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Abstract—The DNA—topoisomerase I {Tope I} inhibitor, camptothecin (CPT), is a plant alkaloid with an
important antitumor activity. In order to investigate the cellular mechanism leading to the development of
the resistance to this agent, we have established by progressive adaptation a P388 subline resistant to
CPT. After 5 months of continuous drug exposure, the resistance index reached a value of 20 and the
resistant cell line, P388CPT0.3, was maintained in the presence of CPT. CPT-induced single strand
breaks measured by alkaline elution were found drastically reduced in the resistant cell line. Topo I
activity and CPT-induced DNA cleavage were measured on cells at different steps of resistance. We
first observed that the Topo I activity was strongly decreased. In addition, the resistant cells recovered
the ATP-independent relaxation activity after 3 months of exposure to CPT, but still kept a reduced
CPT-induced DNA cleavage. Further evaluations at the final stage of the resistance induction have
indicated that cells presented a CPT-resistant form of Topo I. Rearranged Topo I gene on one allele
and a reduced Topo I transcription were also observed in resistant cells. The putative role of the
rearrangement was discussed. These data show that the resistance mechanism has evolved from a
decreased Topo 1 activity to an altered form of the enzyme, and suggest that multiple mechanisms of
Topo 1 modifications could contribute to CPT resistance.
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Topoisomerases are enzymes that catalyse the
topological changes of DNA [1,2]. In eukaryotes,
two types of enzymes (topoisomerases I and II; Topo
I and TI§) have been shown to play a crucial role
in replication, transcription and chromosomal
segregation processes. Topo II was identified for
several years as an important target for different
anticancer drugs commonly used in the treatment of
human cancer [3]. Recently, it was shown that
camptothecin (CPT), a plant alkaloid presenting an
important preclinical antitumor activity, was a
specific inhibitor of Topo I [4, 5]. CPT inhibits RNA
and DNA synthesis and is associated with a protein-
concealed fragmentation of DNA in cell lines [6-9].
CPT acts by stabilizing an intermediary form of the
Topo I-DNA complex [4]. Two previous studies
have shown that CPT-resistant cell lines (CPTKS,
CHO-CPTR) selected by mutagenesis displayed a
mutant form of Topo I [10,11]. These results
provided strong evidence that Topo 1 is one cellular
target of CPT.

Recently, several other cell lines resistant to CPT
or derivatives, have been established and their
mechanism of resistance was characterized [12-15].

4 Corresponding author. Tel. (33) 1 45 73 74 70; FAX
(33) 1457374 71.

§ Abbreviations: BSA, bovine serum albumin; CPT,
camptothecin; DTT, dithiothreitol; SDS, sodium dodecyl
sulfate; SSB, single-strand break; TBE, Tris-borate-EDTA
buffer; Topo I, topoisomerase I; P388wt, P388 wild type
cells.
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The major feature of these cell lines was a reduced
Topo I activity. Differences in the Topo I sensitivity
towards CPT were observed. One of these cell lines,
P388/CPT+, displayed a rearrangement of the Topo
I gene on one allele which results in reduced mRNA
level [12]. In addition, the relative resistance indexes
of CPT in these cell lines displayed important
variations. These data strongly suggest that ceils
have the faculty to acquire resistance by several
mechanisms.

We have investigated during the various stages of
resistance induction the different changes which led
to CPT resistance in P388 subline, The acquisition
of resistance is associated at first with a strong
decrease of the cellular Topo I activity and then with
the presence of a CPT-resistant form of Topo I.
Both rearrangements and reduced transcription of
the Topo I gene were also detected in the resistant
cells.

MATERIALS AND METHODS

Drug. Camptothecin was obtained from the Sigma
Chemical Co. (St Louis, MO, U.S.A.). Stock
solutions at 1 mg/mL in dimethyl sulfoxide were
stored at —20°. Drug dilutions in sterile distilled
water were made just before use.

