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SUMMARY

A camptothecin (CPT)-resistant cell line (MCF-7/C4) was
established from MCF-7 cells by mutagenic treatment with
methylimethanesulfonate and selection with CPT. MCF-7/C4 is
30-fold resistant to CPT and is cross-resistant to UV and cis-
dichlorodiammineplatinum(li) but not to VP-16 or ionizing radi-
ation. Topoisomerase | (top1)-mediated cleavable complexes in
the presence of CPT, measured by oligonucleotide assay and
by alkaline elution, were similar in both cell lines. Other top1
parameters such as top1 protein, RNA levels, and DNA relax-
ation were also similar in both cell lines. Thus, CPT resistance
is not due to alterations in top1 activity but is caused by

changes in the downstream pathways from the top1-induced
damage. Both cell lines had similar doubling time (22 hr), but
MCF-7/C4 cells showed reduced S-phase fraction in the ab-
sence of CPT and reduced G, delay after CPT treatment. p53,
GADD45, and p21WAF1/CIP1 were induced similarly by CPT in
both cell lines. The overall repair capacity estimated by the
ability of cells to reactivate UV-damaged pSV-CAT plasmid was
increased in MCF-7/C4 cells. These observations suggest that
enhanced DNA repair is one of the factors involved in CPT
resistance.

DNA topl is an essential enzyme that relaxes DNA tor-
sional tension during replication, transcription, recombina-
tion, and repair (see Refs. 1 and 2 for reviews). Topl-medi-
ated cleavable complexes are DNA SSBs with the enzyme
linked to the 3’-phosphoryl end of the DNA via a phosphoty-
rosine linkage. CPT and its derivatives poison topl by inhib-
iting the religation of cleavable complexes (3, 4). Topotecan,
CPT-11, and 9-aminocamptothecin have been introduced re-
cently in cancer chemotherapy and are active in carcinomas
(5, 6).

Because topl exists in both normal and cancerous cells, it
is important to understand the mechanisms of selectivity and
resistance to topl-targeted drugs (top1 poisons). CPTs induce
S-phase-specific DNA damage as a result of collisions of DNA
replication forks into cleavable complexes (3, 4). Thus, the
higher the topl and the more active DNA replication, the
greater DNA damage and cytotoxicity. This probably is why
one of the most common alterations in CPT-resistant cells is
decreased topl activity. In some cases, topl mutations also
can render the enzyme insensitive to CPT (see Refs. 2 and 7
for reviews).

! Current affiliation: National Institute of Radiological Sciences, Division of
Biology & Oncology, Chiba 263, Japan.

We have observed recently that topl and DNA damage
levels are not always correlated with CPT cytotoxicity (8) in
the panel of colon carcinoma cell lines of the National Cancer
Institute anticancer drug screen (9). Kauh et al. (10) also
found that SCT1 mutants suppress the CPT sensitivity of
yeast cells that express wild-type topl. Thus, the influence of
defective pathways downstream from the cleavable com-
plexes (including apoptosis, cell-cycle checkpoints, and DNA
repair) may play a key role in the selectivity of CPTs toward
cancer cells (7). The aim of the present study was to generate
CPT-resistant cells with normal cleavable complexes to pro-
vide new cellular systems to elucidate the cytotoxicity/resis-
tance pathways downstream from the topl cleavable com-
plexes and DNA damage induced by CPT.

Materials and Methods

Cell cultures. Human breast cancers (MCF-7) purchased from
the American Type Culture Collection (Rockville, MD) were grown in
Roswell Park Memorial Institute 1640 medium (Mediatech, Hern-
don, VA) supplemented with 5% fetal bovine serum (Intergen, Pur-
chase, NY), 2 mM L-glutamine (Life Technologies, Grand Island, NY),
1 mM nonessential amino acids, 0.1 mM sodium pyruvate, 100
units/ml penicillin, and 100 pg/ml streptomycin. Human leukemia

ABBREVIATIONS: top1, topoisomerase |; CAT, chioramphenicol acetyltransferase; CDDP, cis-dichlorodiammineplatinum(ll); CPT, 20-(S)-camp-
tothecin; MMS, methylmethanesulfonate; PBS, phosphate-buffered saline; SDS, sodium dodecyl sulfate; SSB, single-strand break; SSC, standard
saline citrate; VP-16, etoposide; MOPS, 3-(N-morpholino)propanesulfonic acid.
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Fig. 1. Cytotoxicity of CPT in MCF-7 (WT) and MCF-7/C4 (C4) cells.
Cytotoxicity was determined by clonogenic assays. Error bars, stan-
dard deviations (<95%) of five independent experiments.

