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Cellular supply of dNTPs is essential in the DNA replication
and repair processes.Herewe investigated the regulation of thy-
midine kinase 1 (TK1) in response to DNA damage and found
that genotoxic insults in tumor cells cause up-regulation and
nuclear localization of TK1. During recovery from DNA dam-
age, TK1 accumulates in p53-null cells due to a lack of mitotic
proteolysis as these cells are arrested in the G2 phase by check-
point activation. We show that in p53-proficient cells, p21
expression in response to DNA damage prohibits G1/S progres-
sion, resulting in a smaller G2 fraction and less TK1 accumula-
tion. Thus, the p53 status of tumor cells affects the level of TK1
after DNA damage through differential cell cycle control. Fur-
thermore, it was shown that in HCT-116 p53�/� cells, TK1 is
dispensable for cell proliferation but crucial for dTTP supply
during recovery from DNA damage, leading to better survival.
Depletion of TK1 decreases the efficiency of DNA repair during
recovery from DNA damage and generates more cell death.
Altogether, our data suggest that more dTTP synthesis via TK1
take place after genotoxic insults in tumor cells, improvingDNA
repair during G2 arrest.

The synthesis of dTTP is highly regulated and is important
for DNA replication and repair in all living cells (1, 2). There are
two pathways for dTTP synthesis in cells. In the de novo path-
way, ribonucleotide reductase, which is composed of two pairs
of R1 and R2 subunits, converts CDP and UDP to dCDP and
dUDP, respectively. Both dCDPanddUDPcanbemetabolically
converted to dUMP, and thymidylate synthase (TS)3 catalyzes
the reaction of dTMP formation from dUMP. In the salvage
pathway, thymidine kinases (TKs), TK1 in cytosol and TK2 in

mitochondria (3, 4), are responsible for dTMPproduction from
thymidine (5). Phosphorylation of dTMP from either the sal-
vage or de novo pathway to dTDP is catalyzed by thymidylate
kinase, and nucleoside diphosphate kinase then converts dTDP
to dTTP (6). Unlike TK2, the expression of TK1, TS, and thy-
midylate kinase is cell cycle-dependent (7–13).
In response to DNA damage, cells trigger multifaceted

responses such as cell cycle arrest, DNA repair, or apoptosis
(14, 15). In Saccharomyces cerevisiae, it has been reported that
DNA damage by �-irradiation, UV, or methyl methane sulfon-
ate leads to increases in the levels of the four dNTPs through
ribonucleotide reductase-mediated de novo synthesis, indicat-
ing a close relationship between the regulation of dNTP synthe-
sis and DNA damage response (16, 17). In mammalian cells,
expression of p53-inducible R2 (p53R2), a homolog of the R2
subunit, is increased due to p53-dependent transcriptional acti-
vation upon DNA damage, suggesting a master role of p53 in
integrating regulation of dNTP pools through the de novo path-
way (18–21). However, it is known that more than 50% human
cancer cells harbor mutated or deleted p53, and these tumors
are more resistant to chemotherapy due to the loss of p53-de-
pendent apoptosis (22, 23). This evoked the question as how
p53-deficient cancer cells carry out the synthesis of dNTPs for
the repair process after DNA damage and survive after geno-
toxic insults by chemotherapy. In this regard, one report
showed that the level of R2 subunit increased in colon cancer
HCT-116 p53�/� cells after cisplatin treatment. It was sug-
gested that up-regulation of R2 might be sufficient to replace
the role of p53R2 and contribute to the increases in dNTPs
needed for efficient DNA repair (24, 25). Because the R2 sub-
unit of ribonucleotide reductase and TK1 share similar regula-
tions in terms of transcriptional activation and proteolytic con-
trol in the cell cycle (10, 26–32), we were interested in
addressing the questions of whether TK1 is regulated in
response to DNA damage and whether p53 participates in this
process.
In this study we show that DNA damage causes up-regula-