Cell line and culture conditions. The murine P388
leukemia wild type cells (P388wt) were grown
in RPMI 1640 medium containing 0.01 mM p-
mercaptoethanol, 10mM L-glutamine, 10% (v/v)
fetal calf serum, 100IU/mL penicillin, 2 ug/mL
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P388 Wild Type

+ CPT
(5 months of exposure with increasing
concentrations by successive steps
at0.01, 0.02, 0.04, 0.08, 0.1,0.2,0.25
and 0.3 pg/mi)

P388CPT0.3 (15t passage)

+ CPT at 0.3pg/mi
(42 passages, 4 months)

P388CPT0.3 {42th passage)
Fig. 1. Selection of the CPT-resistant cell line P388CPT0.3.

streptomycin, 50 ug/mL gentamycin and 50 pg/mL
nystatin, at 37°in a humidified atmosphere containing
5% CO,. CPT-resistant cells were selected by
successive step exposure with increased con-
centrations of CPT added in the culture medium as
described in Fig. 1. Finally, cells were resistant to
0.3 ug/mL of CPT (P388CPT0.3). Fetal calf serum
concentration was increased to 15% (v/v) for the
current culture of the resistant sublines.

Evaluation of the antiproliferative activity. The
concentrations of CPT giving 50% of growth
inhibition (1C5p) were determined from four separate
experiments in 96-well microculture plates on P388wt
and resistant cell lines. Cell lines seeded at 10° cells/
mL (0.2 mL/well) were grown for 96hr in the
presence of various CPT concentrations (each point
in quadruplicate). Cells were then incubated for
16 hr with 0.02% neutral red. The cells were washed
and lysed with 1% sodium dodecyi sulfate (SDS).
Theincorporation of the dye reflecting cellular growth
and viability was evaluated by the measurement of
the optical density for each well at 540 and 346 nm,
using a Titertek muitiwell spectrophotometer. Cell
viability was expressed as the per cent of cell
surviving fraction relative to the untreated control
cells.

Topoisomerase preparations. Nuclear extracts
were prepared in a parallel assay from 10® wild type
and resistant P388 cells in exponential phase of
growth [16]. Nuclear extracts, adjusted to the same
protein concentration, were stored at —20° for 1
month.

Relaxation assay. Nuclear extracts were assayed
for the Topo I relaxation activity as already described
[17). Various amounts of nuclear extracts were
incubated for 30 min at 37° with 0.1 ug of supercoiled
pBR322 DNA (Boehringer, Mannheim, Germany)
in a final reaction volume of 20 uL containing 25 mM
Tris pH 7.5, 0.5 mM EDTA, 0.5 mM dithiothreitol
(DTT), 30 mg/mL bovine serum albumin (BSA),
100 mM KCl and 10 mM MgCl,. The reaction was
stopped on ice by the addition of 5 uL. containing
0.1% bromophenol blue, 50 mM EDTA, 50% (v/v)
glycerol. The samples were loaded onto a 1%

agarose gel in 1X Tris-borate-EDTA buffer (TBE)
and electrophoresed at 40V for 16hr. The gel
was stained with 10 ug/mL ethidium bromide for
10 min, then washed with distilled water and
photographed on a UV table and negative scanned
with a Pharmacia Ultroscan® densitometer. One
relaxation unit corresponds to the minimal amount
of protein (mg) necessary to relax 50% of the
supercoiled pBR322 DNA in the assay conditions.
Topo I specific activity in the nuclear extracts was
expressed as relaxation units per mg of protein.
Topo 1 relaxation determinations were done in
parallel in sensitive and in resistant cells.

Inhibition of the Topo I relaxation by CPT was
done under the same experimental conditions using
2ug (1 unit) of nuclear extracts from P388wt or
P388CPT0.3 (30th passage) cells, in the presence of
various concentrations of CPT. Negatives of the gel
pictures were scanned with a Pharmacia Ultroscan®
densitometer in order to quantify the relaxation
reaction. CPT-induced inhibition of topoisomerase
I-mediated DNA relaxation was computed from the
formula:

% of inhibition = 100 X (S, — $)/(S, — S,)

where S, and S, represent the fraction of supercoiled
DNA measured with 1U enzyme (2ug), in the
presence or absence of drug, respectively, and S,
represents the fraction of supercoiled DNA in
untreated DNA.

