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ABSTRACT

Chain-terminating nucleoside analogs (CTNAs) that
cause stalling or premature termination of DNA rep-
lication forks are widely used as anticancer and
antiviral drugs. However, it is not well understood
how cells repair the DNA damage induced by
these drugs. Here, we reveal the importance of
tyrosyl–DNA phosphodiesterase 1 (TDP1) in the
repair of nuclear and mitochondrial DNA damage
induced by CTNAs. On investigating the effects of
four CTNAs—acyclovir (ACV), cytarabine (Ara-C),
zidovudine (AZT) and zalcitabine (ddC)—we show
that TDP1 is capable of removing the covalently
linked corresponding CTNAs from DNA 30-ends.
We also show that Tdp1�/� cells are hypersensitive
and accumulate more DNA damage when treated
with ACV and Ara-C, implicating TDP1 in repairing
CTNA-induced DNA damage. As AZT and ddC are
known to cause mitochondrial dysfunction, we
examined whether TDP1 repairs the mitochondrial
DNA damage they induced. We find that AZT and
ddC treatment leads to greater depletion of mito-
chondrial DNA in Tdp1�/� cells. Thus, TDP1 seems
to be critical for repairing nuclear and mitochondrial
DNA damage caused by CTNAs.

INTRODUCTION

Chain-terminating nucleoside analogs (CTNAs) are
widely used as antiviral and anticancer drugs (1,2). On
incorporation into DNA, acyclovir (ACV), cytarabine
(Ara-C), zidovudine (AZT) and zalcitabine (ddC) act as

DNA chain terminators (Figure 1A). ACV, one of the
earliest drugs in this class, is highly effective against her-
pesvirus infections (3); Ara-C is a widely used anti-
leukemic drug (4); AZT and ddC are widely used for
HIV infections (5). In the case of ACV, AZT and ddC,
the high fidelity of human replicative DNA polymerases
tends to limit their nuclear DNA incorporation, whereas
the viral polymerases allow their incorporation into viral
genomes. However, because of the large size of the human
genome, exclusion of either drug is not absolute (6).
Furthermore, antiviral-induced mitochondria toxicity
has been reported and attributed to the less stringent se-
lectivity of mitochondrial DNA polymerase (polg) against
antiviral CTNAs (7,8). By contrast, human DNA poly-
merases efficiently incorporate Ara-C during DNA
synthesis, but its altered sugar structure prevents further
DNA elongation (9–11) and ultimately kills cancer cells
(12). Consequently, therapeutic CTNAs damage the
nuclear or mitochondrial DNA of healthy cells (8,13).
Some antivirals cause mitochondrial myopathy in
patients undergoing long-term antiviral treatment (8,14).
Yet, the pathways involved in removing the misincor-
porated CTNAs are not fully understood.
Discovered in yeast, tyrosyl–DNA phosphodiesterase 1

(TDP1) is a key enzyme for the repair of trapped topoisom-
erase I (Top1) cleavage complexes (15). TDP1-knockout
mice and TDP1-deficient human cells are hypersensitive
to Top1-targeting anticancer drugs, such as camptothecin
(CPT) and its clinical derivatives topotecan and irinotecan
(16–19). TDP1 also removes other 30-blocking lesions in
oxidative DNA damage repair, both in the nuclei and in
mitochondria (20–23). A mutation in TDP1 causes the
neurodegenerative disease spinocerebellar ataxia with
axonal neuropathy (SCAN1) (20,24,25). These findings
reflect the growing appreciation of TDP1’s broad
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involvement in different types of DNA repair, which could
account for its conservation in all eukaryotes (15).
In this study, we investigated the role of TDP1 in the

excision repair of the four CTNAs.