HL60 cells, used as a calibrator in the alkaline elutions, were grown
in Roswell Park Memorial Institute 1640 medium supplemented
with 10% fetal bovine serum, 2 mM L-glutamine, 100 units/ml peni-
cillin, and 100 pg/ml streptomycin and maintained at 37° in a hu-
midified atmosphere of 95% air and 5% CO,.

Chemicals. CPT, VP-16, and CDDP were obtained from the Drug
Synthesis and Chemistry Branch of the Division of Cancer Treat-
ment, National Cancer Institute (Bethesda, MD). CPT was dissolved
in dimethylsulfoxide at 10 mM and aliquots were stored at —20°.
CDDP was dissolved in PBS at 37~42° immediately before use.

Clonogenic assays. Exponentially growing cells were seeded and
treated with drugs in 25-cm? flasks. CPT treatments were performed
for 8 hr, and CDDP treatments were performed for 1 hr. After drug
treatments, cells were trypsinized and plated into 25-cm? flasks in
triplicate (400 cells per flask). After 14 days, colonies were fixed in
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95% methanol, stained with 0.05% methylene blue, and counted.
Cloning efficiencies of MCF-7 and MCF-7/C4 cells were 35-45% and
30—40%, respectively. Cytotoxicity was determined as the cloning
efficiency ratio of drug-treated and untreated cells.

Northern blotting. Human topl ¢cDNA (T1B) was provided by
Dr. W. C. Earnshaw (Johns Hopkins University School of Medicine,

Baltimore, MD), Human g-actin ¢cDNA was purchased from Clontech
(Palo Alto, CA). Total RNA was extracted with acid guanidium
thiocyanate and phenol-chloroform and was electrophoresed in 1%
agarose gels containing 0.66 M formaldehyde in 1X MOPS buffer.
After transfer in 10X SSC (1X = 150 mM NaCl, 156 mM sodium
citrate, pH 7.0) to duralose-UV membrane (Stratagene, La Jolla,
CA), the RNA was fixed by UV cross-linking. Filters were treated at
42° for 20 min in 6X SSC and 50% formamide and hybridized with
the human topl cDNA probe labeled with [a-3?P]JdATP using a ran-
dom primer-labeling kit (Boehringer Mannheim, Indianapolis, IN).
Filters were washed twice with 2x SSC and 0.1% SDS and twice
with 0.5X SSC and 0.1% SDS at 65°. After stripping the topl probe
by boiling for 10 min, filters were hybridized with a labeled B-actin
cDNA probe. Quantitations were performed with a PhosphorImager
(Molecular Dynamics, Sunnyvale, CA).

DNA cleavage assays. An oligonucleotide containing a single
topl cleavage site (11, 12) (see Fig. 5A) was used to assay topl
sensitivity to CPT. The 32-mer DNA was labeled at the 3' terminus
of the scissile strand with [a-3?P]-cordycepin and terminal trans-
ferase (DuPont, Wilmington, DE), as described previously (11, 12).
The oligonucleotide was incubated with nuclear extract at 37° for 10
min in the presence of CPT. Reactions were terminated by adding 1%
SDS. Samples were denatured by adding four volumes of loading
buffer containing 90% formamide, 0.1% xylene cyanol, 0.1% brom-
phenol blue, and 10 mM EDTA, pH 8.0, and separated in a denatur-
ing gel (16% polyacrylamide, 7 M urea) run at 52°. Topl-mediated
cleavage (Fig. 5A, caret) generates a faster DNA band that corre-
sponds to a cleaved (19-mer) product from the uncleaved substrate
(33-mer). Radioactivity of the cleaved and uncleaved products was
quantitated using a PhosphorImager and ImageQuant software (ver-
sion 3.22; Molecular Dynamics, Sunnyvale, CA).
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Fig. 3. Expression of top1 in MCF-7 (WT) and MCF-7/C4 (C4) cells. A,
Lysates of the indicated number of cells were resolved on 18% Tris/
glycine/SDS gels. Westermn blotting was performed using monoclonal
anti-human top1 antibody. B, Total RNA samples were prepared and
Northern blotting was performed using radiolabeled top1 cDNA probe.
The filter was also hybridized with a g-actin probe to normalize the RNA
amount transferred on the filter. Imaging and measurement of radioac-
tivity were performed with a Phosphorimager.

