000
( thisstudy)

Fig. 7. Summary of the mutations of known CPT-resistant human topoisomerase I.

cell line, U-937/CR, shows a single amino acid change of Phe36' to
Ser in the topoisomerase I gene (32). In addition, a CPT-resistant
human topoisomserase I carrying a single mutation changing Gly363
to Cys was obtained by in vitro mutagenesis, and a Chinese hamster
topoisomerase I carrying a single amino acid change of Gly505 to Ser

was found in a CPT-resistant Chinese hamster cell line DC3F/C-10
(29, 31). Our present work describes the isolation and characterization
of a CPT-resistant cell line CPTR@2000, which carries mutations at
amino acid residue 717 (Gly to Val) and 729 (Thr to Ile), flanking the
active site tyrosine723. In contrast to previous studies that most CPT
resistant cell lines are always associated with a reduction in the
amount or catalytic activity of topoisomerase I (25â€”28,31), the
present study demonstrates that CPT'@-2000 exhibits no detectable
change in the amount and catalytic activity of topoisomerase I when
compared to the parental A2780 cell line. Thus, it is possible that the
CPT resistance exhibited by the CPTR@2000 cell line could be attrib
uted to the failure of CPT to capture the mutant topoisomerase I-DNA
complex.

Because the mutant topoisomerase I of CPTR@2000 carries a
double mutation and both mutations are symmetrically six amino
acid residues on both sides from the catalytic active residue tyro
sine723, the characteristic of the mutations of the topoisomerase I
gene in CPTR@2000 may offer new insight into the action of CPT
on the topoisomerase I-DNA complex. Each individual mutation
results in partial resistance to CPT, and the double mutation leads
to significant resistance to CPT (667-fold more resistant to CPT).
From a structural viewpoint, the proximity of both mutations to the
catalytic active tyrosine723 suggests that CPT may act in the
vicinity of the catalytic active site of the topoisomerase I-
CPT-DNA complex.

Theoretically, null mutations of the topoisomerase I gene are
expected to confer CPT resistance. However, the mutant topoi
somerase I identified in this study retains full enzymatic activity,
despite the fact that mutations occur near the active site tyrosine.
The strong selection against null mutations of topoisomerase I may
indicate an essential function of topoisomerase I in cell growth.
Indeed, recent studies in Drosophila and mice have indicated an
essential role of topoisomerase I during embyrogenesis (5 1, 52). In
this report, we demonstrate that changes in topoisomerase I se
quences are responsible for CPT resistance. However, such CPT
resistant mutants would be expected to be recessive to the presence
of any wild-type topoisomerase I. With this assumption in mind,
another question can be raised on how CPT-resistant cells could be
selected for in mammalian cells, which are mostly diploid. To
address this question, we used the genomic DNA of A2780 and
CPT'@-2000 as PCR template to characterize the topoisomerase I
gene(s). Our results clearly demonstrate that both A2780 and
CPTR@2000 cells carry both a wild-type topoisomerase I gene and
a mutant topoisomerase I gene, with mutations changing Gly717 to

1520

@363

C363Cobtained by
in vitro mutagenesis
(ref.29)

0 5 10

ci)
â€”
â€”

U

â€”
.@

C
C

.â€˜@

â€”

Time (hr)
Fig. 6. Sensitivity of yeast cells expressing either wild-type or mutant human DNA

topoisomerase I to CPT. Yeast JN2-134 were transformed with plasmids YCpGALI
hTOPl , YCpGAL 1-hTOP IG717v YCpGAL! -hTOPl@291, and YCpGAL1 -
hTOPlÂ°717'@'@291.Each transformant was grown initially in minimal glucose media in the
absence of uracil. Cells were pelleted and resuspended in minimal media containing
galactose in the presence of CPT at the concentration of 75 @g/ml.At the times indicated,
cells were serially diluted and plated on nonselective plates. The number of cells forming
colonies were scored after 4 days, and the values for each time point were divided by the
number of colonies at time zero. Each data point is the average of at least two experiments.
ELJN2-134;0, JN2-134/YCpGALI-hTOPl; 0, JN2-l34/YCpGALl-hTOPlÂ°717'@/@,
JN2- I34/YCpGALI-hTOPl'@291;and @,JN2- I34/YCpGAL1-hTOPlÂ°77V.T7291â€¢
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Val and Thr729 to Ile. We also found that A2780 cells expressed
both wild-type and mutant topoisomerase I, whereas CPT'@-2000
cells expressed mutant topoisomerase I only.4 We, therefore,
hypothesize that the wild-type allele must have been inactivated
by unknown mechanisms in CPTR@2000 cells during CPT
selection.

Initial characterization revealed that CPTR@2000 cells are almost

exclusively resistant to CPT. No cross-resistance to Adriamycin,
m-AMSA, colchicine, vinblastine, and VM-26 was observed, with
only 3-fold resistance to the DNA minor groove-binding ligand,
Ho33342, recognized as a different class of mammalian DNA topoi
somerase I inhibitors (49, 50). This CPT-resistant line, CPT'@-2000,
has also been shown to exhibit minimal cross-resistance to several
other topoisomerase I poisons, including nitidine and several proto
berberines (53). This lack of cross-resistance is in sharp contrast to the
atypical-MDR cells, which were selected against a single topoisomer
ase II poison but exhibit cross-resistance to all topoisomerase II
poisons (10). Our results, therefore, suggest that mutations near

the active site tyrosine affect the specific CPT-topoisomerase I inter
action rather than through a general mechanism of topoisomerase I
poisoning.
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