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ABSTRACT

In this study, we characterized the structure and function of topoi-
somerase I (top1) protein in the camptothecin (CPT)-resistant prostate
cancer cell lines, DU-145/RC0.1 and DU-145/RC1 (RC0.1 and RC1, re-
spectively). Both of the cell lines were previously selected by continuous
exposure to 9-nitro-CPT. The RC0.1 and RC1 cells have high cross-
resistance to CPT derivatives including SN-38 and topotecan, but are not
cross-resistant to the non-top1 inhibitors etoposide, doxorubicin, and
vincristine. Although the top1 protein levels were not decreased in the
resistant cells compared with the parental cells, CPT-induced DNA cleav-
age was markedly reduced in the RC0.1 and RC1 nuclear extracts. The
resistant-cell-line nuclear extracts also demonstrated top1 catalytic activ-
ity and resistance to CPT, in in vitro assays. Reverse transcription-PCR
products from the resistant cell lines were sequenced, and revealed a point
mutation resulting in a R364H mutation in the top1 of both RC0.1 and
RC1. No wild-type top1 RNA or genomic DNA was detected in the
resistant cell lines. Using a purified recombinant R364H top1, we found
that the R364H mutant top1 was CPT resistant and fully active. In the
published top1 crystal structure, the R364H mutation is close to
the catalytic tyrosine and other well-known mutations leading to CPT
resistance.

INTRODUCTION

In the past several decades, new cancer chemotherapies have been
developed at a remarkable rate, and consequently some malignancies
are now curable, such as leukemias (1), lymphomas (2), and testicular
tumors (3). However, even in these cases, drug resistance is a major
limitation of chemotherapy, and there are still numerous primary, and
recurrent, refractory cases (4). DNA top12 has recently been investi-
gated as a new target for chemotherapy (5, 6). In higher eukaryotes,
top1 is an essential enzyme that relaxes DNA supercoiling and re-
lieves torsional strain during DNA processing, including replication,
transcription, and repair. The natural product CPT targets the top1/
DNA covalent complex, a catalytic intermediate, by reversibly block-
ing top1-mediated religation of the DNA and release of free top1 (7).
In the presence of CPT, top1 remains covalently linked to one strand
of the DNA, and thus leaves the DNA with a protein-linked DNA
single-stranded break, which triggers cytotoxic lesions in metaboliz-
ing DNA (8, 9).

Several CPT derivatives have recently been introduced for cancer
therapy, including irinotecan and topotecan. Therefore, defining the
mechanisms of CPT resistance is important in developing more effi-
cacious derivatives. One approach to define the cellular resistance
mechanisms and the top1/CPT interactions is by selecting cell lines

for CPT resistance, and then determining putative top1 mutations that
may confer resistance. A number of top1 mutations have been iden-
tified in this way (10). Such mutations generally confer high-level
resistance to CPT and its derivatives bothin vivoandin vitro (10, 11).
The recently determined X-ray crystal structure of human top1 com-
plexed with DNA (12, 13) allows the resistance mutations to be
understood in terms of their interaction with DNA, and potentially
with CPT. However, the top1 interactions with CPT proposed to date
are based on two hypothetical models of CPT binding in the top1
active site (12, 14). Without a crystal structure of the top1/DNA/CPT
complex, the existing mutations that confer CPT resistance can only
suggest potential top1/CPT interactions. In this study, we identified a
novel mutation in the top1 gene of CPT-resistant cell lines, and
showed that this mutation results in a CPT-resistant enzymein vitro
using a recombinant mutant top1. This new CPT-resistance mutation
allows further definition of the top1/CPT interactions and is consistent
with the existing top1/CPT models.

MATERIALS AND METHODS

Cell Culture, Chemicals, and Enzymes.The human prostate carcinoma
cell line DU-145 (15) was cultured in RPMI 1640 (Life Technologies, Gaith-
ersburg, MD) containing 10% FCS at 5% CO2 and 37°C. The CPT-resistant
DU-145 cell sublines 145/RC0.1 and DU-145/RC1 (RC0.1 and RC1, respec-
tively) were established by continuous exposure of DU-145 cells to 9-nitro-
CPT (16). The RC0.1 and RC1 cell lines grow in the presence of 0.1mM and
1 mM drug concentrations, respectively. [a-32P]dGTP and [a-2P]cordycepin
were purchased from New England Nuclear (Boston, MA). Human top1 was
expressed in Sf9 insect cells using a recombinant baculovirus and purified as
described previously (17).