CPT-induced cleavage assay. Various amounts of
nuclear extracts were incubated for 10 min at 37°
with 25ng of 3?P end-labeled pBR322 DNA,
prepared as described previously [16], in 20 uL of
the relaxation reaction mixture and with or without
100 pg/mL CPT. The reaction was stopped by the
addition of 2 uL of 2.5% SDS, 2.5 mg/mL proteinase
K, then samples were further incubated for a period
of 30 min at 50° and DNA was denatured by the
addition of 10 uL of 0.45M NaOH, 30 mM EDTA,
15% (w/v) sucrose, 0.1% bromocresol green.
Samples were loaded onto a 1% agarose gel in 1X
TBE, 0.1% SDS buffer. After electrophoresis, gels
were dried and autoradiographed for 1 or 2 days
(Hyperfilms MP, Amersham).

Alkaline elution. CPT-induced DNA single-strand
breaks (SSB) were estimated by the alkaline elution
assay [18]. Briefly, cellular DNA from exponentially
growing cells was labeled by incubation with
[“Cithymidine (0.02 uCi/mL) or [*H]thymidine
(0.05 uCi/mL) for 24 hr. Such a period corresponds
to about one and a half cell cycles. “C-Labeled
experimental cells (2 X 10°) were treated in culture
medium for 1 hr with various concentrations of CPT,
then washed twice with 1x phosphate-buffered
saline. Tritiated internal standard cells (2 % 10°)
were irradiated by a %°Co source (300 rad) and were
combined with the experimental cells; then layered
on polycarbonate membrane filter, lysed with 2 mL
of 25mM Na, EDTA, 2% SDS, pH9.7 and with
0.5 mg/mL proteinase K. Elution was performed
withtetrapropylammonium hydroxide, EDTA,0.1%
SDS pH 12.2 using a peristaltic pump to control the
fiow rate at a speed of 0.03-0.04 mL/min. Fractions
were collected at 3 hr intervals for 15 hr. Calculations
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were performed and drug-induced break frequencies
were expressed in rad equivalents [18].

RNA, DNA preparations and hybridizations. Total
cellular RNA from exponentially growing cells were
prepared by the guanidinium isothiocyanate/CsCl
density gradient fractionation method [19]. For
northern blot analysis, 10 ug of each RNA sample
were electrophoresed on a formaldehyde containing
1% agarose gel and transferred to Hybond N*
membrane (Amersham). For slot blot analysis, serial
dilutions of RNAs (10, 5, 2.5 and 1 ug) were loaded
on Hybond N* filter using a Schieicher and Schuell
apparatus. DNAs were extracted and resuspended
in 10mM Tris pH 7.5, 0.5 mM EDTA as described
previously [19]. Ten micrograms of each DNA
sample were digested overnight by the different
restriction enzymes (Eco RI, Pvu II, Hind III, Xba
1, Bgl II), electrophoresed in a 1.2% agarose gel,
transferred on Hybond N* membrane and hybridized
with the different probes. Washings were carried
outunderstringent conditions as described previously
[19].

Probes. The probes used were: the 3.4 kbp Bam
HI-Eco RI cDNA fragment of the human Topo I
gene [20], provided by Dr J. C. Wang (Harvard
University, Boston, MA, U.S.A.); the 1.15kbp Pst
I DNA fragment of the mouse f-actin gene [21].