Western blot analysis. Cells were suspended in 100 ul of 2%
loading buffer (0.125 M Tris'HCl, pH 6.8, 20% glycerol, 4% SDS,
0.005% bromphenol blue) and separated on a precast polyacrylamide
Tris-glycine gel (Novex, San Diego, CA) with running buffer (0.1 M
Tris'HCI, 0.1 M Tricine, 0.1% SDS, pH 8.3). After electrophoresis, the
samples were transferred to Immobilon-p membranes (Millipore,
Bedford, MA). Monoclonal antihuman top1 antibody was provided by
Dr. Y.-C. Cheng (Yale University, New Haven, CT). Anti-p53 mouse
monoclonal (DO-1) and anti-GADD45 rabbit polyclonal (H-165) an-
tibodies were purchased from Santa Cruz Biomedicals (Santa Cruz,
CA). Anti-p21WAFUCIP1 (6B6) mouse monoclonal antibody was pur-
chased from PharMingen (San Diego, CA). Detection of immun-
oreactive signals was accomplished with chemiluminescent Western
blotting detection reagents (Amersham International, Buckingham-
shire, UK). Intensity of top1-specific band was quantitated by using
Computing Densitometer and ImageQuant software.

Measurement of DNA Contents by Flow Cytometry. Cells
were washed with PBS (150 mM NaCl, 4.3 mm K,HPO,, 0.7mM
KH,PO,, pH 7.4), fixed in 70% ethanol, and treated with RNase for
30 min at 37°. The samples were stained with propidium iodide

wT ca
| | L
0248 0248 hr
Top1 ——— ——

gadd 45 [ — —a - ———an]

024824 0248 24

Fig. 4. DNA damage response induced by CPT in MCF-7 (WT) and
MCF-7/C4 (C4) cells. Crude cell lysates of 2x 10* cells were resolved
on Tris/glycine/SDS gel, and immunoblotting was performed using the
indicated antibodies.

p21 |

(Sigma Chemical, St. Louis, MO) for 30 min at 4° and analyzed by
flow cytometry (FACScan, Becton Dickinson, Mountain View, CA).
The percentage of cells in each cell-cycle phase was quantitated
using the SFIT model package provided by the manufacturer.
Measurement of DNA-protein cross-links and DNA SSBs.
Alkaline elution assays were performed as described previously (13,
14). MCF-7 and MCF-7/C4 cells were labeled with ['*C]thymidine
(0.04 pCi/ml) for 24 hr. HL60 internal standard cells were labeled
with [methyl-*H]thymidine (0.2 w.Ci/ml). Cells were chased for an
additional 20 hr with radioisotope-free medium before drug treat-
ments and were harvested after drug treatment into ice-cold Hanks’
balanced salt solution containing CPT to avoid reversal of cleavable
complexes (15). For the DNA-protein cross-link assays, cells were
irradiated on ice with 30 Gy immediately before elution and were
kept on ice until loading onto protein-adsorbing filters (Metricel;
0.8-pm pore-size; Gelman Sciences, Ann Arbor, MI). Cells were lysed
with SDS lysis solution (0.1 M glycine, 2% SDS, 0.025 M Na,EDTA,
pH 10) without proteinase K. After one wash with 0.02 M EDTA, pH
10, DNA was eluted in tetrapropylammoniumhydroxide, pH 12.1, at