Cytotoxicity Assays. The MTT assay was used to determine the cellular
sensitivity to drugs. Three thousand cells were seeded per well in 96-well
microtiter plates. The cells were incubated at 37°C in the continuous presence
of drug for 3 days. Growth inhibition was then assayed by adding 50mg of
MTT dye per well. After 4-h incubation, 100ml of DMSO were added and
absorbances were measured at 550 nm using an E-max microtiter plate reader.
Results are expressed as percentage of growth inhibition, mean6 SD, of at
least three independent experiments.

Preparation of Nuclear Extracts. Nuclear extracts were made as de-
scribed previously (18) with minor modifications. Briefly, 107 exponentially
grown cells were washed twice in 13 ice-cold nucleus buffer (150 mM NaCl,
1 mM KH2PO4, 5 mM MgCl2, and 1 mM EGTA) and recovered by centrifu-
gation at 2003 g for 10 min. Cell pellets were resuspended in fresh nucleus
buffer containing 0.03% Triton X-100 and incubated at 4°C for 10 min. After
centrifugation at 2003 g for 10 min, pelleted nuclei were washed twice in
nucleus buffer. Proteins were then salt-extracted by adjusting the final NaCl
concentration to 0.35M and gentle mixing at 4°C for 30 min. After centrifu-
gation at 12,0003 g for 30 min, supernatants were collected and protein
concentrations evaluated using the Bradford assay (19).

top1-induced DNA Cleavage Assay.top1-mediated cleavage activities
were measured using the 161-bpPvuII-HindIII fragment of pSK plasmid
(Stratagene, La Jolla, CA) and a 22-mer oligonucleotide containing a single
top1 cleavage site. In the experiments shown in Fig. 8, the 22-mer oligonu-
cleotide contained atrans-opened BaP at theN6-amino group of a central
29-deoxyadenosine in the scissile strand (20). End labeling and preparation of
the DNA fragments were performed as described previously (21). Labeled
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DNA (;50 fmol per reaction) was incubated with either purified top1, or
nuclear extracts, for 30 min at 25°C in the presence or absence of drug in 13
top1 reaction buffer [10 mM Tris-HCl (pH 7.5), 50 mM KCl, 5 mM MgCl2, 0.1
mM EDTA, and 15mg/ml BSA]. Reactions were stopped by adding SDS (0.5%
final concentration). After ethanol precipitation, samples were resuspended in
gel electrophoresis loading buffer [80% formamide, 45 mM sodium hydroxide,
1 mM sodium EDTA, 0.1% xylene cyanol, and 0.1% bromphenol blue (pH 8)].
Reaction products were separated on either a 7% or a 20% denaturing poly-
acrylamide gel (7M urea) in 13 TBE for 2 h at 40 V3 cm at 50°C for the pSK
fragment and the 22-mer oligonucleotide, respectively. Imaging and quantita-
tion were performed using a PhosphorImager and ImageQuant software (Mo-
lecular Dynamics, Sunnyvale, CA).

top1-mediated DNA Relaxation Assays.Reaction mixtures (10ml) con-
tained 0.3mg of supercoiled SV40 DNA per top1 assay. Reactions were
performed at room temperature for the indicated times and were terminated by
the addition of SDS (0.5% final concentration). An amount of 1.1ml of 103
loading buffer [20% Ficoll 400, 0.1M sodium EDTA (pH 8), 1.0% SDS, and
0.25% bromphenol blue] was then added, and reactions were loaded onto 1%
agarose gels. After electrophoresis, the gels were stained with 1X buffer
solution containing 10mg/ml of ethidium bromide and were visualized by
transillumination with UV light (300 nm). Quantitations were performed using
a FluoroImager (Molecular Dynamics).

