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ABSTRACT

In Chinese hamster ovary cells, stable mutants that exhibit 250- to
350-fold resistance to camptothecin (Cpt" mutants) have been isolated
from mutagen-treated cultures. The < pi" mutants exhibited no cross-
resistance towards drugs such as colchicine, vinblastine, taxol, or puro-
iiiyi in but showed slightly (2- to 3-fold) enhanced sensitivity towards
various drugs that inhibit DNA topoisomerase II (namely teniposide,
etoposide, doxorubicin, mitoxantronc, amsacrine, ellipticine), suggesting
that the genetic lesion in these mutants was highly specific. In contrast
to the wild-type cells, the Cpt" line was resistant to camptothecin-induced

DNA strand breaks as measured by alkaline cintimi. Biochemical studies
revealed that in Cpt" mutants the cellular activity as well as protein
content of DNA topoisomerase I were reduced to about 40-50% of the
level in wild-type cells. Normal levels of activity and content were
observed for the related enzyme DNA topoisomerase II. Studies with
DNA topoisomerase I purified from the wild-type and the mutant cells
showed that the enzyme from the Cpt" cells was markedly resistant to
camptothecin as assayed by the drug's effects either on relaxation of
supercoiled DNA or on stabilization of the covalent enzyme-DNA inter
mediate. The presence of a camptothecin-resistant form of DNA topoi
somerase I in the mutant cells provides further evidence that this enzyme
is the cellular target of camptothecin. Cell hybridization studies between
the Cpt" and Cpi cells showed that the hybrids formed between these

two cell lines were sensitive to camptothecin. The recessive behavior of
the Cpt" mutation provides a plausible explanation for the reduced
topoisomerase I content (about one-half of wild-type cells) of the mutant
cells and also for their enhanced sensitivity towards inhibitors of topoi
somerase II.

INTRODUCTION

There is growing evidence that the nuclear DNA topo-
isomerases, which catalyze the concerted breakage and reunion
of either one or both DNA strands (type I or II enzymes,
respectively), provide an important cellular target for the cyto-
toxic and chemotherapeutic action of a number of different
anticancer drugs (1-9). To understand the role of DNA topo-
isomerases in the mechanism of action of anticancer drugs, we
and others have used genetic and biochemical approaches in
which mutants of mammalian cells resistant to presumed DNA
topoisomerase inhibitors are isolated and characterized at the
cellular and subcellular levels (10-18). Using this approach we
have shown previously that mutants of CHO2 cells selected for
resistance to the epipodophyllotoxins VP 16 and VM26 (VpmR
mutants) contained a biochemically altered form of DNA to-
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poisomerase II that was resistant to the drug-stimulated DNA
strand cleavage (11,13, 14, 19). The specific alteration in DNA
topoisomerase II in these mutants provides strong evidence that
this enzyme is the main cellular target of the epipodophyllotox
ins. The cross-resistance of the VpmK mutants to other antican-

cer drugs such as amsacrine, mitoxantrone, doxorubicin, and
other epipodophyllotoxin derivatives suggests that DNA topo
isomerase II is a common target for the above drugs (13, 20).

Recent studies on the plant alkaloid camptothecin, which is
active against a number of experimental tumors (21-24), have
shown that this drug stimulates site-specific cleavage of DNA
in the presence of purified DNA topoisomerase I (25). Camp
tothecin appears to stabilize the covalent enzyme-DNA inter
mediate which is generated during DNA topoisomerase I catal
ysis. Consistent with this mechanism, Mattern et al. (26) re
ported that camptothecin-produced protein concealed single
strand breaks in treated cells. To further establish the role of
DNA topoisomerase I in the mechanism of action of CPT, we
now describe the isolation and characterization of CptH mutants

of CHO cells. The results indicate that resistance is due to the
presence of a mutant form of topoisomerase I and they provide
strong evidence that DNA topoisomerase I is indeed the cellular
target for camptothecin.