MATERIALS AND METHODS

Preparation of radiolabeled oligonucleotide substrates

Except for 30-Ara-C, all oligonucleotides were purchased
from either Midland (Midland, TX, USA) or Integrated
DNA Technologies (Coralville, IA, USA). All single-
stranded DNA substrates share the common sequence of
50-GATCTAAAAGACTT but bear different 30-blocking
lesions (26). The 30-ACV was generated by incubating
limiting amount of 30-OH oligonucleotide with 100 mM
of ACV-triphosphate from Sierra Bioresearch (Tucson,
AZ, USA) in the presence of 3U/ml of terminal
deoxynucleotidyl transferase (Promega, Madison, WI,
USA) at 37�C for 24 h. The 30-Ara-C was synthesized
using a universal support (Glen Research, Sterling, VA,
USA) using cytidine arabinoside phosphoramidite (Chem
Genes, Wilmington, MA, USA). The 30-AZT was
generated by first annealing 30-OH with a longer comple-
mentary sequence with a 50-overhang sequence of
50-TTTA. The first nucleotide of the DNA duplex
(opposite A) was then filled in by Bsu DNA polymerase
(New England BioLabs, Cambridge, MA, USA) in the
presence of 100 mM of AZT-triphosphate (Sierra
Bioresearch, Tucson, AZ, USA). The product size corres-
ponding to 30-AZT was then gel purified and electroeluted.
All oligonucleotides were labeled at the 50-end with (g-32P)
adenosine triphosphate (ATP) (PerkinElmer, Inc.,
Waltham, MA, USA) by T4 polynucleotide kinase from
New England BioLabs (Cambridge, MA, USA). Double-
stranded substrates were generated by annealing the
50-radiolabeled single-stranded oligonucleotides with
longer complementary strands. Thus, the substrates
simulate a stalled replication fork with the 30-blocking
lesion at the recessed ends (overhang=3nt).

TDP1 reactions and gel analyses

Recombinant TDP1 was overexpressed and purified as
previously described (27). QuikChange Site-Directed
Mutagenesis Kit (Agilent Technologies, Santa Clara,
CA, USA) was used to generate catalytic mutants of
TDP1. In all, 1 nM labeled DNA substrates in a 10 ml
reaction volume was incubated with recombinant human
TDP1 at 25�C for 30min. Reaction buffer contained
80mM KCl, 2mM ethylenediaminetetraacetic acid,
1mM dithiothreitol, 40 mg/ml bovine serum albumin,
50mM Tris–HCl, pH 7.5, and 0.01% Tween 20.
Reactions were terminated by adding 1 volume of gel
loading buffer [96% (v/v) formamide, 10mM
ethylenediaminetetraacetic acid, 1% (w/v) xylene cyanol
and 1% (w/v) bromophenol blue]. Samples were
analyzed by 16% denaturing polyacrylamide gel electro-
phoresis gels, which were dried and exposed on
PhosphorImager screens. Imaging and quantification
were done using a Typhoon 8600 and ImageQuant
software (GE Healthcare, UK).

Kinetic measurements of TDP1

The oligonucleotide 30-fluorescein was purchased from
Integrated DNA Technologies (Coralville, IA, USA)
with the shared sequence of 50-GATCTAAAAGACTT.
The oligonucleotide is linked to a 6-carboxyfluorescein
(6-FAM) via a carbon linker on the 30-end (donor), and
the T in the sequence denotes a Tamra-dT (acceptor).
From 100 to 500 nM of 30-fluorescein substrate was
mixed and incubated with 20 nM of TDP1 at 25�C in
the reaction buffer aforementioned. The dead time of
the reaction is <10 s, and the changes in fluorescein
signal were monitored in real-time at 520 nm on a
SpectraMax Germini XS microplate reader from
Molecular Devices (Sunnyvale, CA, USA). The initial
portions (180 s) of the traces were fitted to a linear
equation to approximate the pre–steady-state reaction
velocities. The processing of 100 and 200 nM 30-fluorescein
by 20 nM TDP1 was assumed to be at completion at the
end of 1 h of data collection, and the end points of these
two traces were used to convert the arbitrary units of
fluorescence intensity into concentration of free fluores-
cein molecules processed by TDP1. Lineweaver–Burk
plot was then generated with the pre–steady-state
reaction velocities and the corresponding substrate
concentrations.