Immunoblot Analysis of top1. For top1 analysis,;107 cells were lysed in
radioimmunoprecipitation assay buffer (13 PBS, 1% NP40, 0.5% sodium
deoxycholate, and 0.1% SDS); then an equal volume of 13 Tris-glycine SDS
sample buffer (126 mM Tris-HCl, 20% glycerol, 4% SDS, and 0.005% brom-
phenol blue) was added. The lysates were placed in boiling water for 5 min,
loaded onto the 8% polyacrylamide/SDS gels, electrophoresed for 3 h at 150
V, and transferred onto a nitrocellulose membrane using a Bio-Rad semidry
blotter (Bio-Rad, Hercules, CA) according to the manufacturer’s protocol.
Imumunoblotting was performed using the top1 monoclonal antibody (a kind
gift from Dr. Y-C. Cheng, Yale University, New Haven, CT) as described
previously (22).

Detection of top1 Mutation. RNA was extracted from the parental and
drug-resistant cell lines using a RNeasy Mini kit (Qiagen, Valenica, CA) according
to the manufacturer’s protocol. RNA was reverse transcribed using the SuperScript
preamplification system (Life Technologies) according to the manufacturer’s
protocol. Four regions of the top1 cDNA tat were already known to bear mutations
responsible for CPT resistance (11) were amplified using the following pairs of
primers (sense and antisense, respectively): for region A, 59-CTTTAAAGACT-
GGAGAAAGGAAATGACTAATG-39 and 59-TCTTTGCTACAGTTGATGA-
TTATATCCTC-39; for region B, 59-GAAGACTGGAAGTCCAAAGAGAT-
GAAAGT-39 and 59-GTCAAGCCCTCCATGAGATCCTGAAGATG-39; for
region C, 59-GGGAAGGACTCCATCAGATACTATAACAA-39 and 59-GGGG-
CTGTCAGTTCTTTTAGCTGCTGCTGT-39; and for region D, 59-CAGTT-
GATGAAGCTGGAAGTTCAAGCCACAGA-39 and 59-CTGGGTTTTGTTG-
TAAATCTTCTCAATTGGGAC-39.

PCR amplification was performed using the PCR reagent system (Life
Technologies, Inc.) under the following conditions: preincubation was at 95°C
for 2 min followed by 30 cycles at 95°C (1 min); 55°C (1 min); 72°C (1 min),

and a final extension of 10 min at 72°C. Cloning of the PCR fragments was
performed using the TOPO TA cloning system (Invitrogen, Carlsbad, CA).
Transformation of competent cells and DNA minipreps were performed ac-
cording to standard procedures. Sequencing was performed using the BigDye
primer cycle sequencing reaction kit (Applied Biosystems, Foster City, CA).
Analysis of the top1 sequences was performed using Sequencher software
(Genes Code Corporation, Ann Arbor, MI).

Expression of Mutant top1 and Purification. WT and mutant R364H
top1 expression were expressed and purified as follows. The WT top1 con-
struct used is essentially the same as reported previously (23). Briefly, either
the WT or the mutant R364H top1 gene was cloned into a baculovirus transfer
vector (pBacGus-1; Novagen, Madison, WI) and was used to make a recom-
binant baculovirus following the manufacturer’s recommendations (BD-
PharMingen, San Diego, CA). The WT and R364H mutant top1 proteins were
then expressed in TN5 insect cells (HighFive; Invitrogen) by the recombinant
baculovirus, and purified via the NH2-terminal His tag as described previously
(17, 24).

RESULTS

The human prostate carcinoma cell lines RC0.1 and RC1 were
developed from the parental DU-145 cell line by continuous exposure
to 9-nitro-CPT. Although the parental DU-145 cells are sensitive to
9-nitro-CPT at 20–40 nM concentrations, the resistant cells (RC0.1
and RC1) can grow in the presence of 0.1 and 1mM 9-nitro-CPT,
respectively (16). DU-145, RC0.1 and RC1 cells were characterized
for resistance to other top1 inhibitors and for quantitative and/or
qualitative modifications in top1.