MATERIALS AND METHODS

Cell Lines and Culture Conditions. The parental CHO cell line which
has been used for mutant selection is referred to as WT in our work
(11, 14, 27). The selection of CptR mutants is described in the text. The
cell hybrids between Cpt" mutants and a CPT-sensitive cell line, EOT,

derived from WT cells after successive selections in presence of emetine,
ouabain, and 6-thioguanine (28) were selected using procedures similar
to those described earlier (28, 29). The various cell lines were routinely
grown in monolayer culture at 37Â°Cin Â«-minimalessential medium

supplemented with 5% fetal bovine serum, in the absence of any
selective drugs.

Selection of Mutants. Selection of mutants was carried out by pro
cedures similar to those used earlier (11, 27). Exponentially growing
WT cells were treated with 300 ^g/ml of the mutagen ethyl methane-
sulfonate for 20 h. This treatment results in about 50% cell killing. The
mutagen-treated cells were grown for 3 days in nonselective medium to
allow time for mutation fixation. The selection of mutants was carried
out by plating 5 x IO5cells/100-mm-diameter dish on several dishes in

medium containing 140 nM CPT. The plating efficiencies of the cells
were determined by concurrently plating a known number of cells in
nonselective medium. The mutation frequencies observed were cor
rected for plating efficiency.

Cross-Resistance Studies. The sensitivity of any cell line towards a
given drug was determined by seeding 100-250 cells, in duplicate, into
the wells of 24-well tissue culture dishes, containing various dilutions
of the drugs in growth medium (11, 30). Controls contained an equiv
alent amount of solvent in place of the drug. The dishes were incubated
for 6-7 days at 37Â°Cin a CO; incubator and stained for about 30 min

with 0.5% mÃ©thylÃ¨neblue in 50% methanol, and the number of colonies
in each well was scored. From the relative plating efficience of the cell
lines in the presence of different drug concentrations, I>,, values were
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calculated. The degree of resistance of any cell line was obtained from
the ratios of the D10values of the drug for the mutant versus the parental
WT cell line.

Alkaline Elution. Camptothecin-induced DNA single-strand breaks
were estimated by a high sensitivity alkaline elution assay as described
by Kolin et al. (31) and quantitated in terms of radiation equivalents.
The lysis solution was 2% SDS-20 mM disodium EDTA-0.5 mg/ml
proteinase K at pH 10.0. Polycarbonate filters were used for elution.

DNA Substrates. pSVOCAT DNA, isolated as described previously
(32), was kindly provided by Dr. Tom Rowe. Plasmid pDPT2789 DNA
(approximately 6400 base pairs; >95% Form I), a high copy number
derivative of pDPT270 purified by a Triton-cleared lysate method and
CsCl/ethidium bromide isopyknic centrifugation (33), was kindly pro
vided by Dr. Dean Taylor. [3H]kDNA; specific activity, 18,000 cpm/

Mg,was extracted from Crithidia fasciculata according to the method
of Englund (34).

Purification of Topoisomerase I. All buffers contained 10 mM 2-
mercaptoethanol and 0.5 mM phenylmethylsulfonyl fluoride, added
immediately before use. All topoisomerase I purification procedures
were performed at 4Â°C.Approximately 5 x 10* CHO cells (WT or
CptR-B-cells) were suspended in lysis buffer (5 mM potassium phos
phate, pH 7.0-2 mivi MgCb-O.l mM EDTA) and Triton X-100 was
slowly added to a final concentration of 0.5%. After 15 min, the
suspension was centrifuged at 3000 rpm for 5 min. The nuclei were
washed with lysis buffer and suspended in 100 ml of lysis buffer, and 5
M NaCl was added to a final concentration of 0.35 M. After 60 min at
4Â°C,with intermittent swirling, the suspension was centrifuged at 3000

rpm for 5 min and the supernatant was collected. Ammonium sulfate
was slowly added to a final concentration of 0.314 g/ml, the suspension
was centrifuged to remove insoluble protein (which was devoid of
topoisomerase I activity), and the supernatant was loaded onto a phenyl
Sepharose column. The column had been equilibrated with 2 M am
monium sulfate in PS buffer and was developed with an ammonium
sulfate gradient from 2 to 0 M, in PS buffer, with a flow rate of 1 ml/
min. The topoisomerase I from the WT cells eluted at approximately
0.3 M ammonium sulfate; the enzyme from the CptR-B cells eluted at