Fig. 5. Top1 DNA cleavage ac-
tivity in MCF-7 (WT) and MCF-

A
-4 33 mer. — c
- 19 mer > 80
Vv 32p-p
5! -GATCTAAAAGACTTGGAAAAATTTTTAAAAAA * 60 -
ATTTTCTGAACCTTTTTAAAAATTTTTTCTAG-3 " g‘
& 4.
<
B wT c4 5
® 204

| 11 |
90 30 10 3.3 1.1 180 60 20 6.6 2.2 ngprotein

33 mer

Ll o 2 A o_-

G- o=

7/C4 (C4) cells. A, Various
WT amounts of nuclear extracts were
tested for cleavage of an oligonu-
C4 cleotide labeled at the 3'-termi-

nus of the upper strand and con-
taining a single top1 cleavage
site (inverted caret). CPT stabi-
lizes top1-mediated DNA cleav-
age, resulting in the appearance
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the uncleaved substrate DNA
(33-mer). B, Gel picture. C,
Quantitations were performed
with a Phosphorimager, and
top1-induced DNA cleavage was
determined as the relative inten-
sity of top1 cleavage.

1 10 100 1000
Nuclear Protein (ng)

2102 ‘T Joqwiadaq uo Ausianiun Buellayz ye Bio sjeuinofiadse wreydjow woiy papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet..

C4

DPC Frequency
(Rad-equivalents)
1

1000

H————rrr——rrrrry
0.01 0.1 1

Camptothecin (M)

Fig. 6. DNA-protein cross-links (DPC) induced by CPT in MCF-7 (WT)
and MCF-7/C4 (C4) cells. DPCs were measured after 8-hr CPT treat-
ments by alkaline elution. DPC frequency is computed in rad-equiva-
lents.

a flow rate of 0.03-0.04 ml/min. For measuring DNA SSBs, only
internal standard HL60 cells and calibrator cells were irradiated on
ice with 3 Gy. Cells were loaded onto polycarbonate filters (2-um
pore-size; Poretics, Livermore, CA) and lysed with SDS lysis solution
containing 0.5 mg/ml proteinase K (Boehringer-Mannheim Bio-
chemicals). Elutions were performed with tetrapropylammoniumhy-
droxide, pH 12.1, containing 0.1% SDS at a flow rate of 0.12-0.16
ml/min.

Host cell reactivation assays. pSV,-CAT was amplified in
Escherichia coli, and DNA was prepared by alkaline lysis. Five
micrograms of UV-damaged pSV,-CAT plasmid DNA, 3 nug of pSV-
B-galactosidase plasmid, and 10 ug of lipofectin (Life Technologies)
were mixed gently in a sterile polystyrene tube in a final volume of
200 ul of serum-free medium and incubated for 30 min at 22°. This
mixture was then added to 1.8 ml of serum-free medium and was
layered over the cell cultures. After 24 hr, cotransfection was stopped
by removing the liposome-DNA mixture, washing cells twice with
medium, and adding complete culture medium. After an additional
48 hr of incubation, cells were transferred to microcentrifuge tubes,
washed with PBS, and resuspended in 100 ul of 0.25 M Tris-HCI, pH
7.5. They were then lysed by three consecutive freeze-thaw cycles,
and lysates were centrifuged at 14,000 X g for 5 min at 4°. Super-
natant was used to determine protein concentration by BioRad pro-
tein assay kit (BioRad, Hercules, CA). Another aliquot was used
to determine B-galactosidase activity (16). Transient CAT gene ex-
pression was assayed 72 hr after transfection. Quantitation of
[*4C]chloramphenicol conversion was performed by counting on a
PhosphorImager and ImageQuant software.