Cross-Resistance to top1 Inhibitors.We initially examined the
RC0.1 and RC1 cell lines for resistance to other CPT derivatives, as
well as other chemotherapeutic agents that are not active against top1
(i.e., top2, DNA and RNA synthesis and tubulin inhibitors). Both the
RC0.1 and RC1 cell lines exhibited resistance to CPT and to the
clinically relevant CPT derivatives, SN-38 and topotecan (;100- to
1000-fold; Fig. 1 and Table 1). There was a limited resistance (,10-
fold) to NB-506, an intercalating top1 inhibitor (25). Interestingly,
neither of the cell lines was cross-resistant to the tubulin inhibitor
vincristine, and the antimetabolites 5-fluorouracil or 1-b-D-arabino-
furanosylcytosine. Both the RC0.1 and RC1 cell lines were highly
sensitive to the top2 inhibitors, VP-16 and ADR (Table 1).

top1 Protein Levels in the Resistant Cell Lines.Reduction of
top1 is a common mechanism that can account for cellular resistance
to CPT, because it has been observed in other CPT-resistant cell lines
(26–32). Therefore, we analyzed the parental DU-145 cell line and
both of the resistant cell lines RC0.1 and RC1 for top1 expression by
the Western-blot methodology. top1 protein levels were comparable
in the RC0.1 and RC1 and in the parental DU-145 cells (Fig. 2).

top1 Catalytic Activity in SV40 DNA Relaxation Assay. top1
activity was assayed in the nuclear extracts of DU-145 and RC1 cells

Fig. 1. Determination of CPT sensitivity of DU-145 and resistant cell lines. The
CPT-sensitive parental DU-145 cell line and resistant cell lines RC0.1 and RC1 were
cultured in the presence of the indicated CPT concentrations for 3 days. Cell viability was
determined using the MTT assay.Error bars, SDs (for five independent experiments).

Table 1 Sensitivity of DU-145, RC0.1, and RC1 cells to various anticancer drugs

IC50 values were determined from survival curves using MTT assays after 3-day
exposure to drugs. The resistance index (RI) was computed as ratio of the IC50 for the
RC0.1 or RC1 cells: the IC50 for the parent DU-145 cells.

DU-145
IC50 (mM)

RC0.1 RC1

IC50 (mM) R1 IC50 (mM) R1

CPT 0.066 0.06 63.36 5.8 1055 21.76 7.6 361
SN-38 0.046 0.05 11.676 2.89 277.8 4.436 4.83 105.6
Topotecan 0.196 0.11 61.26 37.5 322.1 58.36 38.2 306.8
NB-506 0.236 0.06 4.156 2.62 18.3 1.976 0.85 8.7
Cisplatin 1.56 0.2 5.006 3.46 3.3 1.876 0.21 1.2
VP-16 5.26 5.3 3.66 1.8 0.69 1.86 1.6 0.35
ADR 1.516 1.34 0.246 0.24 0.16 0.146 0.11 0.09
VCRa 0.096 0.13 0.076 0.05 0.77 0.046 0.05 0.44
5-FU 0.136 0.06 0.206 0.17 1.58 0.106 0.01 0.79
Ara-C 0.366 0.11 0.676 0.32 1.86 0.486 0.20 1.33
a VCR, vincristine; 5-FU, 5-fluorouracil; Ara-C, 1-b-D-arabinofuranosylcytosine.
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by their ability to relax supercoiled SV40 DNA. The results in Fig. 3
demonstrate that both DU-145 and RC1 nuclear extracts were cata-
lytically active in the SV40 DNA relaxation assays. However,
whereas the top1 catalytic activity in the DU-145 extract was sensitive
to CPT, it was resistant to CPT in the RC1 extract (Fig. 3,bottom).
These results demonstrate that this RC1 nuclear extract had no de-
tectable defect in top1 activity but was resistant to CPT in the DNA
relaxation assay.

CPT Resistance in the Cleavage Complex Assay.Using the
defined high-affinity top1 oligonucleotide substrate (Fig. 4A; Refs. 24,
33, 34), the DU-145, RC0.1, and RC1 nuclear extracts were tested for
the ability of CPT treatment to cause the accumulation of cleavage
complexes, by the inhibition of top1 religation (32). The oligonucleo-
tide was cleaved by DU-145 extract in the presence of CPT. Cleav-
age was markedly reduced with the RC0.1 and RC1 extracts (Fig. 4,
B andC).