1.8 M ammonium sulfate. The active fractions were pooled, dialyzed
for 3 h against PS buffer, and loaded onto a hydroxyapatite column.
The column was washed with 200 mM potassium phosphate, pH 7.0-
0.5 mM EDTA-10% glycerol and then developed with a gradient from
0.2 to 1.0 M potassium phosphate (in 0.5 M EDTA-10% glycerol) at 1
ml/min. Both enzymes eluted at approximately 0.6 M potassium phos
phate. The active fractions were pooled, dialyzed into storage buffer
(70 mM potassium phosphate, pH 7.0-0.5 mM DTT-0.1 mM EDTA-
50% glycerol), and stored at â€”¿�20Â°C.The specific activity of the enzyme
from the WT cells was 1.25 x 10' units/mg, while the CptR-B enzyme
had a specific activity of 3.33 x IO7units/mg (1 unit fully relaxes 1.6

Mgof pDPT2789 DNA as described below).
Topoisomerase I Cleavage of Supercoiled DNA. The procedure was

performed as described (25) with some modifications. Each reaction
mixture (20 M!)contained 100 ng supercoiled pDPT2789 DNA (1.2 DM
plasmid concentration), 40 mM Tris-HCl (pH 7.5), 100 mM KC1, 10
mM MgCb, 0.5 mM DTT, 0.5 mM EDTA, 50 Mg/ml BSA, 160 units
topoisomerase I, and drug or methanol (as noted). The order of addition
was buffer, DTT, DNA, drug, and topoisomerase/BSA. The reaction
mixture was incubated at 37Â°Cfor 30 min and terminated by the

addition of 5 M' of a prewarmed solution containing 2.5% (w/v) SDS
and 0.75 mg/ml proteinase K. The mixture was incubated at 37Â°Cfor

60 min and treated with 3 n\ of loading solution (20% Ficoll-0.025%
bromophenol blue), and the samples were electrophoresed on 1%
agarose containing 0.5 Mg/ml ethidium bromide at 40 V for 16 h. After
electrophoresis, the gel was destained and photographed under transil
lumination with 300 nm UV light. The negative of the gel photograph
was scanned with an 1KB 2202 densitometer and the percentage of
Form II DNA relative to the total DNA for each lane was quantitated
by integration with an HP-3390 integrator. The percentage of Form II
for each lane was corrected for the Form II contaminant in the starting
material (3-6%).

Topoisomerase I Relaxation of Supercoiled DNA. Column fractions
and crude nuclear extracts were assayed for DNA relaxation activity as

described previously (35), using plasmids pDPT2789 and pSVOCAT.
Reaction mixtures measuring the inhibition of DNA relaxation by CPT
contained 1.6 Mgsupercoiled pDPT2789 DNA (19 nM plasmid concen
tration), 50 mM Tris-HCl (pH 7.5), 60 mM KC1, 2.5 mM MgCl2, 0.5
mM EDTA, 50 Mg/ml BSA, 0.5 mM DTT, 1 unit topoisomerase I from
WT cells, or 1 unit topoisomerase I from Cpt"-B cells, and drug or

dimethyl sulfoxide (as noted). The reaction mixture (20 M!)was incu
bated at 37Â°Cfor 30 min, and 5 M'were removed and terminated with

SDS/Ficoll stop mix (final concentrations, 0.5% SDS, 2% Ficoll, and
0.025% bromophenol blue). The samples were loaded onto a 1%
agarose gel without ethidium and electrophoresed at 40 V for 16 h.
Ethidium gel analysis demonstrated that no enzyme-dependent DNA
nicking occurred with this low quantity of topoisomerase I (data not
shown). Relaxation of supercoiled DNA was quantitated from photo
graphic negatives using a Model SL-TRFF densitometer and Zenith
Videophoresis II integrator.

DNA Topoisomerase II Activity Assay. Various amounts of nuclear
extracts were incubated for 30 min at 30Â°Cwith 1 Mgof ['HJkDNA in

a final reaction volume of 40 n\ containing 50 mM Tris-HCl (pH 7.5),
85 mM KC1, 10 mM MgCl2, 0.5 mM DTT, 0.5 mM EDTA, 1 mM ATP,
and 30 Mg/ml BSA. Reactions were stopped by the addition of 5 M'of
2.25% SDS, after which kDNA networks were sedimented by centrif
ugation at 13,000 rpm for 10 min at room temperature. Using this
procedure kDNA minicircles remained in the supernatant while the
networks formed a pellet. An aliquot of the supernatant was counted
in 10 ml AHÂ»assure.Topoisomerase II activity was expressed as per
centage of decatenation of 1 Mgof kDNA.

