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Abstract Purpose: Gene transfer of cDNA sequences
that confer drug resistance can be used (1) to protect
hematopoietic cells against the toxic effects of chemo-
therapy, (2) for in vivo enrichment of genetically engi-
neered cells and (3) to protect cytotoxic T lymphocytes
in drug-resistant immunotherapy approaches for the
treatment of cancer. We have previously developed
strategies to confer resistance to agents targeting thy-
midylate synthase (TS) and have now expanded our
drug resistance strategies to include retroviral expression
of tyrosyl-DNA phosphodiesterase (TDP-I), an enzyme
recently implicated in the repair of topoisomerase-I
(Top-I)/DNA lesions induced by camptothecin (CPT).
The combination of TS and Top-I inhibition has been
shown to be an effective treatment for several types of
cancer. Materials and methods: Retroviral vectors were
generated that individually encoded TS and TDP-I or
that coexpressed both enzymes. Murine fibroblast and
Chinese hamster lung transfectants were generated with
the vectors and resistance to TS- and Top-I-directed
inhibitors was tested. Murine bone marrow progenitor
cells were also transduced using recombinant retrovi-
ruses encoding TS and TDP-I and the degree of drug
resistance conferred to gene-modified cells was tested.
Results: Enforced expression of TDP-I increased TDP-I

activity in gene-modified cells and conferred up to
threefold resistance to CPT. The degree of resistance was
dependent on the duration of drug treatment. Simulta-
neous expression of the TS gene encoding E. coli TS
optimized for expression in mammalian cells (optecTS)
and TDP-I conferred extremely high-level resistance to
concurrent treatment with the TS-inhibitor BW1843U89
and CPT. Furthermore, by direct analysis of DNA
fragmentation using the comet assay, substantial pro-
tection was conferred (fourfold) against DNA frag-
mentation associated with combination drug treatments
by dual enzyme expression compared to non-modified
cells. Hematopoietic progenitor assays of murine bone
marrow cells transduced with retroviral vectors encod-
ing TS and TDP-I showed that bone marrow cells could
be protected from the cytotoxic effects of TS and Top-I
inhibition. Conclusions: Enforced expression of optecTS
and TDP-I conferred antifolate and CPT resistance to
genetically modified cells. Additionally, this work fur-
ther illustrated a role for TDP-I in the repair of dead-
end Top-I complexes and implied that TDP-I expression
analysis may aid in predicting the therapeutic effective-
ness of the CPT class of compounds.
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phosphodiesterase

Introduction

Retroviral transfer of genes that confer drug resistance
to hematopoietic cells that can protect an individual
from the dose-limiting myelosuppressive side effects of
specific chemotherapy regimens is currently being eval-
uated in clinical trials, and this strategy may also allow
more aggressive chemotherapy dosing schedules (Sor-
rentino 2002; Koc et al. 1996). In addition, drug resis-
tance can be used for in vivo enrichment of genetically
modified cells and provide a mechanism for overcoming
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low transduction efficiencies, which is a limitation in
many gene transfer strategies. Enrichment of gene-
modified cells has been accomplished using cDNAs
encoding dihydrofolate reductase (DHFR), p-glycopro-
tein, alkylguanine-DNA alkyltransferase, and thymi-
dylate synthase (TS) (Licht et al. 2000; Spencer et al.
1996; Allay et al. 1998; Davis et al. 2000; Shaw et al.
2001). Although many of these gene products are well
characterized and are currently being used in clinical
trials, an ideal drug-resistant marker has yet to be
identified. Therefore, it is important to optimize drug
resistance by evaluating novel genes that may allow for
the attenuation of toxicity of additional neoplastic
agents. The purpose of the current study was to char-
acterize the use of tyrosyl-DNA-phosphodiesterase-I
(TDP-I) as a potential drug-resistant gene and to illus-
trate the advantage of simultaneously expressing multi-
ple genes to confer resistance to combinational
chemotherapy regimens.