The pSK fragment, which contains several preferred sequences for
top1 cleavage (35) was also tested to determine whether reduction of
CPT-induced top1-mediated DNA cleavage was global or site spe-
cific. Fig. 5 shows that the RC0.1 and RC1 extracts were resistant to
CPT-induced cleavage complex accumulation at all site examined.
These results suggest that the cellular top1 in the RC1 and RC0.1 cell
is likely resistant to CPT-mediated DNA cleavage, whereas top1 in
the DU-145 cells is sensitive.

top1 Mutation in Resistant Cell Lines. To test whether the
CPT-resistant cell lines carried a mutant top1, mRNA was isolated
from the parental and resistant cell lines, and subjected to reverse
transcription-PCR. The resulting PCR products were cloned and
sequenced, and revealed the same single-point mutation in both the

RC0.1 and the RC1 top1 cDNA. This mutation, a G to Atransition,
results in an Arginine to Histidine mutation at amino acid residue
364 (R364H; Fig. 6). The WT top1 allele was not detected in either
the RC0.1 or the RC1 cells (five individual clones were analyzed
for each cell line), whereas the parental DU-145 cells contained
only the WT allele.

Recombinant top1 Is Catalytically Active and CPT Resistant.
To confirm that the R364H mutation is responsible for the CPT
resistance of the RC0.1 and RC1 cells, we constructed a recombi-
nant top1 gene vector that contained the R364H mutation in the
expressed top1. The R364H top1 protein was expressed in insect
cells using recombinant baculovirus and was purified to.95%
purity. The R364H top1 was next tested for catalytic activity and
resistance to CPT using the SV40 relaxation assays (Fig. 7) and the
cleavage complex assay with oligonucleotide substrates as de-
scribed previously (Fig. 8). In the SV40 relaxation assay, the
R364H top1 protein was catalytically active and resistant to CPT
(Fig. 7). For the oligonucleotide assays, two different substrates
were used: (a) the high-affinity 22-mer oligonucleotide; and (b) an
oligonucleotide with a BaP adduct inserted at the11A, position
relative to the top1 site (20). This modified oligonucleotide has
been shown to be a CPT-independent suicide substrate for top1
(36). The R364H top1 had similar activity as the WT top1 on the
suicide oligonucleotide substrate (Fig. 8), which is consistent with
normal catalytic activity (Fig. 7). However, in the unmodified
22-mer oligonucleotide, the R364H top1 was highly resistant to
CPT-induced cleavage complex accumulation as compared with
WT top1 (Fig. 8). We conclude that the R364H top1 mutation
renders top1 resistant to CPT.

Fig. 2. Immunoblot analysis for top1 in parental and CPT-resistant DU-145 cells. Cell
extracts (amounts of protein, amounts loaded) were separated by SDS-PAGE. Immuno-
blotting was performed using monoclonal antibody against top1.kDa, Mr, in thousands.

Fig. 3. top1 relaxation activity assay in parental and CPT-resistant DU-145 cells.
Supercoiled SV40 DNA was incubated with the indicated amounts of nuclear extract
protein from the parental DU-145 and the RC1 cell lines. Incubation was for 30 min at
room temperature in the absence or presence of 0.3mM CPT. Reaction products were
separated by agarose gel electrophoresis and stained with ethidium bromide, and super-
coiled DNA was quantitated.NE, nuclear extract;Sc, supercoiled DNA;R, relaxed DNA.

Fig. 4. CPT-induced cleavage complexes induced by nuclear extracts from DU-145,
RC0.1, and RC1 cells. InA, cleavage assays were performed using32P-end-labeled
oligonucleotide DNA; *A-39, the 32P-labeled cordycepin. InB, DNA substrates were
incubated with 1.0mg nuclear extract at room temperature in the absence (2) or presence
(1) of 10 mM CPT. Reactions were terminated at 5 min (Lanes 3, 9, and15); 15 min
(Lanes 4, 10, and16); 30 min (Lanes 5, 11, and17); 60 min (Lanes 6, 12, and18); and
90 min (Lanes 7, 13, and 19). In C, cleavage products were electrophoresed on 20%
denaturing polyacrylamide gels and quantitated.
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DISCUSSION

In this report, we have characterized the top1-mediated resistance to
CPT of human prostate carcinoma cell lines derived from the parental,
CPT-sensitive DU-145 cell line. A number of CPT-resistant cell lines
have been previously isolated and characterized (reviewed in Ref. 10),
and from them, the mechanisms of CPT resistance can be grouped into
three categories. In the first category, resistance is related to alter-
ations in cellular drug accumulation/distribution and metabolism; the
second category includes quantitative and qualitative differences in
top1; and the third category includes resistance factors downstream
from cleavage complex resolution.