SDS-Polyacrylamide Gel Electrophoresis and Western Blotting. Log
arithmically growing cells were harvested and washed twice with ice-
cold phosphate-buffered saline. After the final centrifugation [2000
rpm, 10 min] cells were lysed at 107/ml in SDS-sample buffer [50 mM
Tris-HCl (pH 7.5)-2% SDS-5% 2-mercaptoethanol-10% glycerol-1
mM phenylmethylsulfonyl fluoride-0.0025% bromophenol blue]. NaCI
nuclear extracts (0.35 M)were diluted into 4x SDS sample buffer (final
concentration, Ix). All of the samples were boiled for 8 min, electro
phoresed on 7.5% polyacrylamide gels, and transferred electrophoreti-
cally to nitrocellulose filters. Filters were probed with topoisomerase I
or II antisera (kindly provided by Dr. Leroy Liu, Johns Hopkins
University), which were then stained using a goat anti-rabbit alkaline
phosphatase conjugate (Bio-Rad Laboratories, Richmond, CA).

Chemicals. Camptothecin lactone (NSC 94600) was obtained from
the Drug Synthesis and Chemistry Branch of the National Cancer
Institute, Bethesda, MD. A 10 mM stock solution of the drug was
prepared in dimethyl sulfoxide and suitably diluted in appropriate
aqueous medium just prior to use. The sources of other drugs and
chemicals have been described earlier (11, 13, 36).

RESULTS

Selection of Camptothecin-resistant Mutants. The cloning
efficiency of WT CHO cells in medium containing increasing
concentrations of CPT is depicted in Fig. 1. CPT caused a
sharp decline in cloning efficiency of WT cells between 3 and
10 HM; at 60 nM CPT no colonies were observed from a total
of 1 x IO5 cells. The selection of resistant mutants was at
tempted in both control and mutagen (ethyl methanesulfonate)-
treated cultures using 140 nM CPT. While no resistant colonies
were observed from a total of 2 x IO6viable cells in the control
cultures (spontaneous mutation frequency, <5 x 10~7),resistant
colonies appeared at a frequency of about 2-3 x 10~6 in the

mutagen-treated cultures. A number of these colonies were
picked and grown in nonselective medium, and their degree of
resistance towards CPT was subsequently examined. The four
clones which were examined in this regard all proved highly
resistant to CPT. Representative data for two of these clones is
shown in Fig. 1. Based upon their Dio values for CPT, these
clones showed 250- to 350-fold resistance to the drug. The
various resistant clones grew at about the same rate as WT cells
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Fig. l. Dose-response cunes towards camptothecin of the WT, Cpt" mutants,
and Cpt* x Cpts hybrid cell lines. WT, O; EOT (Cpts), â€¢¿�;CptR-A, â€¢¿�:Cpt"-B, A;
Hyb EOT x Cpt"-B-l, D; hybrid EOT x Cpt"-B-2, A.

Table I Cross-resistance/collateral sensÃtivitypattern of Ine Cpt" mutants toward

other drugs/inhibitors
The DIOvalue of the WT and Cpl*-B cell lines toward various compounds was

determined in parallel as described in "Materials and Methods." Assuming the

D,Â»value of the drug for the WT cells to be 1. the degree of sensitivity of the
mutant cell line was calculated from the ratios of the Dm values for the two cell
lines.

CompoundCamplothecinVinblaslineColchicineTaxolPuromycinAdriamycinAmsacrine1

lhplH.ru-MitoxantroneVPI6(etoposide)VM26

(teniposide)DIO

value forthecell
lines"(nM)WT

Cpt"-B4.3

1,40011
11ISO
15095

955.3
5.340
1611
5.10.81
0.490.58

0.23500
17038

15Relative

resistance/sensitivity
ofthemutant

cellline"333-fold

(resistance)No
changeNo
changeNo
changeNo
change2.5-fold
(sensitive)2.3-fold
(sensitive)1.7-fold
(sensitive)2.5-fold
(sensitive)3.0-fold
(sensitive)2.5-fold

(sensitive)

and their resistance to CPT was found to be stably maintained
upon prolonged growth (>6 months) in nonselective medium.
Since all of the resistant clones showed similar behavior, further
studies have mostly been carried out with one representative
clone, CptR-B.