tion of TK1 in different tumor cell types. Our investigation into
the molecular mechanism of TK1 induction indicates that the
involvement of checkpoint activation inG2 phase prevents TK1
mitotic proteolysis in p53-deficient cells. In the case of p53-
proficient tumor cells, p21-mediated G1 arrest in response to
DNAdamage causes less induction ofTK1.Anumber of studies
have shown that the decrease in the dTTP level due to TK
deficiency is correlated with the increase in DNA damage-in-
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duced cell death and mutagenesis (33–38). It was previously
shown that reducing the cellular level of dTTP by silencing
thymidylate kinase expression significantly sensitizes tumor
cells to a chemotherapeutic agent, demonstrating the impor-
tance of dTTP supply in tumor cell survival after genotoxic
insults (39). Importantly, blocking TS does not necessarily lead
to chemosensitization unless thymidine is deprived from the
culture medium (39). These findings prompt us to further
investigate the functional contribution of TK1-mediated dTTP
synthesis in DNA damage response. The results show that TK1
up-regulation endows p53-deficient tumor cells the expansion
of the dTTP pool during the recovery fromDNAdamage in the
G2 phase for improved repair and survival.

EXPERIMENTAL PROCEDURES

Materials and Antibodies—Anti-human TK1 polyclonal
antibody (13, 40) and the anti-human TK1 monoclonal anti-
body (XPA 210) (41) were described previously. Anti-human
TS antibody (clone 4H4B1) was obtained from Zymed Labora-
tories Inc., anti-R2 (N18), anti-cyclin B1 (GNS1), anti-chk1
(G-4), anti-p21(187), and anti-p53R2(N16) antibodies were
from Santa Cruz, anti-phospho-chk1 (Ser-345) antibody was
from Cell Signaling, anti-phospho-histone 3 (H3; Ser-10) and
anti-phospho-H2A.X (Ser-139) antibodies were from Upstate,
anti-p53 (Ab-6) antibody was from Calbiochem. Anti-�-tubu-
lin, anti-�-actin, anti-rabbit IgG-TRITC, anti-mouse IgG-FITC
antibodies, doxorubicin, etoposide, aphidicolin, hydroxyurea,
actinomycin D, cycloheximide, and caffeine were from Sigma.
Human TK1 small interfering RNA (siRNA) was purchased
fromDharmacon siGenome SMART pools, and Lipofectamine
2000 was from Invitrogen.
Cell Culture—Colon carcinoma cell lines HCT-116 p53�/�,

p53�/�, p21�/�, and p21�/� were kindly provided by Bert
Vogelstein (John Hopkins University Medical Institutions, Bal-
timore, MD). HCT-116 and osteosarcoma U2OS cells were
maintained inMcCoy’s 5Amedium (Invitrogen) supplemented
with 10% fetal bovine serum plus 100 �g/ml streptomycin and
100 units/ml penicillin (Invitrogen) at 37 °C under 5% CO2.
Colon adenocarcinoma SW480 cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM, Invitrogen) supple-
mented with 10% fetal bovine serum plus 100 �g/ml strepto-
mycin and 100 units/ml penicillin (Invitrogen) at 37 °C under
5%CO2. Lung carcinomaH1299 cells weremaintained inRPMI
1640medium (Invitrogen) supplemented with 10% fetal bovine
serum plus 100 �g/ml streptomycin and 100 units/ml
penicillin.
Cell Cytotoxicity Assay—Cells were seeded onto 96-well-

plates at 2.5 � 103 cells per well and followed by the indicated
treatment. Cell viability was then measured by an MTS assay
(Promega).
Whole-cell dNTP Pools Extraction and Pool Size Deter-

mination—Cells (1� 106)werewashed twicewith 10ml of cold
PBS and extracted with 1 ml of ice-cold 60% methanol at
�20 °C for overnight followed by centrifugation for 30 min at
16,000� g. The supernatant was transferred to a fresh tube and
dried under vacuum. The residue was dissolved in sterile water
and store at �20 °C for later analysis. Determination of the
dNTPpool sizes in each extractwas based onDNApolymerase-

catalyzed incorporation of radioactive dATP or dTTP into the
synthetic oligonucleotide template method described by Sher-
man and Fyfe (42).
Immunofluorescence Staining—Cells on the coverslip were

washed twice with PBS and fixed with 3% paraformaldehyde,
PBS for 30 min. After fixation, cells were permeabilized with
0.3% Triton X-100, TBST (50 mM Tris-HCl, pH 7.4, 150 mM