Estimation of kcat/KM values of TDP1 for various
substrates

All TDP1 reactions were carried out in the presence of the
1 nM substrate. Assuming the value of KM is >1 nM
(TDP1 has a KM of 470 nM for 30-fluorescein), it follows:

½S�1 � ½S�2 � ½S�3 �::: � ½S�N << KMN,v

¼
kcat
KM
½E�t½S�

¼ �
�½S�

�t
,

v1
v2
¼

kcat1
kM1
½E�t1½S�1

kcat2
kM2
½E�t2½S�2

9v1 ¼ v2, 3
kcat1=KM1

kcat2=KM2
¼
½E�t2
½E�t1

ð1Þ

where [S]N and KMN are concentration and KM values for
each substrate, respectively. [E]t is the total concentration
of enzyme.

Cell cultures

DT40 cells were cultured at 37�C with 5% CO2 in Roswell
Park Memorial Institute (RPMI-1640) medium supple-
mented with 1% chicken serum (Life Technologies,
Carlsbad, CA, USA), 10�5M b-mercaptoethanol, penicil-
lin, streptomycin and 10% fetal bovine serum (FBS).
Generation of Tdp1�/� DT40 cells were as previously
described (23). Wild-type and Tdp1�/� murine embryonic
fibroblasts (MEFs) were a kind gift from Dr Cornelius F.
Boerkoel (Center for Molecular Medicine and
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Therapeutics; University of British Columbia, Canada).
MEF cells were cultured at 37�C with 5% CO2 in
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% FBS (Life Technologies, Carlsbad, CA, USA).

Measurement of cellular sensitivity to
DNA-damaging drugs

To measure the sensitivity of cells to ACV and Ara-C
(Sigma-Aldrich, St. Louis, MO, USA), 200 DT40 cells
were seeded in 384-well white plate (final volume 40 ml/
well) from Perkin Elmer Life Sciences (Waltham, MA,
USA) with the indicated drugs at 37�C. For MEF cells,
600 cells were seeded in 96-well white plate (final volume
100 ml/well) from Perkin Elmer Life Sciences (Waltham,
MA, USA) and allowed to attach for 24 h at 37�C. Then
the MEF cells were exposed to the indicated concentra-
tions of drugs for 72 h with media change containing fresh
drugs every 24 h. After 72 h, both DT40 and MEF cells
were assayed in triplicates with the ATPlite 1-step kit
(PerkinElmer, Waltham, MA, USA). Briefly, ATPlite
solution was added to each well (20ml for DT40 cells
and 50 ml for MEF cells). After 5min, luminescence inten-
sity was measured by Envision 2104 Multilabel Reader
from Perkin Elmer Life Sciences (Waltham, MA, USA).
Signal intensities of untreated cells were set as 100%.

Clonogenic assays

To measure the survival rates of cells treated with ACV
and Ara-C, 200 cells were seeded in triplicates in 4ml of
DMEM/F-12 clonogenic media containing the indicated
drugs in six-well plates and incubated at 37�C. For
clonogenic media, DMEM/F12 media (Life
Technologies, Carlsbad, CA, USA) was supplemented
with 15 g/l methylcellulose, 2 g/l NaHCO3, 15% FBS,
10�5M b-mercaptoethanol, 1.5% chicken serum and
2mM L-glutamine (Life Technologies, Carlsbad, CA,
USA). The number of colonies were manually counted
after 14 days and averaged from triplicates; the viability
of the untreated samples was set as 100%.

Cell cycle analyses

DT40 cells were continuously exposed to fixed concentra-
tions of ACV or Ara-C at 37�C for 24 h. Harvested cells
were fixed with 70% ethanol before re-suspension in phos-
phate-buffered saline containing 5 mg/ml propidium
iodide. Samples were then subjected to analysis on an
LSRFortessa cell analyzer from BD Biosciences
(Franklin Lakes, NJ, USA).

Western blot analyses

Western blots were performed as described previously
(23). Anti-gH2AX (ab22551, Abcam) and anti-b-actin
(A5441, Sigma) primary antibodies were used at 1:3000
and 1:5000 dilutions, respectively.