Cross-Resistance Pattern toward Other Drugs. To determine
whether these mutants exhibited specific resistance to CPT or
resistance to multiple drugs as is characteristic of many other
resistant cell lines, cross-resistance studies with the Cpt" mu
tants were carried out (Table 1). The CptR mutants showed no
cross-resistance towards colchicine, vinblastine, puromycin, or
taxol, unlike mutants exhibiting the multidrug-resistant phe-
notype (36-39). Table 1 also includes data on the cross-resist
ance of the CptK mutants to a number of other compounds,
namely etoposide, teniposide, ellipticine, amsacrine, mitoxan-
trone, and doxorubicin, that inhibit DNA topoisomerase II (1,
2,4-9). Interestingly, the CptK mutants showed 2-3-fold higher

sensitivity to these drugs in repeated experiments.
Behavior of ( pi" Mutants in Cell Hybrids. To determine

whether the drug-resistant phenotype of the CptR mutants

behaved recessively or dominantly, somatic cell hybrids between
CptK-B and a CPT-sensitive cell line, EOT, were constructed.

The latter cell line is resistant to ouabain and is deficient in
hypoxanthine-guanine phosphoribosyltransferase and thus is
unable to grow in hypoxanthine-aminopterin-thymidine-sup-
plemented medium (28, 40). After cell fusion, promoted by
polyethylene glycol and dimethyl sulfoxide (29), the hybrids

between CptR-B and EOT were selected in hypoxanthine-ami-
nopterin-thymidine medium supplemented with 2 x 10~3 M

ouabain in which neither of the parental cell lines can survive
(28). Hybrid clones were obtained in the above cross at a
frequency of about 1-5 x IO"2. Several of these clones were

picked and their hybrid nature, i.e., pseudotetraploid karyotype,
was ascertained. Their degree of resistance toward CPT and
etoposide was subsequently examined. The hybrid clones ob
tained after fusion of CptK-B and EOT cell lines showed sensi

tivity to CPT similar to that of the parental WT or EOT cell
lines (Fig. 1). The sensitivity of the hybrid clones to etoposide
was also found to be similar to that of the WT cells (results not
shown). Thus, the drug-resistant phenotype of these mutants
behaves recessively in cell hybrids.

DNA Strand Breaks in the Parental and Mutant Cells. The
effect of CPT on the production of DNA strand breaks in WT
and CptR lines was examined by alkaline elution. In the case of
WT cells, CPT treatment for l h caused a concentration-
dependent increase in the number of DNA single-strand breaks
(Fig. 2). In contrast, treatment of the CptR-B line with CPT in

the concentration range used produced no detectable DNA
strand breaks. The single strand breaks produced in the WT
cells were protein associated, since proteinase K treatment was
required for their detection.

DNA Topoisomerase I and II Activity/Content in the Mutant
Cells. To determine if the mutation that produced CTP-resist-
ance involved an alteration in DNA topoisomerase I levels, the
activity of the enzyme in 0.35 M NaCl nuclear extracts was
measured. Fig. 3 shows the relaxation of pSVOCAT DNA with
different concentrations of WT and mutant nuclear extracts.

ce

00 0.2 0.4 0.6 0.8 1.0

CAMPTOTHECIN
Fig. 2. Camptothecin-induced DNA SSB in WT (H) and Cpt"-B (*) cells after

a 1-h drug exposure.

cc
O

100-

80 -

100 150 200

PROTEIN (ng)
Fig. 3. DNA relaxation activity of topoisomerase I in 0.35 M nuclear extracts.

WT (Q) and Cpt"-B (Â«)extracts.
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Densitometric quantitation of the conversion of superhelical
plasmili DNA into Form IV DNA (relaxed covalently closed
circular form) shows that DNA topoisomerase I specific activity
in the CptR-B mutant was about one-half [45 Â±5% (SD)] of the

specific activity in the WT cell. Similar differences in DNA
topoisomerase activity between WT and CptR-B mutants have

been observed in four separate experiments using two different
plasmids (pSVOCAT and pDPT2789).