NaCl, 0.1% Triton X-100) for 5 min and blocked with 5.5%
normal goat serum in TBST for 1 h at room temperature fol-
lowed by staining with anti-�H2AX antibody at a 1:500 dilu-
tion, anti-human TK1 antibody at a 1:100 dilution, or anti-
phospho-H3 (Ser-10) antibody at 1:500 dilution in TBST
containing 3% BSA for 2 h at room temperature. After TBST
washing, cells were stained with FITC-conjugated goat anti-
mouse IgG antibody at a 1:100 dilution or TRITC-conjugated
goat anti-rabbit IgG antibody at a 1:200 dilution in TBST con-
taining 3% BSA and Hoechst 33342 for 1 h at room tempera-
ture. After mounting overnight, endogenous TK1 or phos-
pho-H3 (Ser-10) was observed with Leica TCS SP2 confocal
spectral microscope by using a 63� oil immersion objective,
and �H2AX foci were observed with Olympus BX51 micro-
scope by using a 100� oil immersion objective.
Immunoblotting—Fifteen micrograms of cell lysate proteins

were resolved on SDS-PAGE (11% (w/v) gel) followed by elec-
trophoretic transfer to polyvinylidene fluoride membranes
(Millipore). After blocking with 5% (w/v) powdered nonfat
milk, themembranewas incubatedwith different antibodies for
16 h and treated for 1 h with horseradish peroxidase-conju-
gated goat anti-rabbit IgG, goat anti-mouse, and donkey anti-
goat antibodies (SantaCruz). ECL detection for the horseradish
peroxidase reaction was performed according to the manufac-
turer’s instructions (PerkinElmer Life Sciences).
Cell Synchronization—For synchronization, cells were

treated twice with 1mM thymidine (Sigma) for 15 h intermitted
by 9 h of release. Nocodazole (Sigma) was added to themedium
at 200 ng/ml after cell release from the double thymidine block
for mitotic arrest.

RESULTS

Up-regulation of TK1 Expression in Response to Genotoxic
Insults—Initially, HCT-116 p53-proficient and -deficient cells
were treated with increasing concentrations of doxorubicin
(Dox), a topoisomerase II inhibitor, to induce DNA double-
strand breaks. In HCT-116 p53�/� cells, the levels of TK1 and
R2were increased by aDox dosage of 0.5�Mor higher (Fig. 1A).
There were clear increases in p53R2, p53, and chk1 phosphor-
ylation at Ser-345 at 0.25 �M Dox treatment. In p53�/� cells,
the levels of TK1 and R2 were simultaneously increased after
treatment with 0.25 �M Dox, and the levels were higher than
those in p53�/� cells. We further treated HCT-116 p53-defi-
cient cells with various DNA damage agents including etopo-
side (VP-16), �-irradiation, aphidicolin, a DNA polymerase-�
inhibitor, and hydroxyurea, a ribonucleotide reductase inhibi-
tor. After treatment for 24 h, the steady-state levels of TK1 and
R2 were increased in response to these different treatments
(Fig. 1B), indicating that up-regulation of TK1 is a general DNA
damage-associated event. In contrast, TS expression in all case
was not increased by DNA damage.
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We further looked into whether up-regulation of TK1 can be
observed in cells recovering from DNA damage. HCT-116
p53�/� cells were given 1�MDox treatment for 4 h followed by
extensive washout of Dox by incubation in fresh media. After
release from Dox, the TK1 levels increased from 8 to 36 h and
stayed high for another 24 h (Fig. 1C). The expression of R2
showed a similar trend but a lesser degree of increment. The
level of TS expression was relatively constant but dropped 60 h
after release fromDox treatment. Ser-10 phosphorylation ofH3
was also examined (Fig. 1C), a marker of mitotic chromatin
condensation, and a rapid reduction of H3Ser-10 phosphory-
lation after release fromDoxwas founddue to a block inmitotic
entry after DNA damage. However, after release form Dox for
48 h, H3Ser-10 phosphorylation was restored, indicating
mitotic re-entry after spontaneous recovery from DNA dam-
age. Immunofluorescence staining of cells with theMPM2anti-

body, which recognizes a phosphor-
ylated epitope (S/T)P of phospho-
proteins at the onset ofmitosis, con-
firmed that cells indeed re-entered
the mitotic phase around 42–48 h
after recovery from Dox-induced
DNA damage (supplemental Fig.
S1). We also found that endoge-
nous TK1 accumulated in the
nucleus 15 h after release (Fig. 1D).
Thus, DNA damage causes an
increase in TK1 expression with a
nuclear localization.
The expression of TK1 in other