In the drug sensitivity assay, the RC0.1 and RC1 cell lines showed
cross-resistance to CPT and its derivatives but were not resistant to
drugs that do not target top1 (Table 1). The low cross-resistance of the
RC0.1 and RC1 cell lines to NB-506 (an intercalating top1 inhibitor)
is consistent with the possibility that NB-506 targets other cellular
factors in addition to top1 (37). The enhanced sensitivity of the RC0.1
and RC1 cells to VP-16 and ADR might be conferred by the increased
level of top2 in RC0.1 and RC1 cells (data not shown).

The high level of CPT resistance of the RC0.1 and RC1 cell lines
as compared with that of the parental cell line (Fig. 1), suggested that
a specific alteration in the cellular top1 might be responsible for the
resistance. We tested the RC0.1 and RC1 nuclear extracts for top1
activity and resistance to CPT, using the SV40 DNA relaxation assay
as well as labeled DNA fragments (see Figs. 3–5). Nuclear extracts
from RC0.1 and RC1 cells clearly demonstrated top1 catalytic activity
in the SV40 relaxation assay, which was resistant to CPT treatment
(Fig. 3). Analysis with the labeled DNA fragments showed that CPT
trapped the top1 cleavage complex in the parental nuclear extracts, but
not in either the RC0.1 or the RC1 nuclear extracts (Figs. 4 and 5).
CPT stabilization of the top1 cleavage complex is the most important
factor in CPT-mediated cytotoxicity (10). Consequently, the RC0.1
and RC1 cell lines have acquired resistance to CPT, apparently
because of the lack of CPT-mediated stabilization of the top1/DNA
cleavage complexes.

Alterations in the top1 protein have been reported to result in

resistance to CPT. The alterations include lower levels of cellular top1
protein, decreased top1 catalytic activity because of mutations, as well
as top1 mutations that effect CPT binding [reviewed in (10)]. De-
creasing the levels of top1 protein in CPT-resistant cells is a strategic
approach used by the cell (26–32), thereby reducing the number of
CPT-stabilized top1/DNA cleavage complexes that cause DNA dam-
age. However, in our case, the top1 protein levels were not decreased
in the resistant cell lines (Fig. 2). These results implicated a top1
mutation in the resistant cell lines, which results in CPT resistance. As
shown in Fig. 6, we, in fact, found a new top1 mutation, which
changes the Arginine 364 codon to Histidine (R364H) in the CPT-
resistant cell lines RC0.1 and RC1. To confirm that the CPT resistance
was due to the R364H mutation, we constructed a recombinant top1
with the R364H mutation (top1/R364H), and examined the corre-
sponding CPT sensitivity and catalytic activity. As shown in Fig. 7
and 8, the recombinant top1/R364H is catalytically active in the SV40
DNA relaxation assays and with the suicide oligonucleotide substrate.
Consistent with the results obtained with nuclear extracts, the top1/
R364H enzyme was highly resistance to CPT in both the SV40 DNA
relaxation, and in the oligonucleotide DNA cleavage assays (Fig. 7
and 8).