To determine whether the reduced activity of DNA topoisom
erase I was caused by a reduction in its cellular content, the
amount of DNA topoisomerase I in cell lysates as well as
nuclear extracts was measured by immunoblotting. From the
results of these studies presented in Fig. 4, it appeared that the
CptR-B cell line contained reduced amounts of topoisomerase I

protein in comparison to the WT cells. Densitometric scans of
the gels showed that the difference between WT and CptR-B
was between 2- and 2.5-fold in both cell lysates and/or nuclear
extracts. Similar results were obtained in two independent
experiments.

To ascertain whether the observed reduction in the activity/
content of topoisomerase I was specific for this enzyme, the
cellular activity of topoisomerase II in nuclear extracts was
measured. Kinetoplast DNA decatenation activity was equiva
lent in WT and CptR-B extracts (Fig. 5). Consistent with

unaltered topoisomerase II activity, no differences were ob
served in topoisomerase II content between WT and CptR-B

nuclear extracts or whole cell lysates (Fig. 6).
Purification of Topoisomerase I and Its Sensitivity to Camp-

tothecin. To determine whether the topoisomerase I from the
CptR-B cells differed from the WT enzyme, the enzyme from
wild-type and CptR-B cells was purified to near homogeneity

(Fig. 7). The apparent molecular mass for both enzymes was
67,000 daltons. Although protease inhibitors were included in
the purification protocol, the isolated enzyme may represent a
proteolytic fragment of the native enzyme (35). The retention
of WT CHO topoisomerase I on phenyl Sepharose and hydrox-
ylapatite was similar to that observed for calf thymus and colon
carcinoma topoisomerase I (data not shown). In contrast, the

B

100-

100 kDa

Fig. 4. Western blot analyses of topoisomerase I content ot nuclear extracts
(Lanes A and B) and whole cell lysates (Lanes C and D) from WT (A and C) and
Cpt*-B (B and D) cells, respectively. For nuclear extracts 30 fig of protein were
loaded onto each lane. For whole cell lysates, each lane corresponds to 10' cells.
kDa, molecular weight in thousands.

W
LU

O
oc
Ã¼

50 100 150

PROTEIN (ng)
200

Fig. 5. Decatenation activity of DNA topoisomerase II in WT (H) and Cpt"-
B (*) nuclear extracts. The activity was quantitated as described in "Materials
and Methods."

B D

170 kDa

Fig. 6. Western blot analyses of topoisomerase II content of nuclear extracts
(Lanes A and B) and whole cell lysates (Lanes C and D) from WT (A and C) and
Cpt*-B (B and D) cells, respectively. Lanes A and B, 40 ng of protein from nuclear
extracts; Lanes C and D, the equivalent of 10' cells. kDa, molecular weight in
thousands.

enzyme from the CptR-B cells behaved quite differently on the

phenyl Sepharose column, eluting at a very high ammonium
sulfate concentration. This suggests that this topoisomerase I
may be less hydrophobic than the wild-type enzyme.

The effect of CPT on cleavage of supercoiled DNA in the
presence of purified topoisomerase I was examined. CPT sta
bilized the single-strand cleavage of DNA by topoisomerase I
from WT CHO cells in a concentration-dependent manner (Fig.
8). Under these conditions, 50% of the DNA was converted to
nicked circles in the presence of approximately 0.7 ^M CPT. In
contrast, CPT had only a very small effect on the cleavage of
DNA by topoisomerase I from CptR-B cells. A comparison of

the slopes of the initial linear portions of the two curves in Fig.
8 suggests that the enzyme isolated from WT cells was at least
10 times more sensitive to CPT than the enzyme isolated from
the CptR-B cells.

The effect of CPT on the catalytic activity of topoisomerase
I from WT and CptR-B cells was also determined. In these

experiments the relaxation of supercoiled DNA by catalytic
quantities of topoisomerase I was monitored by gel electropho-
resis (Fig. 9). Camptothecin inhibited DNA relaxation me
diated by topoisomerase I isolated from WT CHO cells in a
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WT CR M

1 2 3

CR WT

kDa

-200

â€”¿�116
â€”¿�92

â€”¿�66

â€”¿�45

12345 7 8 9 10 11

Fig. 7. Polyacrylamide gel of purified topoisomerase I. Lane I, enzyme puri
fied from WT CHO cells; Lane 2, enzyme purified from CptR-B cells; Lane 3.

molecular weight marker proteins. Ordinale, molecular weight (kDa) in thou
sands.