Chemotherapy using 5-fluorouracil (5-FU, a precur-
sor of FdUrd) and camptothecin (CPT, e.g. CPT-11),
which are inhibitors of TS and topoisomerase-I (Top-I)
respectively, is an effective treatment for late-stage
colorectal cancer. Both TS and Top-I have been exten-
sively studied and are well characterized, making them
reasonable targets for drug-resistant gene therapy stud-
ies (Carreras and Santi 1995; Spencer et al. 1997;
Champoux 2001). TS is an attractive target for chemo-
therapy because it is the rate-limiting step for the de
novo synthesis of thymidylate, a required precursor for
DNA synthesis. Because of the intrinsically high turn-
over rates of the hematopoietic and gastrointestinal
compartments, mucositis and myelosuppression are
dose-limiting for inhibitors of TS. The toxic effects of TS
inhibition can be overcome by enforced expression of
TS, effectively reversing the conditions of thymidine
starvation. Recombinant E. coli TS (ecTS) has a lower
affinity for antifolate-based TS inhibitors compared to
the highly conserved mammalian enzymes (Fantz et al.
1998), and we have shown that when ecTS is optimized
for mammalian expression (optecTS) high-level resis-
tance can be conferred to murine fibroblast and hema-
topoietic cells against TS-directed inhibitors (Shaw et al.
2001).

Recently, novel mechanisms have been proposed
describing the modulation of Top-I inhibition. These
mechanisms present an opportunity to possibly modu-
late CPT toxicity using drug-resistant gene therapy
strategies. The cellular toxicity resulting from Top-I
inhibition develops from a series of increasingly harmful
forms of DNA damage. In the absence of inhibition,
Top-I cleaves one strand of a DNA duplex, forming a
transient covalent intermediate between the enzyme�s
active site tyrosine and the 3¢ end of the DNA (Nitiss
and Wang 1996). After reducing the level of supercoil-
ing, the enzyme safely reseals the DNA and dissociates
(Champoux 2001). CPT and related compounds stabilize
the Top-I/DNA complex, preventing the resealing step
(Hsiang et al. 1989a; 1989b). In this way, chemical

inhibition of Top-I acts in a similar manner to naturally
occurring DNA lesions, such as abasic sites and oxida-
tive products, that physically block the religation step of
Top-I (Roffler et al. 1994; Lanza et al. 1996; Pourquier
and Pommier 2001). If religation is inhibited, cellular
toxicity occurs when a replication fork encounters a
trapped Top-I complex (Knab et al. 1993), leading to
DNA double-strand breaks (DSBs) that cannot be easily
resealed because of the covalently bound protein on the
3¢ end (Chen and Liu 1994; Froelich-Ammon and
Osheroff 1995).

Recently, a mechanism for repair of this damage has
been suggested by the discovery of an enzyme that can
cleave the bond between Top-I and the 3¢ end of DNA.
(Yang et al. 1996). Several lines of evidence indicate that
yeast tyrosyl-DNA-phosphodiesterase (TDP-I) func-
tions in the removal of Top-I-linked DNA breaks and
that such removal is part of a recombinational repair
pathway (Pouliot et al. 2001) (Fig. 1A). TDP-I has been
cloned from yeast (Pouliot et al. 1999) and humans
(Interthal et al. 2001) and has obvious homologs in the
genomes of several other species. The expression of
TDP-I in mammalian cell lines, however, has not been
extensively investigated.

CPTs are unique in that direct inhibition of Top-I
activity accounts for only a small portion of the overall
toxicity, with the majority of toxicity arising from DSBs
as a result of interaction of the replication fork with the
inhibited enzyme. The mechanism of CPT toxicity pre-
sents a unique opportunity to exploit a naturally
occurring enzyme activity (TDP-I) using gene transfer
techniques. In this study we showed that enforced
expression of yeast TDP-I conferred resistance against
CPT. The reduction of DNA damage induced by CPT in
TDP-I-overexpressing transfectants demonstrates that
the decreased toxicity was likely a result of a reduced
incidence of DNA DSBs. Furthermore, because of the
current clinical applications of Top-I inhibition com-
bined with inhibitors of TS, we chose to overexpress
TDP-I in combination with an optimized cDNA
encoding ecTS. The results showed that extremely high-
level resistance can be conferred on cells genetically
engineered to express both enzymes.