Measurement of mitochondrial DNA copy number by
quantitative real-time polymerase chain reaction

DT40 Tdp1�/� and wild-type cells were treated with
indicated AZT or ddC (Sigma-Aldrich, St. Louis, MO,

USA) concentrations, supplemented with 50 mM of
uridine and incubated at 37�C for 24 h. The genomic
DNA was extracted with Qiagen Dneasy Blood and
Tissue Kit (Qiagen, Valencia, CA, USA) and used as tem-
plates in quantitative real-time polymerase chain reaction
(PCR) with Power SYBR Green PCR Master Mix
(Life Technologies, Carlsbad, CA, USA) in triplicates or
quintuplets on an ABI 7900 thermocycler (Life
Technologies, Carlsbad, CA, USA). Two sets of primers
were used to selectively amplify the DT40 mitochondria
genome or the s18-rRNA gene of the nuclear genome.
The primers used to amplify the DT40 mitochondria
genome are 50-ccctcctcctttcatcctcatttc (sense) and
50-cctttttgttcaggcacgcttc (antisense). The primers used
to amplify the s18-rRNA gene of the nuclear gen-
ome are 50-tgactcaacacgggaaacctcac (sense) and
50-ccagacaaatcgctccaccaac (antisense). The Ct value for
mitochondria genome is referenced to the Ct value of the
s18-rRNA for each sample. The �Ct for each sample is in
turn referenced to that of the untreated control wild-type
or Tdp1�/� cells (��Ct), with the control of both cell
types set at 1. The relative mtDNA copy number for
each sample normalized to the untreated control is then
calculated based on ��Ct value of each sample.

RESULTS

TDP1 removes 30-blocking CTNAs from DNA
ends in vitro

We first investigated whether recombinant human TDP1
could remove the covalently linked CTNAs from the
DNA 30-end. To this end, we generated DNA substrates
simulating a terminated DNA chain by attaching ACV,
Ara-C or AZT to the 30-end of a DNA oligonucleotide
(Figure 1A). We examined TDP1 processing (Figure 1B)
(28,29) of both CTNA-terminated and unmodified DNA
(Figure 1A) (29). Incubation of TDP1 with each of the
substrates containing 30-blocking CTNAs generated a
product that co-migrated with a marker that was one-nu-
cleotide shorter and bore a 30-phosphate group
(Figure 1C), consistent with known TDP1 activity
(26,29). We also verified that the processing of these sub-
strates by TDP1 required its normal catalytic activity as
the catalytically inactive mutants TDP1H263A and
TDP1H493R (SCAN1 mutant) failed to process the sub-
strates (Figure 1D).
Figure 1E shows quantification of TDP1 processing effi-

ciency for each CTNA as a function of increasing TDP1
concentration. Under our experimental conditions, 30-ACV
was processed at a comparable rate as 30-phosphoglycolate
(30-PG), a common oxidative DNA lesion and a known
substrate for TDP1 (21). The 30-ACV was a better substrate
than its normal counterpart, deoxyguanosine (30-dG), by
>80-fold (Figure 1C and E). Both 30-Ara-C and 30-AZT
were processed by TDP1 similarly to their respective
normal counterparts, deoxycytidine (30-dC), cytidine
(30-Ribo-C) and deoxythymidine (30-dT) (Figure 1C)
(Table 1). Processing efficiency of substrates bearing
30-ddC by TDP1 was not tested. However, TDP1 process-
ing of 30-dC and 30-Ribo-C displayed similar efficiency,
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Figure 1. Processing efficiency of TDP1 for substrates containing various 30-blocking lesions. (A) Structures of the DNA chain-terminating nucleo-
side analogs (CTNAs). (B) Schematic diagram of in vitro biochemical assays for TDP1 activity. (C) Representative gel images showing processing of
the indicated substrates by increasing amount of TDP1. All substrates contained the same sequence, but bore different 30-blocking lesions via a
phosphodiester linkage, as indicated above each panel. The substrates (labeled S) were radiolabeled at the 50-end with 32P. Their products are labeled
P. The 30-ACV was incubated with serially diluted (1:3) TDP1 ranging from 0.08 to 555 nM. All the other substrates were incubated with serially
diluted (1:3) TDP1 ranging from 0.8 nM to 5 mM. All reactions proceeded for 30min at 25�C before being quenched and analyzed on 16%
denaturing gels. Serving as markers, 30-P and 30-OH were oligonucleotides with a phosphate or a hydroxyl group on the 30-end, respectively.
(D) Processing efficiencies of various substrates by wild-type TDP1 and two catalytically deficient TDP1 mutants were tested in parallel:
TDP1H263A and TDP1H493R (SCAN1 mutant). Each substrate was incubated at 25�C for 30min with 111, 333 or 1000 nM of TDP1 proteins.
The 30-PG contained a 30-phosphoglycolate lesion, a known substrate for TDP1. (E) The percentage of product yield is plotted against increasing
TDP1 concentration in log-scale. Only selective 30-blocking lesions are shown for the sake of clarity. At least three independent experiments (as in
panel C) were quantified and averaged for each curve, and error bars represent SEM. Half maximal effective concentration (EC50) for each substrate
was determined by fitting the obtained curve to a sigmoidal model. The value of EC50 for each substrate is defined as [E]t in Equation (1).
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suggesting that the TDP1 processing of 30-ddC should also
be comparable. As controls, we included the reference sub-
strate with a single tyrosine attached to 30-DNA via a
phosphodiester linkage (30-Y) (Table 1). A second control
substrate bearing a 30-phosphate group (30-P) was not pro-
cessed at all even at the highest TDP1 concentration tested
(Figure 1E) (Table 1) (26,29).
As stalling of the replication fork is the presumed con-