Results

Generation and drug-resistance profile of MCF-7/C4
cells. Mutagenesis with MMS, followed by selection with
CPT, was used to obtain the CPT-resistant clones. Approxi-
mately 108 MCF-7 cells were treated with MMS (50 ug/ml)
for 24 hr. Cytotoxicity of MMS at this concentration was
approximately 70%. After 3 days, surviving cells were treated
with 0.03 uM CPT. This concentration was maintained for 3
days by supplying fresh CPT-containing medium every day.
Resistant cells were allowed to grow in drug-free medium for
3 additional days. This CPT selection schedule was repeated
twice. Surviving colonies were picked up and inoculated into
microtiter plates. Resulting clones were grown in 25-cm?
flasks in the presence of 0.03 umM CPT. MCF-7/C4 is one of the
CPT-resistant clones generated by this procedure. Monoclo-
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Fig. 7. DNA SSBs induced by CPT in MCF-7 (WT) and MCF-7/C4 (C4)
cells. Cells were treated with 1 um CPT for 8 hr and DNA SSBs were
measured by alkaline elution. O, Untreated celis; ®, end of CPT treat-
ment; A, 15 min after CPT removal; ¢, 60 min after CPT removal; (J,
y-irradiation (20 Gy).

nal MCF-7/C4 cells were obtained after recloning and were
cultured in the absence of CPT.

Resistance of MCF-7/C4 cells to CPT is shown in Fig. 1.
Estimated IC;, values for CPT in MCF-7 cells and MCF-7/C4
cells were 0.12 uM and 4 uM, respectively, which indicates
that MCF-7/C4 cells are approximately 30-fold resistant to
CPT. The cytotoxicity of the top2 inhibitor, VP-16, and
y-radiation was similar in MCF-7/C4 and parental cells, but
MCF-7/C4 cells were cross-resistant to UV and CDDP (Fig.
2).

Topl-related parameters in MCF-7/C4 cells. We first
examined whether CPT resistance was caused by changes in
topl gene expression. Western and Northern blottings
showed normal size of topl and similar mRNA levels in both
cell lines (Fig. 3). Topl protein levels were also examined at
various times after treatment with CPT (Fig. 4). Top1 protein
decreased in both cell lines after CPT treatment. Topl-medi-
ated damage by CPT was determined using an assay based
on our previous finding that CPT induces a single top1 cleav-
age site in a 3'-end-labeled DNA oligonucleotide (17, 18) (Fig.
5A). In the presence of 10 um CPT, DNA cleavage was not
significantly different with MCF-7 and MCF-7/C4 nuclear
extracts (Fig. 5, B and C). To exclude the possibility that
resistance of MCF-7/C4 might be caused by reduced drug
uptake, cleavable complexes were measured directly in CPT-
treated cells. Alkaline elution experiments showed that CPT
produced similar DNA-protein cross-links in MCF-7 and
MCF-7/C4 cells (Fig. 6). Consistently, DNA SSBs were in-
duced and reversed similarly after drug removal in both cell
lines (Fig. 7). These results indicate that the CPT resistance
of MCF-7/C4 cells cannot be attributed to appreciable topl
activity and expression.

Cell-cycle alterations in MCF-7/C4 cells. Cell-cycle dis-
tribution was examined next because CPT has been shown to
be most toxic in S phase (2, 4, 7). Flow cytometry analyses
demonstrated that the fraction of cells in S phase was half in
the resistant MCF-7/C4 cells (Table 1; Fig. 8). However,
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TABLE 1
Celi-cycle distribution of MCF-7 and MCF-7/C4 cells
Phase MCF-7 MCF-7/C4
G, 454 + 28 544 +23
S 31.3+49 142 +54
G,/M 235*19 31.3 6.1
Doubling time 22 hr 22 hr
s
B e
MCF-7
8
©
£ ]
g w
S ]
MCF-7/C4

CONTROL 0.1 uM 1uM

Fig. 8. Cell-cycle effects of CPT treatment in MCF-7 and MCF-7/C4
celis. Cells were treated with CPT for 8 hr and samples were prepared
24 hr after drug removal. The percentage of cells in S phase and G,
phase was computed using the SFIT program. Shown are mean *
standard error of three independent experiments.

growth curves showed that MCF-7 and MCF-7/C4 had simi-
lar doubling time (22 *+ 2 hr). Thus, MCF-7/C4 cells probably
complete DNA replication more rapidly than MCF-7 cells.
This result prompted us to test the cytotoxicity of prolonged
CPT exposure. Extending treatments to 24 hr, which is
longer than the cell doubling time, did not affect the CPT
resistance of MCF-7/C4 cells (Fig. 9). DNA protein cross-links
were also similar between the two cell lines after 24-hr treat-
ments (data not shown). These results indicate that CPT
resistance of MCF-7/C4 is not caused by reduced topl-medi-
ated DNA damage.