cell lines was also determined,
including colon cancer SW480, lung
cancer H1299, and osteoblastoma
U2OS cells, which were released
from Dox treatment. Despite the
differences in the basal level of TK1
protein in each cell line, up-regula-
tion of TK1 was observed 24 h after
release from Dox treatment in the
different cell lines (Fig. 1E), indicat-
ing that TK1 induction during
recovery from DNA damage ap-
pears to be a general event. In addi-
tion, the induction of TK1 was
higher in p53-defective SW480 or
H1299 cells than that in U2OS
cells, which have a functional p53.
Altogether, TK1 expression is
induced by DNA damage in differ-
ent tumor cells, and the extent of
TK1 induction is related to the cel-
lular p53 context.
The Association of TK1 Induction

with DNA Damage-induced G2
Phase Arrest—It is known that ex-
pression of TK1 is regulated in a cell
cycle-dependent manner, reaching
maximum during G2/M transition

due to transcriptional activation. Furthermore, TK1 is
degraded by APC/C targeted ubiquitination duringmitotic exit
(8, 10, 31). To assess whether TK1 up-regulation by DNA dam-
age is related to the cell cycle control of TK1, the cell cycle
distribution during release from Dox treatment was determined.
Results fromthe flowcytometric analysis showed that after release
fromDox treatment for15–24h,up to90%HCT-116p53�/� cells
were arrested in theG2/Mphase with increased levels of TK1, R2,
cyclin B1, and chk1 S345 phosphorylation (Fig. 2,A and B). Previ-
ous studieshave already shown that the additionof caffeine,which
inhibits ATM and ATR kinases, to the culture medium can sup-
press checkpoint activation, preventing cells from checkpoint-in-
duced G2 arrest and allowing mitotic entry (43–45). We then
examined the effect of caffeine addition onTK1expressionduring
release fromDox treatment. It turned out that TK1 inductionwas
abolished by caffeine treatment, coinciding with reduced levels of

FIGURE 1. Up-regulation of TK1 in response to DNA damage. A, HCT-116 p53�/� and p53�/� cells were
treated with increasing concentrations of Dox for 24 h. Total lysates containing 15 �g of proteins were sepa-
rated by SDS-PAGE and analyzed by Western blotting. B, HCT-116 p53�/� cells were treated with the indicated
DNA damage agents, 0.5 �M Dox, 5 gray of �-irradiation, 10 �M etoposide (VP-16), 2 �g/ml aphidicolin (APH),
and 1 mM hydroxyurea (HU), for 24 h and harvested for Western blot analysis. C, HCT-116 p53�/� cells were
treated with 1 �M Dox for 4 h, after which Dox was washed out, and fresh medium was added to the cultures.
Cells were harvested at the indicated times after release from Dox for Western blot analysis. D, shown is
immunofluorescence staining of TK1 in HCT-116 p53�/� cells that were released from Dox for 15 h as described
above. Cells were fixed and stained with anti-human TK1 (XPA210)/FITC antibody and Hoechst 33342 for
confocal microscopy observation. E, U2OS, SW480, and H1299 cells were treated with various dosages of Dox
for 4 h followed by release from Dox-induced DNA damage for 24 h for Western blot analysis.
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chk1 Ser-345 phosphorylation and retention of H3Ser-10 phos-
phorylation because of checkpoint inactivation (Fig. 2C). Flow
cytometric analysis confirmed that caffeine treatment prevented
G2 accumulation (Fig. 2D). These results suggest that DNA dam-
age-inducedTK1 induction isdependentoncheckpointactivation
and G2 arrest.

Because TK1 is degraded via APC/C-mediated proteolysis
duringmitotic exit (10), we then tested whether TK1 induction
inhibited by caffeine treatment during DNA damage recovery
involves protein destabilization. To this end, we treated cells
with lactacystin, a specific proteasome inhibitor, during recov-
ery from DNA damage. Without caffeine co-treatment, the

FIGURE 2. TK1 induction as a result of DNA damage-induced G2 arrest. HCT-116 p53�/� cells were released from Dox treatment as described in the legend
to Fig. 1C and harvested at the indicated times for flow cytometric analysis (A) and Western blot analysis (B). Data are the mean � S.D. from three independent
experiments. C, HCT-116 p53�/� cells were treated with 1 �M Dox for 4 h in the presence or absence of 1 mM caffeine. After washing out Dox, cells were
incubated in fresh medium with or without caffeine. Cells were harvested at the indicated times for Western blot analysis. D, parallel sets of cells were subjected
to flow cytometric analysis. E, HCT-116 p53�/� cells treated as described above were co-treated with or without 10 �M lactacystin. After release for 15 h, total
lysates containing 15 �g of proteins were analyzed by Western blotting. F, HCT-116 p53�/� cells were either treated with 200 ng/ml nocodazole (Noc) for 19 h
or with 1 �M Dox for 4 h and released for 15 h as described above. NT, no treatment. Cells were harvested for flow cytometric and Western blot analysis. Data
are the mean � S.D. from three independent experiments. **, p � 0.01 relative to samples without treatment based on a Student’s t test. G, HCT-116 p53�/�

cells were synchronized by a double thymidine (Thd) block and released by replacement with fresh medium containing 200 ng/ml nocodazole, allowing S/G2
progression. Cells at the indicated time point were fixed and stained with the anti-human TK1 (XPA210)/FITC antibody, anti-human phospho-H3 (Ser-10)/
TRITC, and Hoechst 33342 for confocal microscopy observation. The remaining cells were harvested for Western blot and flow cytometric analysis.
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addition of lactacystin did not affect the level of either TK1
induction or H3Ser-10 phosphorylation during release from
Dox treatment (Fig. 2E). In contrast, the addition of lactacystin
in cells co-treated with caffeine restored TK1 and R2 expres-
sion, whereas H3Ser-10 phosphorylation was reduced. These
results suggest that lactacystin treatment prevents checkpoint
inactivation-induced mitotic progression, thereby resulting in
TK1 accumulation. Moreover, the level of TK1 expression or
the dTTP pool in cells arrested in prometaphase by nocodazole
treatment, a microtubule-depolymerizing drug, was similar to
what was observed in cells arrested in G2 by releasing from
DNA damage for 15 h (Fig. 2F), demonstrating that the lack of
proteolysis during mitotic exit contributes to the increased
level of TK1 during recovery from DNA damage. We also
examined the nuclear localization of TK1 during G2 progres-

sion by releasing cells from a double
thymidine block. Mitotic rounding
and chromatin condensation in
cells were observed at 8 h after
releasing from the double thymi-
dine block. At 6 h, cells showed clear
nuclear accumulation of TK1 when
reaching theG2/M transition before
mitotic rounding (Fig. 2G). In con-
clusion, there is an expansion of
dTTP associatedwith up-regulation
of TK1 after DNA damage as a
result of G2 arrest by checkpoint
activation inHCT-116 p53�/� cells.
p53Affects theMagnitude of DNA

Damage-induced TK1 Expression
through p21-mediated Cell Cycle
Control—Given that less amount of
TK1 was induced in HCT-116
p53�/� isogenic line, we then inves-
tigated the functional involvement
of p53 in regulating the level of TK1
in response to DNA damage. The
effects of Dox treatment on protein
expression and cell cycle profiles
were compared in p53�/� cells and
p53�/� cells after release from Dox
for 24 h. As expected, the levels of
p53R2 and p21, a universal cyclin-
dependent kinase inhibitor (46, 47),
was induced in p53�/� but not
p53�/� cells. The induced levels of
TK1 and R2 and the extent of chk1
activation were consistently higher
in p53�/� than that in p53�/� cells
after release for 24 h. H3Ser-10
phosphorylation was undetectable
in both cell lines after DNAdamage,
indicating a lack of mitotic progres-
sion during recovery (Fig. 3A). The
cellular level of dTTP increased 2.6-
and 1.6-fold in p53�/� and p53�/�

cells, respectively, indicating a cor-
relation of R2 andTK1 inductionwith dTTP synthesis inDNA-
damaged cells (Fig. 3B). The flow cytometric analysis showed
that unlike p53�/� cells, which were only enriched in G2 phase,
p53�/� cells were distributed in both G1 and G2 phases after
DNA damage (Fig. 3C). Because p53-mediated elevation of p21
due to DNA damage could prevent p53�/� cells from G1/S
progression, we speculated that lower extent of TK1 induction
in p53�/� cells might be due to the p21-mediated G1 check-
point, resulting in lessG2 accumulation. To test this hypothesis,
we then compared the expression level of TK1 and cell cycle
distribution after DNA damage in p21�/� and its isogenic
p21�/� HCT-116 line. The results showed a 4.7-fold induction
of TK1 in p21�/� cells in contrast to a minor change in TK1
levels in p21�/� cells (Fig. 3D). Results from the flow cytomet-
ric analysis showed that p21�/� cells exhibited a G1 and G2