sequence from treatment with CTNAs, we compared the
ability of TDP1 to remove CTNAs from single-stranded
versus double-stranded substrates. To simulate stalled rep-
lication forks, we used substrates with receding blocking
ends (Figure 2, top right). We compared processing of
30-ACV, 30-Ara-C, 30-AZT and 30-Y in the two different
contexts, and in each case, TDP1 prefers the single-
stranded to the double-stranded substrates by 3–80-folds
(Figure 2), consistent with previous reports for 30-Y
(30,31). Thus, our biochemical results demonstrate that
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Figure 2. Processing efficiency of TDP1 for 30-blocking lesions in single-stranded versus double-stranded DNA substrates. Representative gel images
showing direct comparison of TDP1 processing 30-blocking ends in single-stranded versus double-stranded substrates. All single-stranded substrates
were the same as described in Figure 1C. For the double-stranded substrate, a longer complementary strand (+3nt) was annealed to the strand
containing 30-blocking lesions, generating a recessed 30-blocking lesion. The position of radiolabel with 32P is noted with asterisk. The substrates and
products are labeled S and P, respectively. Both 30-Y and 30ds-Y were incubated with serially diluted (1:2) TDP1 from 0.3 pM to 2.3 nM. Both 30-
ACV and 30ds-ACV were incubated with serially diluted (1:3) TDP1 ranging from 0.8 nM to 5 mM. All the other substrates were incubated with
serially diluted (1:3) TDP1 ranging from 2.3 nM to 15 mM. All reactions proceeded for 30min at 25�C before being quenched and analyzed on 16%
denaturing gels. Markers 30-P and 30-OH were the same as described in Figure 1C.

Table 1. Specificity constants of TDP1 for various 30-blocking lesions

The 30-end
blocking lesions

Specificity Constant
at 25�C, kcat/KM (s�1 M�1)

30-Y 9.1� 107

30-PG 2.4� 105

30-Fluorescein 1.4� 105

30-ACV 5.9� 104

30-AZT 8.3� 102

30-dG 7� 102

30-Ara-C 6� 102

30-dT 4� 102

30-Ribo-C 2.9� 102

30-dC 2.7� 102

30-dA 1� 102

30-P 9.7� 10-5
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TDP1 removes 30-blocking CTNAs from single-stranded
or recessed DNA ends in vitro.
To quantitate the relative efficiency of TDP1 for the

different CTNAs, we measured pre–steady-state kinetics
for fluorescence resonance energy transfer (FRET)-based
substrate (30-fluorescein) (Figures 1E and 3A). Based on
the specificity constant (kcat/Km) of TDP1 measured for
30-fluorescein (Figure 3B and C), we estimated the speci-
ficity constants for all the other TDP1 substrates
(Table 1). The specificity constant for each substrate is
essentially inversely related to the amount of enzyme
required to achieve the same processing rate under
the same experimental conditions [Equation (1) in
the ‘Materials and Methods’ section]. The calculated spe-
cificity constant of TDP1 for 30-Y was 9 � 107 s�1M�1, in
good agreement with previous reports (32,33). TDP1 spe-
cificity constants for 30-ACV and 30-PG were similar,

whereas the 30-blocking lesions formed by all the other
CTNAs shared comparable specificity constants that
were �100-fold lower (Table 1). Note that the processing
efficiency of TDP1 for 30-CTNAs was close to values
reported for phospholipase-D, another enzyme in the
same superfamily as TDP1 (34), positioning these sub-
strates in potentially physiologically relevant range for
TDP1 in vivo.