Materials and methods

Generation of retroviral constructs

Retroviral constructs encoding human TS (hTS) and ecTS
(Fig. 1B) have been previously described (Shaw et al. 2001). The
retrovirus encoding optecTS was obtained by cloning the Sac II/
Xho I optecTS cDNA fragment into the Sac II/Xho I MCS sites
of pLXSN (Clontech, Palo Alto, Calif.), generating LOTS
(Fig. 1B). Constructs encoding both optecTS and GFP were
constructed by PCR cloning of the cDNA for eGFP into LOTS,
generating LTG (Fig. 1B). The cDNA encoding the yeast TDP-I
gene was propagated in the Novagen Pet 3B plasmid. The TDP-I
cDNA was subcloned into the BamH I site of Qiagen PQE31,
generating PYI. The TDP-I cDNA portion was then cloned into
the BamH I site of pLXSN and screened for proper orientation,
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generating LY (Fig. 1B). For coexpression of TDP-I and op-
tecTS, LYE (Fig. 1B) was constructed by cloning an SV40-driven
optecTS cDNA, which has previously been shown to confer
resistance to BW1843U89 (Shaw et al. 2001) into LY, generating
LYE (Fig. 1B).

Cell lines and survival curves

All cells were grown in DMEM (Cellgro, Mediatech) contain-
ing L-glutamine (4 mM), penicillin (100 U/ml), streptomycin
(100 lg/ml), and 10% fetal bovine serum (Atlanta Biologicals,
Atlanta, Ga.). The LY plasmid was transfected into both NIH
3T3 and the TS-deficient Chinese hamster lung [CHL(TS))] cell
line RJK88.13 by calcium phosphate precipitation (Stratagene,

La Jolla, Calif.). Stable transfectants were selected in G418
(800 lg/ml) (Life Technologies, Rockville, Md.). Both hTS and
LYE were transfected into CHL(TS)) cells by calcium phosphate
precipitation, and stable transfectants were selected for TS
expression by blocking thymidine uptake using the nucleoside
transport inhibitor dipyridamole at a concentration of 5 lM.
Survival curves were obtained using polyclonal populations of
dipyridamole-selected cells seeded on six-well plates at a concen-
tration of 1.5·104 cells per well. To generate survival curves using
CPT, CPT was added at various concentrations up to 500 nM for
either 24 h or continuously for 6 days. Surviving cells were
counted using a hemocytometer 6 days after seeding or when the
untreated cells reached confluency. The results are reported as the
average of three separate experiments. For combinational che-
motherapy treatments, survival curves were obtained using
CHL(TS)) cells transfected with LYE, hTS and LTG. In combi-
national chemotherapy regimens, CPT was applied concurrently
with the antifolate BW1843U89 at the concentrations indicated in
the figures.

TDP-I activity assay

The TDP-I activity assay was carried out essentially as described by
Pouliot et al. (1999). The oHN279y (TCCGTTGAAGCCTGCTT-
Ty) substrate was kindly provided by Dr. Howard Nash (National
Institutes ofHealth), and contained a 3¢-tyrosine covalently bound to
the DNA sequence. Reactions were carried out in buffer containing
50 mM Tris, pH 8.0, 5 mM dithiothreitol (DTT), 100 mM NaCl,
5 mM EDTA, 10% glycerol, and 500 lg/ml bovine serum albumin.
Briefly, 40 pmol of substrate was labeled with 40 pmol of 3000 Ci/
mmol gamma [32P]ATP using T4 polynucleotide kinase, and was
purified on a G-10 spin column. Cell lysates were generated from
CHL(TS)) cells by lysing a confluent 100-mm plate in cell disruption
buffer (10 mMTris, pH 7.9, 10 mMMgCl2, 1 mMDTT, 1%Triton
X-100, 5% glycerol, 1 mM EDTA, 1· protease inhibitor cocktail,
and 0.1% Ipegal CA 630). The assay was carried out in 12 ll with
serial dilutions from 0.15 to 0.006 lg/ml of total protein. Each
reaction used 0.04 pmol of the purified substrate per reaction, and
was allowed to proceed for 20 min at 30�C. Reactions were stopped
by the addition of 5 ll sequencing dye, transfer to ice, and loading
onto a 12% polyacrylamide gel. The resulting autoradiograms were
analyzed by density scanning.