FIGURE 3. p53-induced p21 affects the cell cycle progression and the extent of TK1 induction in response
to DNA damage. HCT-116 p53�/� and p53�/� cells were released from Dox treatment as described in the
legend to Fig. 1C. After release from Dox for 24 h, cells were harvested for Western blotting (A), dTTP pool
determination (B), and flow cytometric analysis (C). Data are the mean � S.D. from three independent experi-
ments. D, HCT-116 p21�/� or p21�/� cells were treated as above. After recovery from DNA damage for 24 h,
cells were harvested for Western blot and flow cytometric analysis (E).
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phase distribution at 24 h after release from DNA damage,
whereas p21�/� cells accumulated in G2 phase (Fig. 3E). These
results supported the hypothesis that p21-mediated cell cycle
inhibition affects the level of TK1 in response to DNA damage
in the presence of a functional p53 protein. Conversely, in
the absence of p53, cells are blocked in the G2 phase, allowing
more TK1 accumulation.
TK1Contributes to the Increase in dTTPPool during Recovery

from DNA Damage—To find the relationship between the cel-
lular levels of dTTP and TK1 in response to DNA damage, we
determined the effect of silencing TK1 expression on the cellu-
lar dTTP pool by TK1-siRNA transfection of HCT-116 p53�/�

cells. Results from MTS assays showed that TK1 knockdown
did not affect the growth rate of transfected cells over a 4-day
period (Fig. 4A). Apparently, the expression of TK1 is dispen-

sable for proliferation of HCT-116
p53�/� cells. In cells treated with
Dox, TK1 knockdown did not have
an effect on the induction of R2 or
chk1 phosphorylation during recov-
ery from Dox-induced DNA dam-
age (Fig. 4B). Meanwhile, the cellu-
lar level of dTTP increased
2.25-fold, andTK1 depletion greatly
diminished (Fig. 4C). The levels of
dATP, dCTP, and dGTP were also
increased during recovery from
Dox-induced DNA damage. TK1
knockdown did not significantly
affect the levels of dATP and dGTP,
whereas the induction of the dCTP
pool was reduced by TK1 depletion.
Because dTTP allosterically inhibits
reduction of CDP by ribonucleotide
reductase, it is unlikely that less
dCDP production in TK1-depleted
cells occurred via ribonucleotide
reductase. Probably, other dCTP
regulators inDNAdamage response
are sensitive to the TK1 knock-
down. It should be noted that TK1
depletion did not affect the level of
dTTP in the cells withoutDox treat-
ment, which imply that in growing
cells the de novo pathway is suffi-
cient for dTTP synthesis. However,
in DNA damage-stressed cells, the
TK1-mediated pathway may be-
come essential in generating suffi-
cient dTTP during the recovery
from DNA damage.
TK1 Affects the Efficiency of DNA

Repair during Recovery for G2/M
Progression—Because the dNTP
supply is essential for the repair
process of damaged DNA, we asked
whether TK1 expression is impor-
tant in the DNA repair during

recovery from DNA damage and for cell cycle progression. To
address this question, �-H2AX foci staining was used to exam-
ine the extent of DNA double-strand breaks induced by Dox
treatment. According to immunofluorescence quantification
(Fig. 5A), pulse-exposure of cells to Dox caused widespread
�-H2AX foci formation, in marked contrast to minimal stain-
ing in cells without Dox treatment. After release for 24–42 h,
the intensity of �-H2AX foci staining decreased, but it did not
vanish in the control cells. Depletion of TK1 by siRNA trans-
fection did not enhance the intensity of �-H2AX foci after Dox
treatment, but the cells had persistent �-H2AX focal staining
during recovery from DNA damage for 24–42 h. These results
demonstrate the importance of TK1-mediated dTTP synthesis
for DNA repair. As mentioned earlier, mitotic entry was
detected in cells after recovery from DNA damage for 48 h, as