Tdp1�/� cells are hypersensitive to CTNAs

Next, we investigated TDP1’s role in repairing CTNA-
induced DNA damage in vivo. Judging from ATP activity
measurements, Tdp1�/� DT40 cells (23) consistently
showed hypersensitivity to ACV and Ara-C (Figure 4A).
In contrast, Tdp1�/� DT40 cells were not hypersensitive
to gemcitabine (Figure 4A), a chemotherapeutic CTNA,
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Figure 3. Real-time processing kinetics of TDP1 for substrates containing 30-fluorescein. (A) Schematic diagram of the FRET-based substrate is
shown. Fluorescein is attached to the 30-phosphate group of the oligonucleotide via a short carbon linker. The oligonucleotide is internally labeled
with a carboxytetramethylrhodamine (TAMRA), which acts as an acceptor for the fluorescein. Once TDP1 cleaves off the fluorescein group, FRET
is abolished, and the free fluorescein gives rise to a signal. (B) The indicated concentrations of 30-fluorescein were incubated with 20 nM TDP1 at
25�C, and the changes in fluorescein signal were monitored in real-time at 520 nm. The initial linear portions of the traces (0–180 s) were fit to a linear
equation to generate pre–steady-state reaction velocities. (C) Lineweaver–Burk plot generated from the calculated reaction velocities from data in
panel B is shown.
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which we used as a negative control. Indeed, gemcitabine
functions via a different biochemical mechanism in which it
does not immediately terminate DNA chain elongation on
incorporation but stops elongation after incorporation of
additional nucleotides (35). The calculated half maximal
inhibitory concentration (IC50) values after 72h are listed
in Table 2.

The DT40 results were confirmed in Tdp1�/�MEF cells
(16), which also showed hypersensitivity toward ACV and
Ara-C, albeit to lesser extents than DT40 cells (Figure 4B).

Similar to DT40 cells, Tdp1�/�MEF cells were not hyper-
sensitive to gemcitabine (Figure 4B). As ACV and Ara-C
did not reach IC50 in the less sensitive MEF cells in the
concentration range tested, only IC50 values of DT40 cells
were listed in Table 2. The difference in drug sensitivity
between DT40 and MEF cells could be due to difference
in transport, activation and/or incorporation of CTNAs.
To confirm that treatment with CTNAs compromised

the viability of Tdp1�/� cells, we performed clonogenic
assays. The results showed that Tdp1�/� DT40 cells were
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assayed using ATP-lite. The signal for untreated cells was set as 100%. Error bars represent SD (n=3). (C) Representative pictures and quanti-
fication of clonogenic assays for wild-type and Tdp1�/� DT40 cells are shown. The cells were treated with indicated drugs in triplicates for 14 days, at
which time the number of colonies for each well was manually counted. The viability of the untreated cells was set as 100%. Error bars represent
SEM (n=3).
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clearly hypersensitive toward ACV and Ara-C in a dose-
dependent fashion (Figure 4C). The consistent hypersen-
sitivity of both Tdp1�/� DT40 and MEF cells in assays
based on ATP content and clonogenic survival implicate
TDP1 in the repair of ACV- and Ara-C-induced DNA
damage.