Detection of DNA fragmentation by the comet assay

To assess DNA damage in individual cells the comet assay was
performed essentially as described by Fairbairn et al. (1995). DNA
fragmentation as a result of either CPT alone or in combination
with BW1843U89 was assessed after plating 1·106 cells in six-well
plates. Cells were treated 4 h after plating with no drug, with
300 nM CPT, or with 300 nM CPT plus 150 nM BW1843U89 for
14 h. After treatment cells were trypsinized and washed once with
DMEM then with phosphate-buffered saline, then resuspended to a
density of 2.5·105 cells/ml. A 500-ll aliquot of this solution was
added to 1 ml 1% low-melting agarose type VII (Sigma, St. Louis,
Mo.), and plated on a glass slide. The cells were lysed using a buffer
comprising 100 mM EDTA, 2.5 M NaCl, 10 mM Tris-HCl
(pH 10.5) and1% Triton X-100, followed by a wash with water,
and treated with an alkali buffer containing 50 mM NaOH and
1 mM EDTA (pH 12.5). The cells were electrophoresed for 50 min
at 9 V in the dark, neutralized in 0.5 M Tris (pH 7.5), washed in
distilled water, stained with 2.5 lg/ml propidium iodide (Sigma),
and allowed to dry overnight. Slides were analyzed using a fluo-
rescence microscope (Olympus BX51) and Image-Pro plus software
(Media Cybernetics, Silver Spring, Md.). The percentage of cells
forming a visible comet was calculated based on the total number
of cells, and the percentage of comet formation per cell type was
determined from the average of a triplicate set of experiments using
duplicate slides in each experiment.

Fig. 1A, B Proposed schematic of TDP-I activity and constructs
generated for drug-resistant gene therapy strategies. A Top-I
catalyzes the transient covalent break in one strand of the DNA
duplex to reduce the level of DNA supercoiling. Camptothecin
induces stabilization of the covalent DNA/Top-I intermediate
dead-end complex. TDP-I catalyzes the naturally occurring
enzymatic activity that repairs this complex, and prevents
subsequent damage by specifically cleaving the 3¢ tyrosyl DNA-
phosphodiester bond between Top-I and DNA. This activity
prevents DNA fragmentation thought to occur when the dead end
complex interacts with ongoing replication forks. Subsequent
repair of nicked DNA occurs by existing enzymatic activities.
B Retroviral vectors generated in the pLXSN backbone. Human
TS (hTS) and LOTS were generally used as control vectors. LTG
expresses both optecTS and eGFP from a single construct. LY
expresses yTDP-I from the retroviral LTR and the neo-resistance
gene from the internal SV40 promoter. LYE expresses TDP-I from
the retroviral LTR, and optecTS from an internal SV40 promoter
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Murine bone marrow transduction and clonogenic assays

To transduce bone marrow cells isolated from C57Bl/6 J mice,
retrovirus was transiently produced by transfecting 6 lg each of
Gag/Pol plasmid (Stratagene), Ecotropic envelope plasmid (Strat-
agene), and either LYE or LTG plasmids into 293T cells. Murine
bone marrow was isolated as previously described (Spencer et al.
1996), and allowed to expand for 1 day after stimulation with
rmIL-3 (20 ng/ml), rmIL-6 (10 ng/ml), and rmSCF (50 ng/ml).
Viral supernatant (5 ml) was collected at 40 and 60 h after trans-
fection and applied to 6.0·104 bone marrow cells in two viral
applications (20 h apart), supplemented with polybrene at a con-
centration of 6 lg/ml. LYE-transduced cells were then challenged
with 100 nM CPT for 24 h then plated in methylcellulose (M3435,
Stem Cell Technologies, Vancouver) containing 100 nM
BW1843U89.

Results

Resistance conferred by enforced expression of TDP-I

A putative function of TDP-I is the cleavage of the ty-
rosyl-phosphodiester bond joining Top-I to the 3¢ end of
DNA that results from natural DNA lesions or from
Top-I inhibition (Fig. 1A). This model of the release of
Top-I from the cleavable complex may circumvent the
toxicity induced by CPT or natural DNA lesions that
cause dead-end complexes to persist. To determine if
enforced expression of TDP-I confers resistance against
CPT, we constructed retroviral vectors encoding TDP-I
only, and vectors that coexpressed TDP-I and optecTS
(Fig. 1B).