The R364H point mutation is located in the highly conserved
core A region of top1 (see Fig. 3 in Ref. 10), and is within the top1
amino acid residues 361–364 that have been recently reported to be
critical for CPT resistance (38 – 40). Moreover, this mutation site is
close to the catalytic tyrosine, and other mutations that confer CPT
resistance as judged by analysis of the top1 crystal structure (Fig.
9; Refs. 12, 13, 33). Interestingly, in this scheme, the previously
reported top1 CPT resistance mutations [G503S (41, 42);D533G
(26, 43), D533N (44); G717V1T729I (45); L721R1N722A (46);
N722S (32, 47); and T729A (48)] are assembled in close proximity to
the catalytic tyrosine (Tyr723 in human) and the bound DNA (Fig. 9).
The resistance of the top1/R364H is probably attributable to the loss
of a critical H-bond between R364 and CPT. In fact, such an inter-

Fig. 5. CPT-induced cleavage complex accumulation in parental and CPT-resistant
DU-145 cells at different top1 sites. Cleavage assays were performed using a32P-labeled
pSK substrate. DNA was incubated with nuclear extracts (each right triangle, 0.5, 1.0, and
2.0 mg of nuclear extract protein) at room temperature for 30 min in the absence (2) or
presence (1) of 10 mM CPT. Reactions were terminated by adding SDS, and the cleavage
products were electrophoresed on 7% denaturing polyacrylamide gels.

Fig. 6. top1 mutation in the RC0.1 and RC1 cells. RNA was extracted from parental,
CPT-sensitive DU-145, and CPT-resistant RC0.1 and RC1 cells. Sequencing of top1 was
performed by standard reverse transcription-PCR amplification.Arrow, the point mutation
(G to A transition).
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action has been predicted to exist between R364 and the CPT E-ring
lactone moiety based on a hypothetical CPT binding model (12).

We did not detect the WT top1 RNA and genomic DNA (data are
not shown) in the RC0.1 and RC1 cell lines. This likely means that
lack of the WT top1 allele is required for the cell to acquire CPT
resistance, because CPT would turn the WT top1 into a cellular
poison. We previously observed a similar situation in the CPT-
resistant human leukemia CEM/C2 cells, which had both a CPT-
resistant top1 mutation (N722S; Ref. 32) and lack of expression of
normal top1 allele (47). These observations suggest that CPT resist-
ance results from a 2-step genetic process: (a) mutation of one of the
alleles leading to a catalytically active and CPT-resistant top1; and (b)
silencing or loss of the WT, CPT-sensitive top1 allele.

From these results, we conclude that the CPT resistance of the
RC0.1 and RC1 cells is primarily attributable to the reduced formation
of CPT-induced top1 cleavage complexes. The R364H mutation to-
gether with previously defined top1 resistance mutations provide new
insight in the CPT molecular interactions and should be useful to
model interactions between CPT and top1/DNA complexes and in the
development of new CPT derivatives.

Fig. 7. top1 relaxation activity and CPT resistance of recombinant R364H top1. WT
top1 (WT) and R364H mutant top1 (R364H) were reacted with SV40 DNA for various
periods of time and samples were analyzed.Lane C, control without top1;Lanes 1, 2, 3,
4, and5, samples at 0, 5, 10, 30, and 60 min, respectively. All of the reactions contained
0.5 ng of the respective top1, and 0.5mg SV40 DNA.A, WT without CPT;B, WT 1 10
mM CPT; C, R364H without CPT; and D, R364H1 10 mM CPT.Sc, supercoiled DNA;
R, relaxed DNA.

Fig. 8. Determination of top1 cleavage activity by recombinant R364H top1. Various
amounts of WT top1 (WT) and of the mutant top1 (R364H) were reacted with either
unmodified 22-mer double-stranded oligonucleotide (left), or a suicide oligonucleotide
(right), containing benzo[a]pyrene 7,8-diol 9,10-epoxide adduct (BaP) at position11. In
this case G11 had to be changed to an A11 (20). Arrowhead, the top1 cleavage site.
Lanes C, no top1 added;Lanes 1–3, WT 14, 7, and 3.5 ng, respectively;Lanes 4–6,
R364H 14, 7, and 3.5 ng;Lanes 1–6, left panel, with 10 mM CPT. Lower panels,
quantitations of the gels shown at the top of the figure.

Fig. 9. Structure of human top1 and clustering
of residues associated with CPT resistance.A and
B, the top1 protein structure in a front and side view
relative to the DNA linear axis, respectively.C and
D, the DNA backbone in the same orientation as in
A andB, respectively, as well as the proximity of
the residues involved in CPT resistance (in red).C
andD, (black), the catalytic tyrosine (Y723).
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