80

Q

H

Â£

60-

40 -

20 -
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01 2345

CPT Concentration ( ^ M )

Fig. 8. Cleavage of supercoiled DNA by topoisomerase I in the presence of
camptothecin. Topoisomerase I (160 units) from WT cells (â€¢)or Cpt"-B cells

(Q) were incubated with DNA in the presence of increasing amounts of campto
thecin. Quantitation of DNA cleavage was as described in "Materials and Meth
ods."

concentration-dependent manner but had little effect on DNA
relaxation mediated by the enzyme isolated from CptR-B cells.

DISCUSSION

This paper describes the selection of camptothecin-resistant
mutants of CHO cells and their characterization at the cellular
and subcellular levels. The CptK mutants, which are approxi
mately 300-fold resistant to CPT, do not show any cross-
resistance to various other drugs (namely colchicine, vinblas-
tine, puromycin, taxol) to which mutants exhibiting the multi-
drug-resistant phenotype show increased resistance. This ob-

Fig. 9. Effect of CPT on the catalytic DNA relaxation by topoisomerase I.
Lanes 1-5 contained topoisomerase I from Cpt"-B (CR) cells, and Lanes 7-11

contained topoisomerase I from WT CHO cells. Lanes 1 and 7, no drug; Lanes 2
and 8, 1 ^M CPT; Lanes 3 and 9; 3 Â»iMCPT; Lanes 4 and 10, 5 ^M CPT; Lanes
5 and //, 10 fiM CPT; Lane 6, untreated supercoiled DNA.

servation strongly indicates that CPT resistance is caused by a
specific mechanism unrelated to that ascribed to the multidrug-
resistant phenotype. The CptR mutants also show unaltered
uptake/intracellular levels of ['HJcamptothecin' indicating that

an alteration in drug uptake is not responsible for resistance.
Biochemical studies of topoisomerase I and II activity in the

WT and CptR-B cells revealed two important differences be

tween these cell lines, (a) The specific activity of DNA topoi
somerase I in the CptR mutants was found to be reduced to
about one-half of the level in WT cells. Immunoblot analysis
with anti-topoisomerase I antibodies revealed a similar reduc
tion in the amount of topoisomerase I protein in the mutant
cells. The reduction in DNA topoisomerase I was not paralleled
by a change in the content or activity of DNA topoisomerase
II. (b) DNA topoisomerase I purified from the mutant cells was
resistant to the inhibitory effect of CPT, with respect both to
catalytic activity (assayed by relaxation of supercoiled DNA)
and to stabilization of the covalent enzyme-cleaved DNA inter
mediate. The enzyme from the mutant cells was at least 10-fold
resistant to the inhibitory effects of the CPT drug.

During the course of these studies, Andoh et al. (41, 42)
described a CPT-resistant DNA topoisomerase I from a human
lymphoblastic leukemia cell line. Similar to the CptR-B topoi
somerase I, the enzyme purified from CPT-resistant leukemia
cells was also resistant to the inhibitory effects of CPT in cell-
free assays. Although the CPT-induced DNA single-strand
breaks in the leukemia cells were not measured, Andoh et al.
(41) did report that CPT caused only a slight inhibition of DNA
and RNA synthesis in the resistant cells while it inhibited
nucleic acid synthesis in the WT cells. The manifestation of
CPT resistance by the appearance of a qualitatively different
topoisomerase I in two unrelated cell lines, mutagenized and
selected by different methods, provides strong evidence that the
enzyme is the cellular target of CPT. Furthermore, the absence
of CPT-resistant mutants that lack DNA topoisomerase I sug
gests that this enzyme is essential for the survival of mammalian
cells. In contrast, yeast cells can survive without topoisomerase

' M. R. Mattern and R. K. Johnson, unpublished observations.
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I (43, 44) and obtain CPT resistance with reasonable frequency
by deleting the enzyme.4 Consistent with a requirement for

topoisomerase I activity in mammalian cells, Zeng et al. (45)
showed that a temperature-sensitive mutant derived from
BALB/3T3 cells contained heat-labile topoisomerase I. DNA
topoisomerase I activity decreased markedly at the nonpermis
sive temperature and the cells lost viability.