Survival curves were generated using pLXSN or LY
stable transfectants of NIH 3T3 or CHL(TS)) cells.
Polyclonal NIH 3T3 populations were continuously
challenged with increasing CPT concentrations for
6 days. Under these continuous treatment conditions,
expression of TDP-I did not confer a survival advan-
tage over mock transfectants (Fig. 2A). However, if
challenged for only 24 h then allowed to grow in drug-
free medium for 5 days, a moderate survival advantage
was observed for LY transfectants compared to
pLXSN mock transfectants (Fig. 2A). Under the same
conditions, similar results were obtained for stable
CHL(TS)) LY transfectants compared to pLXSN
control cells, but a more dramatic protection was ob-
served with a threefold increase in the CPT IC50 value
(Fig. 2B). The doubling times for all transfectanted cell
lines were similar, approximately 15 h in log phase.
Analysis of TDP-I activity of a polyclonal population
of stable CHL(TS)) LY transfectants and two mono-
clonal stable transfectants showed that the increase in
the IC50 value was accompanied by an average three-
fold increase in TDP-I activity (Fig. 3). TDP-I activity
of LY transfectants increased proportionately to the
amount of protein used in the assay. In contrast, the
activity of cell-free extracts from mock transfectants
was at or below the sensitivity of the assay. These re-
sults show that resistance to CPT can be achieved by
enforced retroviral expression of TDP-I under specific
CPT treatment.

Resistance conferred against CPT and antifolates
by coexpression of TDP-I and TS

We have previously shown that an ecTS construct (op-
tecTS) optimized for mammalian expression confers
significant resistance against TS-directed antifolates
(Shaw et al. 2001). The antifolate BW1843U89 is among
the most potent inhibitors of TS, and when used in
conjunction with optecTS allows the greatest fold
resistance to gene-modified cells compared to the use of
other antifolate TS inhibitors. To determine if coex-
pression of optecTS and TDP-I conferred dual resis-
tance against TS and Top-I inhibitors, we generated
CHL(TS)) transfectants that express hTS, optecTS, or
optecTS and TDP-I. Compared to stable transfectants
expressing hTS, CHL(TS)) cells expressing optecTS
alone or in combination with TDP-I were significantly
more resistant to the TS-specific inhibitor BW1843U89

Fig. 2A, B Drug-resistant studies in NIH 3T3 and CHL(TS)) cells.
A NIH 3T3 cells were transfected with either pLXSN or LY and
selected in G418. Open symbols represent continuous drug
treatment and closed symbols represent 24 hour treatments.
Dashed lines represent TDP-I transfectants and solid lines
represent mock controls. Under continuous CPT treatment no
survival advantage was observed for LY transfectants, but survival
differences were observed if transfectants were treated for only
24 h. B Resistance was observed for CHL(TS)) LY stable
transfectants (open squares) treated with CPT for 24 h, as
compared to hTS transfectants (closed circles)
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(Fig. 4A). As expected, stable transfectants expressing
both optecTS and TDP-I were less resistant to
BW1843U89 (Fig. 4A) due to a decrease in ecTS levels
encoded by the dual expression vector, which were
approximately twofold lower than constructs encoding
only optecTS.

To determine if enforced expression of TS and TDP-I
conferred dual resistance against BW1843U89 and CPT,
CHL(TS)) transfectants were treated with various con-
centrations of CPT (0–1 lM) for 24 h, then exposed
continuously to increasing concentrations of
BW1843U89 (35, 70 and 160 nM). After 6 days, sur-
viving cells were counted and the number compared to
the number of control cells expressing only ecTS. As
shown in Fig. 4B, at each concentration of BW1843U89,
transfectants expressing both enzymes were resistant to
CPT compared to transfectants expressing only op-
tecTS.

Also, as expected, transfectants expressing hTS were
progressively sensitive to BW1843U89 at increasing
concentrations of CPT (Fig. 5A). Similarly, transfec-
tants expressing optecTS only were progressively sensi-
tive to BW1843U89 at increasing concentrations of CPT
(Fig. 5B). However, transfectants expressing both op-
tecTS and TDP-I were insensitive to increasing con-
centrations of CPT up to 80 nM (Fig. 5C). From these

data, the fold difference in the BW1843U89 IC50 value
could be calculated for LYE compared to hTS at the
various concentrations of CPT. The LYE construct
conferred approximately 20-fold resistance to
BW1843U89 over hTS in the absence of CPT, 110-fold
at 40 nM CPT, and greater than 150-fold at 80 nM
CPT. This resistance rapidly diminished at higher
concentrations of drug.