Cellular response to CPT was investigated by flow cytom-
etry (Fig. 8). In parental MCF-7 cells, CPT induced G, delay
and depletion of S-phase cells at 0.1 uM. At 1 uM, the propor-
tion of cells arrested in G, was less and cells tended to be
arrested in S. The G, delays were less pronounced in the
resistant MCF-7/C4 cells (Fig. 8). Together, these results
show that MCF-7/C4 cells have fewer G, delays in response
to CPT than MCF-7 cells, despite similar induction of topl-
cleavable complexes.

p53 pathway and DNA damage-inducible genes in
MCF-7/C4 cells. CPT has been shown previously to be a
potent inducer of p53 and to trigger p53-dependent DNA
damage response pathways in wild-type p53 cells (19).
MCF-7 cells have wild-type p53, and as expected, p53 protein
levels increased rapidly in response to CPT. Similar induc-
tion was observed in MCF-7/C4 cells (Fig. 4). The base-line

Relative survival (%)

R T —

Treatment time (hr)

Fig. 9. CPT cytotoxicity with increasing exposure time in MCF-7 (WT)
and MCF-7/C4 (C4) cells. Cells were treated with 1 um CPT for the
indicated times. Cytotoxicity was measured by clonogenic assays.

p53 levels were also slightly but consistently higher in MCF-
7/C4 than in MCF-7 cells. The p53-inducible gene products,
GADD45 and p21WAF-VCIP-1 were however, similarly in-
duced in both cell lines. These data demonstrate that CPT
activates the p53-dependent pathways in both cell lines, con-
sistent with the view that initial DNA damage is comparable
in MCF-7/C4 and MCF-7 cells.

Enhanced DNA repair in MCF-7/C4 cells. Because
CPT-induced DNA damage and repair are still poorly under-
stood and MCF-7/C4 cells are cross-resistant to UV (Fig. 2),
we used UV-damaged DNA to test DNA repair in both cell
lines. Repair of UV-induced DNA lesions in a pSV-CAT plas-
mid restores CAT gene expression (for details, see Ref. 20).
Fig. 10 shows the result of a typical experiment. DNA repair
was two- to fourfold more efficient in MCF-7/C4 cells than in
wild-type MCF-7 cells.

Discussion

As CPTs are introduced in the clinic, it is important to
elucidate not only how the drugs interact with their primary
target (topl) (12) but also how they kill cells (7). There is
evidence that CPT and its derivatives bind at the enzyme-

wT c4

(100) 52 (100) 145

Fig. 10. Nucleotide excision repair in MCF-7 (WT) and MCF-7/C4 (C4)
cells. Cells were transfected with 5 ug of undamaged (—) or UV-
damaged pSV-CAT plasmids (+), and crude extracts from MCF-7 and
MCF-7/C4 cells were tested for CAT expression. A typical experiment
is shown.

% Relative conversion
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DNA interface (7, 12, 21) and stabilize topl cleavable com-
plexes by inhibiting the religation of topl-mediated DNA
breaks (18, 22). However, topl generally is not qualitatively
different in cancer and normal cells. Thus, we must under-

stand the cellular pathways downstream of the cleavable
complexes to identify useful cellular markers for drug activ-
ity and resistance to CPT and, possibly, novel strategies for
cancer chemotherapy. In this context, the pair of MCF-7/C4
and parental MCF-7 cells provides a novel system to eluci-
date cellular response(s) that determine anticancer activity
of and resistance to CPTs because topl-related parameters
are not appreciably different in the two cell lines.