FIGURE 4. Depletion of TK1 suppressed the cellular level of dTTP during recovery from DNA damage.
HCT-116 p53�/� cells transfected with 100 pmol of TK1-siRNA were trypsinized and re-plated into a 96-well
plate at 1 � 103 cells per well. The growth rate of cells with TK1 knockdown was measured by the MTS assay
over a 4-day period. Data are the mean � S.D. from three independent experiments (A). The inset shows the
Western blot of cell lysates harvested on 2 days. After transfection with TK1 and control (Ctrl) siRNA for 48 h,
cells were treated with Dox for 4 h and released as described in the legend to Fig. 1C. After 24 h, cells were
harvested for Western blot analysis (B) and dNTP pool determinations (C). Data are the mean � S.D. from three
independent experiments. p � 0.05 (*) and p � 0.01 (**) relative to control samples with Dox treatment based
on Student’s t test.
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indicated by a marked increase in H3Ser-10 phosphorylation
and MPM2 immunofluorescence staining. Although DNA
repair was retarded by TK1 depletion, we found that the timing
of mitotic entry was unaffected (Fig. 5B), indicating that TK1
depletion did not disturb checkpoint recovery for the M phase
entry. Notably, DNA lesions were still present in most of the
cells during mitotic entry, an indication of cell adaptation to
DNA damage (supplemental Fig. S2). The MTS assay was per-
formed in cells treated for 4 h with Dox, and the results showed
that TK1 depletion significantly decreased cell survival (Fig.
5C). Probably, TK1 depletion retards the repair of Dox-induced
DNA lesions, thus promoting cell death. Altogether, our results
suggest that TK1-mediated dTTP synthesis in p53-deficient
tumor cells provides betterDNA repair efficiency during recov-
ery from genome lesions.

DISCUSSION

In response to DNA damage, coordination of dNTP synthe-
sis is required for theDNA repair process. In light of the impor-
tance of up-regulation of key proteins, p53R2 and R2, in the de
novo pathway of dNTP synthesis in cells after DNA damage,
this study evaluated the contribution of salvage synthesis of
dTTP in tumor cells during recovery from genotoxic insults.
Several novel findings are presented here. DNAdamage in p53-
deficient tumor cells increases the expression of TK1 as a result
of G2 arrest due to checkpoint activation. Second, less TK1 is

induced by DNA damage in tumor cell proficient in functional
p53 because of p21-mediated G1 arrest. Third, TK1 expression
in p53-deficient HCT-116 cells is dispensable for growth but
important for providing sufficient dTTP pools for DNA repair
and cell survival.
Sartorelli and co-workers (24) have previously shown that

treatment of HCT-116 p53�/� cells with cisplatin caused an
increase in dNTP levels. Even though R2 knockdown was able
to reduce the amounts of dNTPs in these cells, the level of dTTP
remained elevated after DNA damage in R2-depleted cells,
indicating an alternative pathway for dTTP supply after DNA
damage. The findings in this report show that genotoxic insults
increase TK1 expression, which contributes to the expansion of
the dTTP pool. Notably, HCT-116 p53�/� cells arrest in the G2

phase during recovery from DNA damage, and DNA lesions
diminish gradually beforemitotic re-entry. Significantly, deple-
tion of TK1 increases the DNA lesion intensity, as revealed by
sustained �-H2AX foci staining, without affecting the timing of
mitotic re-entry. Thus, checkpoint inactivation takes place in
TK1-depleted cells, so that these tumor cells apparently adapt
to the remaining DNA lesions, enhancing Dox-induced cell
death.
Very interestingly, neither the steady-state level of dTTP nor

cell proliferation under normal growth condition was affected
by TK1 depletion. Because high levels of TK1 are often associ-

FIGURE 5. The contribution of TK1 to the DNA repair efficiency during recovery from DNA damage. A, HCT-116 p53�/� cells plated on the coverslip were
transfected with 100 pmol of control and TK1-siRNA. After 48 h cells were treated with Dox and released as described previously. At the indicated times cells
were stained with anti-�-H2AX/FITC and Hoechst 33342 for immunofluorescence microscope observations. The immunofluorescence intensity of �-H2AX
staining was quantified by the ImageJ software (n � 50). The mean value of �-H2AX immunofluorescence staining in control cells with Dox pulse-treatment for
4 h was set to 100%. The graph shown in the right panel represents relative intensity of �-H2AX staining in nuclei. p � 0.05 (*) and p � 0.01 5 (**) is based on
Student’s t test. Ctrl, control. B, total proteins were harvested at the indicated times during recovery from DNA damage and analyzed by Western blotting.
C, cells after siRNA transfection for 6 h were trypsinized and re-plated onto a 96-well-plate at 2.5 � 103 cells per well. These cells were allowed to grow
additionally for 48 h before 5 �M Dox treatment and released as described previously. After 48 h, cell survival was measured by MTS assay; data are the mean �
S.D. from three independent experiments. **, p � 0.01 relative to control samples based on a Student’s t test.
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ated with many tumors, these results evoke a reinterpretation
of the main role for TK1 in DNA repair in tumor cells rather
than in providing dTTP for replication and growth. In agree-
ment with our findings, a number of studies have observed that
decreased dTTP levels due to TK deficiency correlate with an
increase in DNA damage-induced cell death (33–36, 38).
In this study we also investigated the molecular mechanism