RESULTS
Selection of CPT-resistant cells

The parental P388 cell line (P388wt) was exposed
for 5 months to increased concentrations of CPT
(see Fig. 1). At the initial step, CPT was used at
0.01 ug/mL, corresponding to the concentration
inhibiting cell growth by 20% (1Cy). Cells became
resistant to 0.3 ug/mL (P388CPT0.3) and were
maintained on this drug concentration for 42 passages
(Fig. 1). The cell doubling times were found to be
equal to 12 and 19 hr for P388wt and P388CPTO0.3,
respectively. ICs values of CPT for the sensitive and
resistant cells were determined for 96 hr of drug
exposure (see Materials and Methods) and were
found to be equal to 0.035 and 0.70 ug/mL,
respectively (Fig. 2). These data indicated that the
relative index of resistance to CPT is equal to 20.
When resistant cells were grown for 21 passages in
the absence of CPT, the ICsy measured was equal to
0.50 ug/mL., showing that the P388CPTO0.3 cell line
displayed a stable resistant phenotype.

Determination of CPT-induced DNA strand breaks

Analysis of the eventual DNA alterations induced
by CPT was studied using the alkaline elution
technique which allows the production of DNA SSB
to be quantified [18]. In the case of P388wt cells,
CPT treatment for 1hr caused a dose-dependent
increase in the DNA SSB frequencies (Fig. 3). In
contrast, CPT used at a concentration as high as
50 ug/mL did not produce detectable DNA SSB in
the P388CPTO0.3 cells. Similar results were obtained
on isolated nuclei (results not shown).

These data indicate that CPT induces lower
cellular DNA damage in the resistant cells.

In vitro DNA relaxation and CPT-induced cleavage
activities of nuclear extracts

Topo I ATP-independent relaxation activities of
nuclear extracts from P388wt and resistant cells were
determined (Fig. 4). When compared with Topo |
activity in P388wt extracts, the activities found in
P388CPT0.3 underwent great variations according
to the number of passages in the presence of CPT.
At passages 16, 23 and 27, the relaxation activities
were 5.5, 10 and 4-fold lower than in P388wt extract,
respectively. From passage 30, in the P388CPT0.3
cells, this activity was recovered and found to be
identical to that measured in P388wt extract (Fig.
4). Atan early stage of the resistance (P388CPT0.08),
the Topo I activity was decreased by 2.6-fold (see
Fig. 4).

The CPT-induced DNA cleavage activities of
nuclear extracts were also measured. DNA breaks
are generated by the stabilization of the Topo I-
DNA cleavable complex. In these experiments,
DNA breaks induced by CPT could depend on the
total activity of Topo I, or to its sensitivity to CPT.
Compared to the P388wt cell line, the nuclear
extracts from P388CPT0.3 cells contained a con-
siderably lower CPT-induced DNA breakage activity
(Fig. 5). The DNA cleavage was quantified by
densitometric scanning of the autoradiogram. CPT-
induced DNA cleavage decreased by more than 50-
fold at the 9th passage (data not shown) and
decreased by 16-fold at the 30th passage (Fig. 5).

These data show that both in vitro relaxation and
cleavage activities were decreased in the resistant
extracts up to the 27th passage. From the 30th
passage, the relaxation activity was recovered, while
the cleavage activity remained decreased.

Inhibition of the relaxation activity by CPT

The inhibitory effect of CPT on the catalytic
activity of Topo I was analysed in extracts from
P388wt and in P388CPT0.3 cells (30th passage). The
relaxation of supercoiled DNA was measured using
the same amount of nuclear protein obtained from
parental and resistant cells (Fig. 6). DNA relaxation,
using the Topo I preparation from P388wt cells, was
significantly inhibited by increasing concentrations
of CPT. In contrast, the CPT inhibitory effect was
markedly less with the Topo 1 from resistant cells
(Fig. 6). At a concentration of 100 ug/mL of CPT,
the relaxation reactions were inhibited by 74 and
23%, using P3&8wt and P388CPT0.3 preparations of
Topo I, respectively. These data indicate that, for
identical specific activities, the enzyme from
P388CPTV.3 cells is 3-fold resistant to CPT inhibition.