Cellular resistance to CPTs can be defined based on two
parameters: topl protein levels and topl cleavable com-
plexes. Reduction of cleavable complexes is observed com-
monly in CPT-induced resistant cells (2). This is because CPT
inhibits topl by converting the enzyme into a cellular poison
(2, 4, 23). Hence, as CPT-trapped cleavable complexes are
reduced, DNA damage is decreased. Reduction of topl cleav-
able complexes commonly is caused by reduced top1 levels in
CPT-resistant cell lines (for review, see Ref. 2). For instance,
we recently observed silencing of the normal top1 alleles in a
CPT-resistant cell line with changes of top gene methylation
(24). Topl cleavable complexes also can be reduced in the
absence of profound decreases in topl expression levels in
cells with topl mutations that render the enzyme insensitive
to CPT (17, 25-31) (for review, see Ref. 2).

CPT resistance with normal cleavable complexes and with-
out topl alterations seems to be the primary mechanism of
resistance of MCF-7/C4 cells. This type of CPT resistance has
been observed in human colon carcinoma cell lines (8) from
the National Cancer Institute anticancer drug screen (32)
and in human nasopharyngeal KB cells (33). Conversely,
LY-R cells isolated from strains of mouse lymphoma L5178Y
are more sensitive to UV radiation and CPT, and this in-
creased sensitivity is not related to topl activity (34). This
type of resistance also has been observed in yeast cells and
led to the description of an SCT'1 (suppressor of camptothecin
toxicity) gene (10). Therefore, this CPT-resistance phenotype
[NCC (normal cleavable complexes) resistance] may not be
infrequent and probably is clinically relevant.

The cytotoxicity of CPT-induced cleavable complexes is
linked to DNA synthesis in a number of cell lines, because
aphidicolin abolishes the cytotoxicity of CPT (35, 36). This
defines CPT as an S-phase-specific DNA-damaging agent.
The reduced proportion of cells in S phase in MCF-7/C4 cells
then could seem to contribute to the resistance of MCF-7/C4
cells. However, the observation that 24-hr CPT treatment
(more than a doubling time for either cell line) was still more
cytotoxic in MCF-7/C4 cells suggests that S-phase kinetic
differences are not sufficient to account for CPT resistance.
An S-phase-independent component to the cytotoxicity of
CPT also has been observed in some cell lines (8) and at high
drug concentrations (36). In MCF-7/C4 and MCF-7 cells, we
found that CPT induced expression of p53 and its down-
stream genes, GADD45 and p21WAF-VCIP-1 gimilarly. This
suggests that signaling of the p53 pathway mediated by DNA
damage is similar in both cell lines.

DNA repair probably plays a critical role in cellular toler-
ance to CPT-induced DNA damage. Collision of replication
forks into cleavable complexes would be expected to produce
DNA double-strand breaks and irreversible topl-DNA ad-
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ducts (7). Such double-strand breaks have been detected in
SV40 (37, 38) and in human cells (39). It is also known that
cells with deficient DNA repair are hypersensitive to CPT
(40-42). The cross-resistance of MCF-7/C4 cells to UV and

CDDP was used to test DNA repair with a cellular reactiva-
tion assay of a UV-damaged plasmid with a CAT reporter (20,
43). Our finding that MCF-7/C4 cells repair UV-induced
damage more efficiently than MCF-7 cells suggests that en-
hanced DNA repair contributes to the resistance of MCF-
7/C4 cells. Enhanced DNA repair also has been observed in
CDDP-resistant cells (43-45). Survival of CPT-induced DNA
damage would require at least the DNA repair machinery to
excise the irreversible topl-DNA adducts and repair DNA
double-strand breaks generated within replicating DNA.

In conclusion, it is tempting to speculate that DNA repair
deficiencies might make malignant cells more sensitive to
chemotherapeutic agents, including CPTs, that target DNA
but do not have a cellular target unique to cancer cells.
MCF-7/C4 cells provide a novel experimental system to study
genes that are expressed differentially in CPT-resistant cells.
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