Increased DNA damage induced by CTNAs in
Tdp1�/� cells

To further characterize the differential response of wild-
type and Tdp1�/� cells to CTNAs, we carried out cell
cycle analyses. The cell cycle profiles of untreated wild-
type and Tdp1�/� cells were essentially indistinguishable
(Figure 5A), consistent with our previous finding that
TDP1 deficiency has no detectable effect on DT40 cells in
the absence of DNA damage (23). Treatment of wild-type
cells with ACV or Ara-C for 24 h arrested cells in S-phase
and induced a small sub-G1 (cell death) population
(Figure 5A), consistent with the drugs’ mild but
detectable adverse effect on the wild-type cells (Figure 4).
In the case of the Tdp1�/� cells, the cell cycle profile alter-
ation was more pronounced. The treated Tdp1�/� DT40
cells showed a marked increase in sub-G1 population and a
more pronounced S-phase arrest compared with wild-type
cells (Figure 5A), consistent with the greater cytotoxic
effect of CTNAs on Tdp1�/� cells (Figure 4).
Western blots of wild-type and Tdp1�/� DT40 cells

treated with ACV and Ara-C also showed greater
gH2AX response in the Tdp1�/� cells (Figure 5B). All
these characteristics indicate that Tdp1�/� cells

accumulate more DNA damage when treated with
CTNAs, leading to increased cell cycle alterations and
cell death. These results suggest that, in addition to repair-
ing CPT-induced damage, TDP1 repairs 30-blocking
lesions induced by therapeutic CTNAs.

Mitochondrial DNA depletion by AZT and ddC in
Tdp1�/� cells

AZT and ddC are known to cause mitochondrial
myopathy in patients undergoing long-term antiviral
treatments (8,14,36). These myopathies have been
attributed to the relaxed selectivity of mitochondrial
DNA polg, allowing significant incorporation of CTNAs
(37,38). Because TDP1 localizes to the mitochondria
(22,39), we investigated whether TDP1 could be involved
in the repair of CTNA-induced mitochondrial DNA
(mtDNA) damage. Wild-type and Tdp1�/� DT40 cells
were treated with AZT or ddC for 24 h. Fluorescence-
activated cell sorting analysis of cells stained with a
mitochondria membrane specific dye, 10N nonyl-
acridine orange, showed that treatment with AZT or
ddC did not change the mitochondria mass of either
wild-type or Tdp1�/� cells (data not shown). The
genomic DNA was extracted from treated and untreated
samples and subjected to qPCR analysis. The resulting
mtDNA copy numbers for all samples were normalized
to those of the untreated wild-type or Tdp1�/� cells, re-
spectively. Although treatment with 40 mM AZT had no
impact on mtDNA copy number of wild-type DT40 cells,
it reduced the mtDNA copy number of Tdp1�/� DT40
cells by �50% (Figure 6). Treatment with higher concen-
tration of AZT induced stress-induced mitochondrial bio-
genesis in wild-type cells, resulting in a 50% increase in
mtDNA copy number (18), whereas such normal response
was absent in Tdp1�/� cells (Figure 6). Treatment with
ddC, a CTNA commonly used to deplete mtDNA in
cells, led to greater reduction in mtDNA copy number
in Tdp1�/� cells in comparison with wild-type cells
(Figure 6). These findings implicate TDP1 in the repair
of mtDNA damage induced by CTNAs.
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Figure 5. Tdp1�/� DT40 cells treated with CTNAs show enhanced perturbations in cell cycle profiles and greater DNA damage. (A) Wild-type and
Tdp1�/� DT40 cells were treated with 5 mM ACV or 150 nM Ara-C for 24 h before cell cycle analysis. (B) Western blots of wild-type and Tdp1�/�

DT40 cells treated with 2.5 mM ACV or 200 nM Ara-C probed for gH2AX are shown. b0-actin served as loading control, and the length of
continuous drug treatment is indicated above each lane.

Table 2. IC50 values of CTNAs for wild-type and Tdp1�/� cells

CTNAs DT40 IC50 (72 h)

Wild-type Tdp1�/�

ACV 1.25mM 0.66 mM
Ara-C 134 nM 70nM
Gemcitabine 1.6 mM 1.64 mM
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DISCUSSION