Topo I gene transcript

The variations of the Topo I activity in the resistant
cells could be the result of a transcriptional process,
therefore we have examined the Topo I gene
transcript level in resistant and sensitive cells at their
exponential phase of growth. Equal amounts of total
RNAs from P388wt and P388CPT0.3 (42nd passage)
were analysed by northern blot hybridization, using
sequentially the Topo I and the actin probes (see
Materials and Methods). The Topo I probe detected
a 4.0kbp mRNA band in both preparations (Fig. 7,
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Fig. 2. Growth inhibition of P388wt (@) and P388CPT0.3 (A) cell lines incubated with various
concentrations of CPT. Cells were grown in liquid medium for 96 hr in the presence of CPT. Viability
was determined after incorporation of neutral red and expressed as the per cent of cell surviving
fraction, relative to the control untreated cells (100%). Values are the mean (+SD) of four separate
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Fig. 3. DNA SSB frequencies induced by CPT in sensitive (@) and resistant (A) P388 cell lines. SSB
frequencies were determined as described in Materials and Methods on P388wt and P388CPT0.3 cells
(42nd passage), after exposure for 1 hr to various CPT concentrations. Values represent the mean
(= SD) of three or four independent experiments.

lanes 1 and 2). The actin signal was used as an
internal control for the quantity of RNA loaded in
each lane. The intensity of tlie Topo I transcript band
decreased in the resistant cells (lane 2), and was
found to be 2-fold lower than in the P388wt cells
(lane 1).

The Topo 1 gene transcript level was also
determined in sublines with lower degrees of
resistance to CPT (P388 cells resistant to 0.08, 0.1,
0.2 and 0.25 ug/mL of CPT). The Topo I transcript
level was decreased in all the resistant sublines

studied, whatever their degree of resistance
(Table 1).

These data indicate that the diminution of the
Topo 1 transcript level is an early event.

Topo 1 gene locus

In order to research alterations of the Topo I gene
structure which could be associated with the
resistance phenotype, genomic DNAs, after digestion
with several restriction enzymes (Bgl II, Hind III,
Eco RI, Pvu II, Xba I), were analysed by Southern
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Fig. 4. Variations of the Topo I relaxation activity in the resistant cell line at different passages. The
Topo I relaxation activities were determined as described in Materials and Methods on sensitive or
resistant nuclear extracts prepared in parallel and adjusted to the same protein concentrations. Resuits
correspond to single determinations performed in parallel on sensitive and resistant cells and are
expressed relative to the specific activity of Topo I measured in P388wt (defined as 1). Error bar for
P388wt reflects the reproducibility of the experiments (sp. act. = 3385 + 689 U/mg protein, N = 6).
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P388wt P388CPTO0.3

Fig. 5. CPT-induced DNA cleavage activities of nuclear extracts from P388wt and P388CPT0.3 cells.
Cleavage reactions were carried out as described in Materials and Methods on sensitive or resistant
nuclear exiracts prepared in parallel and adjusted to the same protein concentration. Lane 1: control
pBR322 DNA. Lane 2: DNA and P388wt nuclear extract at dilution 1:1. Lanes 3-7: DNA and P388wt
nuclear extract at dilutions 1:1, 1:2, 1:5, 1:10 and 1:50, respectively, in the presence of 100 ug/mL
CPT. Lane 8: DNA and P388CPT0.3 nuclear extract (30th passage) at dilution 1:1. Lanes 9-13: DNA
and P388CPTO0.3 nuclear extract at dilutions 1:1, 1:2, 1:5, 1:10 and 1:50, respectively, in the presence
of 100 ug/mL CPT.