With regard to the enzymological properties of topoisomer
ase I, we found no difference in the apparent molecular weight
of the WT and CptR-B enzymes, both in whole cells as deter

mined by immunoblots and in the purified enzymes as deter
mined by silver-stained polyacrylamide gels. The alteration in
the resistant topoisomerase I induced by ethyl methanesulfo-
nate treatment of the CHO cells had no effect on DNA cleavage
or unwinding activity but reduced the ability of CPT to stabilize
the enzyme-DNA complex. In contrast, the mutant enzyme
described by Andoh et al. (41) was observed to have lower
apparent molecular weight than that of the WT enzyme, sug
gesting the possibility of a different mechanism of mutation. In
addition, these investigators showed that the CPT-resistant
enzyme differed from the wild type in that in the absence of
CPT, the mutant enzyme-DNA covalent complex was more
stable than that of the wild type (42).

One interesting characteristic of the CptR CHO mutants

noted in the present study is their enhanced sensitivity to
various drugs (namely etoposide, teniposide, amsacrine, ellip-
ticine, mitoxantrone, doxorubicin) that are known to inhibit
DNA topoisomerase II (1, 2, 4-9). This observation is of
interest as DNA topoisomerase I and II perform related func
tions in vivo and are known to act in concert (1). In yeast,
mutants lacking DNA topoisomerase I are viable, provided
such cells contain a functionally normal DNA topoisomerase
II (43, 44), indicating that the latter enzyme can complement
some of the essential functions of DNA topoisomerase I. Al
though the basis for increased sensitivity of the CptR cells to

inhibitors of topoisomerase II has not been determined, it may
relate to the observation of reduced cellular content of DNA
topoisomerase I. In mammalian cells, sensitivity to the cytotox-
icity of DNA topoisomerase II inhibitors has been found to
vary in direct proportion to the enzyme activity (46). Therefore,
a deficit in DNA topoisomerase I may result in an increased
reliance on DNA topoisomerase II even though extractable
topoisomerase II activity is similar in the WT and CptR cells.

This could, in turn, result in hypersensitivity to inhibitors of
the latter enzyme.

The sensitivity to CPT of hybrids between CptK and drug-
sensitive cells shows that the drug-resistant phenotype of these
mutants behaves recessively. This implies that when both sen
sitive and resistant forms of the enzyme are present in a cell,
the sensitive enzyme makes the cell vulnerable to the cytotoxic
action of the drug. The above behavior is in accordance with
the presumed mechanism of cytotoxicity of CPT, which in
volves production of DNA lesions mediated by DNA topoisom
erase I (25).

The recessive behavior of the CptR mutation in cell hybrids

also raises the question as to how such mutants were selected
in mammalian cell lines which are presumed to be diploid. To
account for this, two possibilities could be considered. First, it
is possible that similar to a number of other genetic loci in
CHO cells for which only one functional gene copy is present,
this cell line may also be functionally hemizygous for the DNA
topoisomerase I gene (28, 47, 48). Alternatively, the develop

ment of CptR phenotype may involve more than one genetic

event, as has been found to be the case for mutants affected at
the aprt (adenine phosphoribosyltransferase) and several other
genetic loci in mammalian cells (49-52). One of these events
generally involves a high frequency inactivation of one of the
gene copies, which is followed or preceded by a specific muta
tion within the second gene (49-52). Although the CptR mu

tants were obtained after an apparent single step selection, the
second of the above possibilities is considered more likely in
view of the low mutation frequency. This latter possibility also
provides a logical explanation for the rather puzzling observa
tion that in the CptR mutant cells, the content/activity of DNA
topoisomerase I is reduced to about one-half to one-third of
that in the WT cells. If the CptR mutants arose by the second

mechanism outlined above (i.e., inactivation of one of the gene
copies and mutation of the other), then they would indeed be
expected to show a reduction in topoisomerase I activity and/
or content.
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