ACV, Ara-C, AZT and ddC all belong to a class of widely
used CTNA drugs (3–5). They interfere with several im-
portant aspects of normal metabolisms in cells, including
directly disrupting DNA replication by acting as competi-
tive substrates for DNA polymerases. Depending on its

particular biochemical properties, each CTNA attains its
therapeutic selectivity through a combination of differen-
tial phosphorylation by host and viral kinases, as well as
differential misincorporation by host and viral polymer-
ases. Understanding how cells repair the DNA damage
induced by CTNAs carries important implications for
the medical uses of these drugs in anticancer and antiviral
therapy.
Here, we investigated the role of TDP1 in response to

four clinically relevant CTNAs, as TDP1 is capable of
removing a single nucleoside from DNA 30-ends (40).
Our results demonstrate that the 30-nucleosidase activity
of recombinant TDP1 is capable of excising 30-CTNA
in vitro. ACV and Ara-C led to reduced survival and
greater DNA damage in Tdp1�/� DT40 and MEF cells,
indicative of functional relevance for TDP1 in repairing
DNA damage induced by CTNAs. The concentrations
used in our study are clinically relevant, as they approxi-
mate the reported physiological plasma concentrations in
patients receiving ACV (peak plasma concentration of 16–
25 mM for suppression therapy for herpes simplex) (41,42)
or Ara-C (plasma concentration in the micromolar range)
(43,44). We also show that mtDNA depletion induced by
AZT and ddC was aggravated in Tdp1�/� cells.
Our data provide evidence for a novel role of TDP1 in

the removal of CTNAs (Figure 7). The broad specificity of
TDP1 is consistent with its crystal structure showing few
specific protein-substrate contacts between TDP1 and the
Top1-derived peptide (45). Judging from our in vivo
results, TDP1 seems to be important for removing
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Figure 7. Proposed model for TDP1-dependent repair of nuclear or mitochondrial DNA damage induced by CTNAs. (A) Canonical model of DNA
replication. (B) CTNAs (black octagon) are phosphorylated/activated to tri-phosphate form by cellular or viral kinases. The tri-phosphorylated drug
acts as a competitive substrate for DNA polymerase during DNA replication and causes stalled DNA replication fork and premature termination of
DNA chain. Depending on the drug, CTNA induces nuclear and/or mitochondrial DNA damage. (C) In the presence TDP1, TDP1-dependent repair
excises the CTNA blocking the 30-ends directly. (D) DNA replication is allowed to resume. (E) In the absence of TDP1, CTNA-induced DNA
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CTNAs despite the apparent lower efficiency of removal
in vitro. Because TDP1 forms repair complexes modulated
by post-translational modifications (17,20,46,47), such
repair complexes might survey the genome for DNA
damage and further modulate local environments sur-
rounding particular DNA damage, potentially enhancing
TDP1 processing efficiencies in vivo.
Although Ara-C is a strong DNA chain terminator, it is

also detected at internal positions in DNA chains in vivo
(48). When the replication machinery pauses immediately
after an incorporated Ara-C, a 30-blocking lesion is
generated, which is a substrate of TDP1 via its
30-nucleosidase activity (29). When the DNA polymerase
manages to continue replication past Ara-C, or when a
DNA nick containing 30-Ara-C is sealed by DNA
ligases, embedded Ara-C potentially disrupts other
cellular functions. Accordingly, previous reports had
implicated mismatch repair and nucleotide excision
repair in Ara-C-induced response (49–51). Additionally,
Ara-C near Top1-binding sites induces Top1 cleavage
complexes (52); thus, we cannot rule out a possible
second mechanism through which TDP1 removes Top1
cleavage complexes trapped by embedded Ara-C.
However, the contribution of this second repair mechan-
ism seems to be minor, as Tdp1�/� cells did not show
hypersensitivity toward gemcitabine, which induces
higher levels of Top1 cleavage complexes than Ara-C (53).
Antiviral CTNAs can lead to mitochondrial toxicity,

which is attributed to their incorporation by the less se-
lective mitochondrial polg (7,8). However, little is known
about the repair of CTNA-induced mtDNA damage. Our
finding that mtDNA is selectively depleted in Tdp1�/�

cells treated with AZT and ddC suggests a role for
TDP1 in the repair of CTNA-induced mtDNA damage.
TDP1 is regarded as a logical target for anticancer

chemotherapies because TDP1 inhibitors may selectively
enhance the efficacy of Top1 poisons in cancer cells
(28,54,55). Elucidation of this novel TDP1-dependent
repair pathway for CTNAs suggests that anticancer treat-
ment could also benefit from the synergistic effect of Ara-
C and TDP1 inhibitors in combinational therapy.
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