blot hybridization, using the Topo I ¢cDNA probe and Xba I cleavage patterns are presented in Fig.
(see Materials and Methods). A rearrangement of 8A. In resistant cells, the Topo I rearrangement
the Topo I gene was detected in the resistant cell detected with Pvu Il was characterized by the
line when DNA was digested with Pvu Il and Hind  presence of a new DNA fragment (arrow b) and a
III, but not with the other enzymes. Typical Pvu Il  diminution of a germline DNA band (arrow al.
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Fig. 6. Inhibition of the relaxation reaction by CPT.
Relaxation reactions were carried out and electrophoresed
as described in Materials and Methods in the presence of
2 pg of nuclear extract from P388wt (A) or P388CPTO0.3,
at 30th passage (A). Relaxed DNA was quantified by
densitometric scanning and normalized relative to the total
amount of DNA loaded for each sample. Results are
expressed in per cent inhibition of the relaxation reaction
catalysed without CPT.
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Fig. 7. Northern blot analysis of the Topo I transcripts in
P388wt and P388CPT0.3 cell lines. Total RNAs (10 ug)
were analysed by agarose gel electrophoresis, then
transferred on membrane and sequentially hybridized with
the human Topo 1 and the mouse B actin probes (see
Materials and Methods). Lane 1: RNA from P388wt cells.
Lane 2: RNA from P388CPT0.3 cells (42nd passage).

Table 1. Relative amount of Topo I transcript in P388
sublines resistant to CPT

Cell lines™ Topo I relative transcript levelt
P388wt 1
P388CPT0.08 0.66
P388CPTO.1 0.5
P388CPT0.2 0.45
P388CPTO0.25 0.3
P388CPT0.3

16th passage 0.7

42nd passage 0.5

* The origin of the sublines studied is indicated in Fig. 1.

t The Topo I transcript level was determined by slot
blot hybridization using serial dilutions of total RNAs (10,
5,2.5 and 1 ug). Blots were sequentially hybridized with
the human Topo I and the mouse actin probe (see Materials
and Methods). Autoradiograms were scanned by a
densitometric analyser (Ultroscan, Pharmacia) and Topo
I values corrected by normalization with the actin values.
Results are expressed relative to the P388wt value defined
as 1.

Densitometric analysis of autoradiograms showed
that the new band b and the reduced band a in the
resistant cells each represented approximately 50%
of the area value measured for the band a in the
P388wt cells (Fig. 8B). Similar results were found
for the Hind III digestion (data not shown). Sublines
with lower degrees of resistance to CPT (P388 cells
resistant to 0.08, 0.1 and 0.2 ug/mL), were also
found to present the Pvu Il rearrangement (data not
shown).

These results suggest that the Topo I gene from
resistant cells displayed a rearrangement of one
allele. The rearrangement was found to be an early
event, during the resistance acquisition.

DISCUSSION

Resistance to CPT has already been established
in several cell lines by different methods that have
generated broad cellular resistance phenotypes, in
particular resistant indexes varying from 2 to
333-fold, and different events at the Topo I level
(modified Topo I content and/or resistant Topo 1
form) [10-15]. The characteristics of all these
resistant cell lines are summarized in Table 2. Cell
mutagenesis or in vivo adaptation to CPT derivatives
were the most often used methods of selection. In
this study, we have established in vitro a P388 subline
resistant to CPT and analysed some cellular,
biochemical and gene parameters which could be
associated with the resistance phenotype.

The resistant cell line P388CPT0.3 was obtained
after 5 months of progressive adaptation to increased
concentrations of CPT. Cells were found to be
20-fold resistant to CPT and displayed a stable
resistance phenotype.

CPT induced the formation of SSB in the genomic
DNA of intact P388wt cells, as well as in isolated
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Fig. 8. Southern blot analysis of the genomic DNA from sensitive and resistant cells. (A) Genomic

DNA (10 ug) from P388wt and P388CPTO0.3 (40th passage) cells was digested with Xba I or Pvu II

and analysed by Southern hybridization using the human Topo I probe (see Materials and Methods).