responsible for TK1 induction in response to DNA damage.
Our data indicate that TK1 up-regulation by DNA damage
appears to be a consequence of its cell cycle control. In HCT-
116 p53�/� cells, DNA damage results in a sub-G1 population,
a block in the G1/S transition, and a G2 cell accumulation. The
magnitude of TK1 induction was not as pronounced as that
observed inp53-deficient cells.Our results suggest that p53-de-
pendent p21 expression causes G1 arrest, thus reducing G2 cell
accumulation. As a result, TK1 levels were lower in p53-profi-
cient cells. Consequently, more TK1 induction together with a
significant increase in G2 accumulation was observed in DNA-
damaged HCT-116 p21�/� as compared with their parental
HCT-116 p21�/� cells. Checkpoint inactivation by caffeine
treatment allowed the DNA-damaged cells to undergo mitotic
progression, thus diminishing TK1 expression. Consistent with
TK1 degradation via APC/C-mediated ubiquitination during
mitotic exit, we found that inhibition of the proteasome by lac-
tacystin treatment during checkpoint inactivation by caffeine
restored high TK1 expression. Thus, DNA damage-induced
checkpoint activation in G2 phase controls the TK1 level by
blocking the mitotic entry and subsequent TK1 proteolysis.
Moreover, the level of TK1 expression, the dTTP pool, or
nuclear localization in cells arrested in prometaphase by
nocodazole was all quite similar to what was observed in Dox-
treated cells. All together, our results suggest that DNA dam-
age-induced up-regulation of TK1 is a consequence of DNA
damage-induced G2 accumulation.
Recently, one report has demonstrated that chk1 activation

by Top1-mediated DNA damage increases R2 mRNA and pro-
tein levels via E2F1-mediated transcriptional activation (48).
E2F1 is a known transcription activator of R2 and required for S
phase progression. In our studywe also found an increase in the
TK1mRNA level in response toDNAdamage (data not shown).
Therefore, it is possible that transcriptional activation and
protein stabilization during G2 arrest act together to increase
the TK1 level.
Here, we observed a similar expression pattern of R2 and

TK1 in response toDNAdamage, probably because these genes
share common control mechanisms for cell cycle-regulated
transcription, translation, and proteolysis. In subcellular local-
ization experiments, we found a nuclear translocation ofTK1 in
response toDNAdamage, similar towhat has been reported for
p53R2 or R2 proteins (19, 48), although the nuclear localization
of the ribonucleotide reductase subunits has been debated (49).
A nuclear form of TK1 was recently described in non-small
lung cancer cells (50), but the role andmechanism of the trans-
location process remain to be determined. Relevantly, it has
been shown that UV damage is able to induce nuclear translo-
cation of TS via SUMOylation (51, 52). In sum, we conclude
that checkpoint activation after DNA damage allows tumor
cells to integrate de novo synthesis of dNTP via ribonucleotide

reductase and salvage synthesis of dTTP via TK1 to achieve an
appropriate level of nucleotides for efficient DNA repair and
survival. Nuclear localization of TK1 and TSmight further pro-
vide an efficientmeans to support dTTP supply forDNA repair.
Because conventional chemotherapeutic agents kill tumor cells
through DNA double-stand breaks, the results presented here
imply that blocking dTTP synthesis would enhance the geno-
toxic insult-induced lethality in p53-defective tumor cells by
preventing efficient repair of DNA lesions during G2/M pro-
gression. Although inhibition of TS by fluorouracil has long
been used for chemotherapy (53), tumors devoid of p53 func-
tion often develop drug resistance (22, 54), and the anti-TS
agents by itself cause general cytotoxicity due to misincorpora-
tion of dUTP and 5�-fluoro-2�-deoxyuridine triphosphate into
DNA (55, 56). Therefore, inhibition of alternative targets such
as TK1 or thymidylate kinase to reduce dTTP levels would be
non-toxic to normal cycling cells but lead to chemosensitiza-
tion and elimination of tumor cells.
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