Comet analysis of CPT- and BW1843U89-induced
DNA damage

Treatment of cells with CPT leads to the accumulation
of double-stranded DNA fragmentation and initiates
cell death (Wu et al. 2002; Lansiaux et al. 2001).
BW1843U89 treatment has also been shown to cause
double-stranded DNA fragmentation through the inhi-
bition of TS (Backus et al. 2000). To determine if TDP-I

Fig. 3A, B TDP-I activity in CHL(TS)) cells. A Total protein from
stable transfectants was analyzed for TDP-I activity. The letter Y
denotes the tyrosyl terminated TDP-I oligonucleotide substrate.
The bands represented by PO4 (phosphate-terminated) indicates
the release of the tyrosyl moiety by TDP-I, and the bands denoted
by OH indicate the hydroxyl terminated oligonucleotide. The
phosphate-terminated product (PO4) is converted to OH by
unknown enzyme activities after incubation in whole cell lysates.
After three separate experiments, an average threefold induction of
TDP-I activity was observed in a polyclonal population of stably
transfected cells and two blindly picked clones (clones 1 and 4)
compared to mock-transfected controls (B)

Fig. 4A, B Survival curves for hTS, LOTS and LYE stable
CHL(TS)) transfectants. Stable transfectants were generated using
hTS, LOTS or LYE then grown in increasing concentrations of
BW1843U89. A Cells expressing optecTS are >20-fold more
resistant to BW1834U89 than cells overexpressing hTS. Expression
of TDP-I in the bicistronic construct lowers ecTS enzyme levels
which results in lower BW1843U89 resistance compared to cells
overexpressing optecTS alone. B Stable transfectants expressing
only ecTS (dashed lines) or both ecTS and TDP-I (solid lines) were
challenged with increasing concentrations of CPT at various
concentrations of BW1843U89 (U89). Increased survival was
observed for cells expressing both enzymes compared to cells
expressing only ecTS. Concentrations of drugs are shown in the
figure
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and optecTS expression reduced DNA damage, we
performed a comet assay to directly measure the extent
of DNA fragmentation after drug treatment (McCarthy
et al. 1997) and were able to quantify the damage in-
duced by treatment with CPT alone and in combination
with BW1843U89. As shown in Fig. 6A, transfectants
expressing TDP-I were protected against CPT-induced
DNA damage in both NIH 3T3 and CHL(TS)) cells. As
expected, TDP-I expression alone did not provide pro-
tection against the combination of CPT and
BW1843U89, as shown by a threefold greater comet
formation between mock-transfected cells expressing
only hTS and cells expressing TDP-I (Fig. 6A). How-
ever, coexpression of TDP-I and optecTS conferred

nearly complete protection from DNA damage com-
pared to nontransfected cells (Fig. 6). These results
provide direct molecular evidence of DNA protection
against CPT/BW1843U89-induced DNA damage.

Bone marrow transduction and protection
of bone marrow progenitor cells

To determine if retroviral transduction of TS and TDP-I
from the LYE construct confers resistance to clonogenic
progenitor cells, recombinant retrovirus was generated
with LYE and LTG. LTG transduction of 293T cells
were analyzed by FACS to confirm production of viable
virus using the method of Galipeau et al. (1999) and
allowed a viral titer of 5·105 infectious particles/ml to be
estimated. Consistent with our previous results (Shaw
et al. 2001), expression of optecTS in hematopoietic cells
protected transduced bone marrow progenitors against
BW1843U89 (Fig. 7; LTG-transduced vs control). But
transduction of murine bone marrow with LTG con-
ferred little resistance to the combination of
BW1843U89 and CPT. However, compared to mock-
transduced controls, increased survival was observed in
transduced progenitor cells coexpressing TS and TDP-I
(Fig. 7; LYE-transduced vs control). Progenitor cells
coexpressing both enzymes were more than fivefold
more resistant to the BW1843U89/CPT combination.
These results show that high-level resistance against TS

Fig. 5A–C Coexpression of yTDP-I and optecTS confers high level
resistance to combined CPT and BW1843U89. Stable CHL(TS))
hTS (A), LOTS (B), or LYE (C) transfectants were treated for
approximately 20 h with various CPT concentrations then contin-
uously with various concentrations of BW1843U89. A Cells
expressing only hTS were increasingly sensitive to higher concen-
trations of CPT and BW1843U89. B Cells expressing optecTS were
resistant to BW1843U89 alone but were sensitive to increasing
concentrations of CPT. C Cells expressing both optecTS and TDP-
I were insensitive to BW1843U89 at doses as high as 80 nM CPT