Arrow a: unrearranged allele, arrow b: rearranged allele. (B) Densitometric scan of the Pvu Il digestion
shown in (A): (—) P388wt DNA, (---) P388CPT0.3 DNA.

nuclei. These lesions could not be detected in the
genomic DNA of resistant cells and in the
corresponding nuclei. It has been shown that CPT-
induced Topo I SSB reverse rapidly upon drug
removal [22], indicating that SSB in the resistant
cells could be underestimated. Since alkaline elution
was performed in parallel for sensitive and resistant
cells, a rapid reversion of the SSB does not change
the interpretation of the results: i.e. a strong decrease
of SSB in resistant compared to sensitive cells. In
addition, northern blot analysis of the P388CPT0.3
cells did not reveal any MDR gene overexpression
(data not shown). These findings are in agreement
with the nuclear mechanism of action of CPT on
Topo I [3, 4] and with the lack of cross resistance of
this compound on cell lines exhibiting the P-
glycoprotein multidrug resistance phenotype [23, 24].

Biochemical studies of the Topo I activity in the
sensitive and resistant P388 cells revealed two steps
which are associated with an evolution of the resistant
phenotype. Firstly, at passages 16, 23 and 27, the
total Topo 1 activity was found to be 4-10-fold
reduced in the resistant cells. At an early step of the
resistant cell line establishment (P388CPT0.08), the
Topo I activity was also decreased by 2.6-fold,
indicating that such reduction of Topo I seems to be
an early event in the resistance process. Quantitative
reduction of the Topo I was also observed (2-8-fold)
in all the other resistant cell lines established, except
A549/CPT (see Table 2). These data indicated that
the quantitative decrease of the Topo I activity

seems to be a common mechanism of resistance to
CPT.

Secondly, we observed that, after passages 30-36,
the Topo I in resistant cells had recovered the activity
found in P388wt cells. It could be suggested that an
additional cellular event induced by CPT led to the
restoration of the Topo I activity.

Another type of modification of the Topo I,
related to a qualitative alteration of the enzyme, was
described in the cellular CPT resistance. CPTKS,
CHO-CPTR and PC7/CPT celis [10, 11, 13] and
more recently, DC3F/C-10 cells [15] were shown to
present a CPT-resistant Topo I (Table 2). In the
CPTKS5 cell, the Topo I alteration was attributed to
the presence of punctual DNA mutations which
caused in Topo I a protein substitution of glycine
into aspartic acid [25]. The mutant enzyme presented
less CPT-induced cleavable formation and less
inhibition of the relaxation reaction by CPT.
Therefore, we have measured the amount of CPT-
induced DNA cleavage in nuclear extracts from
P388wt and P38BCPTO0.3 cells. CPT-induced cleavage
in resistant cells was found to be decreased by 50-
fold at passage 9 and 16-fold at passage 30. Such
decreased cleavage could reflect either the lower
level of Topo 1 activity in the resistant cells or an
alteration of the Topo I sensitivity to CPT. Since
the Topo I relaxation activity was decreased between
passages 9 and 27, no conclusion could be deduced
from the cleavage experiment with regard to the
presence of a Topo I mutant form. On the other
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hand, at the 30th passage, the 16-fold reduced
cleavage indicated a variation of the Topo I sensitivity
for CPT, since the total Topo I relaxation activities
at this passage were equal in both P388wt and
P388CPTO0.3 cells. Furthermore, at this passage,
CPT was found to inhibit with 3-fold less efficiency
the catalytic activity of the Topo I from resistant
cells. In terms of concentration, 25-50-fold less CPT
was needed to inhibit the Topo I from sensitive cells
as compared to the resistant enzyme. Therefore, our
results indicated that the P388CPT0.3 cells possessed
a CPT-resistant form of Topo I which is detected
during the second step of the establishment of the
resistance.