Fig. 6A–C Comet analysis as a measure of drug-induced DNA
damage after 16 h drug treatment. Because CPT treatment causes
DNA fragmentation, the comet assay was used as an indicator of
CPT- and U89-induced toxicities. A Stable NIH 3T3 transfectants
were generated with pLXSN as controls and LY, or CHL(TS))
transfectants were generated with LYE, and hTS transfectants were
used as controls. Comet-forming cells resulting from CPT
treatment, CPT and BW1843U89 treatments or no treatment were
blindly counted and recorded from three separate experiments. A
positive comet was any cell having a visible comet (arrows in C).
B Representative comet formation of CHL(TS)) cells expressing
both yTDP-I and optecTS after treatment with 300 nM CPT and
150 nM BW1843U89 treatment. C Control cells after an identical
CPT/BW1843U89 treatment. Arrows indicate comet formation
resulting from double-stranded DNA damage. Expression of TDP-
I alone is sufficient to protect two cell lines from CPT-induced
toxicity, but not against combined CPT/BW1843U89 treatment.
Coexpression of TDP-I and optecTS protects NIH 3T3 cells and
CHL(TS)) cells from DNA fragmentation
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and Top-I inhibitors can be conferred to hematopoietic
cells by coexpressing TDP-I and optecTS.

Discussion

Cellular resistance to single-dose chemotherapy sched-
ules has prompted the use of combination regimens,
where coadministration of multiple chemotherapy
agents is now the standard treatment for most cancers.
The coadministration of TS-directed inhibitors with
inhibitors of Top-I has been shown to be an effective
treatment for several cancers, most notably colon can-
cer. Recently discovered CPT homologs, such as irino-
tecan (CPT-11), have proven to be excellent inhibitors of
Top-I, and are promising chemotherapeutic agents
(Ychou et al. 2002). However, a major shortcoming is
the extreme myelosuppressive side effects associated with
coadministration regimens. It has been predicted that
the transfer of genes that confer drug resistance into
hematopoietic cells can decrease the myelosuppressive
toxicity associated with chemotherapy treatment, and
the use of MDR-1, DHFR and MGMT for this purpose
has advanced to clinical trials.

In addition, the use of cDNA sequences that confer
drug resistance can be used for in vivo selection of
genetically engineered cells. However, with respect to in
vivo selection, current selectable markers have specific
limitations. For example, variants of alkylguanine-DNA
alkyltransferase confer resistance to combinations of
6-benzylguanine and BCNU, which are extremely toxic
to stem cells, and the use of the MGMT cDNA to en-
code these variants is arguably the most effective method
for selecting genetically modified stem cells in vivo. But
the effectiveness of this system is burdened by secondary
cancers that can arise as a result of using alkylating
agents such as BCNU as the selecting regimen. We

therefore initiated studies to determine if hematopoietic
cells could be genetically engineered to resist the toxic
effects of TS and Top-I inhibition. Because these agents
are also toxic to hematopoietic stem cells under defined
conditions, it is predicted that engineered resistance to
these agents could be used to select genetically modified
stem cells in vivo.

We have recently shown that the transfer of an
optimized ecTS cDNA confers extremely high-level
resistance against TS-directed antifolates, and are now
expanding the resistance to additional drugs by coex-
pression of multiple resistant genes. Previous studies
have indicated that the enzyme TDP-I is involved in the
repair of dead-end Top I complexes in yeast (Pouliot
et al. 1999, 2001; Yang et al. 1996). We hypothesized
that overexpression of TDP-I could possibly repair
dead-end Top-I complexes generated by CPT treatment.
It has been shown that TDP-I can indeed protect against
CPT toxicity, but the degree of protection is dependent
on the duration of drug challenge. Resistance conferred
by TDP-I is ablated during long-term continuous drug
exposure, suggesting that the accumulation of DNA le-
sions under continuous CPT treatment eventually
overwhelms the DNA repair capacity of the cell
regardless of the level of TDP-I. These findings suggest
that the timing of CPT dosage will have to be carefully
controlled during future in vivo gene therapy studies,
which may limit the usefulness of strategies employing
TDP-I. Although several mechanisms of CPT resistance
are known, such as CPT transporter upregulation,
downregulation of Top-I, or induction of TDP-I-inde-
pendent pathways of DNA repair, our results suggest
that resistance to short-term CPT treatment in TDP-I-
overexpressing cells is not the result of such cellular
changes.

Previous experiments in yeast have demonstrated the
effect of TDP-I on the viability of cells challenged with
Top-I damage (Pouliot et al. 1999, 2001). In yeast con-
taining a disrupted RAD9 gene, expression of TDP-I
increases cell survival when challenged by CPT, but
these studies did not directly measure the relative levels
of DNA fragmentation resulting from CPT treatment in
relation to TDP-I expression. In the present study, co-
met assays demonstrated direct evidence of the mecha-
nism of protection conferred by TDP-I overexpression,
showing that DSBs are reduced in CPT-treated cells
overexpressing TDP-I. Recent biochemical and genetic
studies have indicated that, in yeast, TDP-I repair occurs
after DSBs (Pouliot et al. 2001). If also true in mouse
cells, the decreased number of DSBs in the TDP-I
transfectants suggests that TDP-I cleavage is an impor-
tant step in the repair of Top-I-induced DNA damage.

It is proposed that DSB repair is rapidly facilitated by
overexpression of TDP-I, which circumvents apoptotic
events. Studies in yeast also have shown that strains with
TDP-I deletions are not particularly sensitive to CPT
and must be combined with mutations in the RAD9
checkpoint gene before there is a significant difference in
survival between wild-type cells and TDP-I mutants

Fig. 7 Progenitor survival assay. Murine bone marrow cells were
isolated from C57Bl/6J mice and transduced with recombinant
retrovirus encoding either LTG or LYE, or mock-transduced. In
this assay, 6.0·104 cells were treated for 24 h with 100 nM CPT
and 100 nM BW1843U89, and then plated in methylcellulose
containing 100 nM BW1843U89. Progenitor colony counts were
performed in triplicate 10 days after plating. The data show that
transduction with a bicistronic retroviral vector encoding TDP-I
and optecTS can protect hematopoietic progenitor cells from the
toxicity of combined CPT/BW1843U89 treatment

113



(Pouliot et al. 1999, 2001). It has been suggested that
there are multiple pathways of DSB repair and that
RAD9 is probably involved in a parallel as-yet-undefined
pathway to TDP-I. Nevertheless, there is a clear corre-
lation between RAD9 function and the ability of TDP-I
to modulate CPT toxicity (Pouliot et al. 1999, 2001).
Interestingly, TS-directed chemotherapy agents induce
cell cycle arrest by preventing progression past S-phase,
in a similar manner to yeast RAD9 mutations (Backus
et al. 2000). The cell cycle delay of cells treated with TS-
directed inhibitors may result in similar cellular effects to
those produced by RAD9 allowing dead-end Top-I le-
sion repair, and for this reason one would predict that
combined TS/TDP-I gene therapy might be synergistic.
The extremely high resistance observed when TS and
TDP-I are overexpressed could result from the repair of
such lesions.

In this study we showed that the cDNA encoding
TDP-I confers substantial protection against the DNA
damage and resulting cell death induced by CPT treat-
ment, and that coexpression of TDP-I and optecTS re-
sults in a dramatic resistance to dual chemotherapy
treatments. Together these results (1) extend the cellular
importance of TDP-I to higher eukaryotes, (2) demon-
strate that overexpression of TDP-I is not toxic in
mammalian cell cultures, (3) indicate that overexpres-
sion of TDP-I protects cells against cell death induced by
CPT, and (4) show that coexpression of TDP-I and ecTS
protects genetically modified cells against inhibitors of
Top-I and TS. In addition, these studies indicate that
TDP-I is responsible for repairing at least one form of
Top-I lesion in vivo and suggest that examination of
differential expression of TDP-I might allow for the
prediction of CPT effectiveness and toxicity in a clinical
setting. This study, therefore, validates TDP-I as a useful
marker for potential drug-resistant gene therapy strate-
gies and suggests that the further use of nontraditional
genes can extend the scope of such strategies by incor-
porating additional drugs that are already in clinical use.
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