All the CPT-resistant cell lines presenting a
resistant Topo I, also displayed a reduced Topo I
activity (Table 2). Furthermore, in the DC3F/C-10
cell line, the purified Topo I presented a lower
specific activity, but the immunoreactive Topo I was
found increased by 2-fold [15]. The resistance to
CPT of the DC3F/C-10 cells was due to a mutation
in the Topo I gene, that might be responsible for
the lower specific activity of the enzyme [26]. The
P388CPTO0.3 cell line at 30-36 passages differs from
these cell lines as it has a CPT-resistant Topo I but
no quantitative decrease in the Topo I activity,
suggesting that the Topo I may have unique
biochemical properties. A cellular clone from the
P388CPTO0.3 cell line, at the 42nd passage and named
P388CPTS3, was isolated in soft agar which displayed
the following characteristic for Topo 1 : decreased
mRNA level, allele rearrangement, normal Topo I
activity and mutated Topo I (J.F. Riou, manuscript
in preparation). However, the resistance index to
CPT in P388CPT5 increased to 80-fold, suggesting
that the cell population is heterogeneous at the 42nd
passage.

Variations in the Topo I activity may also result
from a transcriptional process. By northern blot
analysis, we have found a reduced Topo I transcript
level in the P388CPT0.3 cell line as well as in less
resistant sublines. These results indicated that the
decreased level of the Topo I transcript is an early
and constant event associated with the resistance
phenotype. During the first steps of the resistance
establishment, the reduced Topo I activity may be
explained by the decreased level of Topo I transcript.
However, at the 30-36th passages, the Topo I activity
was found to be equal. In CPTK5, DC3F/C-10 and
P388/CPT+ cell lines, the Topo I transcript levels
were found unchanged, increased or decreased,
respectively, while the Topo I activity was decreased
in all these cell lines (Table 2), indicating that the
Topo I activity is not always related to the Topo 1
transcript level. A possible explanation for these
discrepancies could result from the methodology
used for RNA analysis. Northern blot experiments
allow measurement of the steady state level of
mRNA but not the rate of transcription of the gene
nor the mRNA stability which could be different in
these cell lines.

On the other hand, different post-transcriptional
mechanisms could also explain the variation of the
Topo I activity in the P388CPTO0.3. Phosphorylation
and polyADPribosylation of the Topo I are known
to modulate the enzyme activity [27,28]. In

etoposide-resistant mutants of KB cells, Takano et
al. [29] have described an increased phosphorylation
on serine of the Topo I, which explains a decreased
Topo II content but a similar level of the enzyme
activity. The existence of phosphorylation defects
for Topo I has not been investigated in the
P388CPTO0.3 cells, nor in the other cell lines resistant
to CPT.

A decrease of the Topo I transcript level has also
been reported in the P388/CPT+ resistant cells and
was thought to result from one allele rearrangement
and a hypermethylation of the Topo I gene [12]. An
investigation of the genetic alterations in the
P388CPTO0.3 cells has been undertaken and has
shown that the Topo I gene locus was also rearranged
on one allele (for Pvu II and Hind III restriction
enzymes). By comparison with the results of Eng ez
al. [12], it resulted that the rearrangements between
these two cell lines were different by their restriction
enzymes. The Topo I gene rearrangement was found
in sublines with lower resistance indexes, indicating
that it results from an early process. A possible
consequence of the Topo I gene rearrangement in
the P388CPT0.3 cell line could be the reduced gene
transcript level. It would be of interest to determine
the exact nature of the genetic alteration in the
resistant cells, i.e. whether the coding or the flanking
regions of the gene are affected by the rearrangement,
and whether the formation of the CPT-resistant
Topo 1 is due to the rearrangement.

Recently, two CPT derivatives, CPT11 and
Topotecan, have undergone clinical trials [30-34].
In addition, several compounds such as Actinomycin
D, Saintopin, morpholinyl-doxorubicin and indolo-
quinolinediones derivatives, have been reported to
inhibit Topo I activity [16, 35-37]. The examination
of the properties of these agents, and all the new
Topo I inhibitors, in the CPT-resistant cell line is of
interest to discover and design new chemical entities
able to overcome CPT resistance.
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