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Abstract

In quiescent fibroblasts, the expression levels of cytosolic enzymes for thymidine
triphosphate (dTTP) synthesis are down-regulated, causing a marked reduction in the dTTP
pool. In this study, the data indicate that mitochondrial thymidylate synthesis via thymidine
kinase 2 (TK2) is a limiting factor for the repair of UV damage in the nuclear compartment in
quiescent fibroblasts. Moreover, TK2 deficiency causes secondary DNA double-strand
breaks (DSBs) formation in the nuclear genome of quiescent cells at the late stage of
recovery from UV damage. Despite of slower repair in quiescent fibroblast deficient of TK2,
DNA damage signals eventually disappeared, and these cells were capable of re-entering the
S phase after serum stimulation. However, these cells displayed severe genome stress as
revealed by the dramatic increase in 53BP1 nuclear body in the G1 phase of the successive
cell cycle. In conclusion, mitochondrial thymidylate synthesis via TK2 plays a role in
facilitating the quality repair of UV damage for the maintenance of genome integrity in the

cells that are temporarily arrested in the quiescent state.

iv



Table of contents

T I X RN UURURIUUUPIRURUIRURSIVRTRRPRTRTURN. S i | .ol | B I i
5 O e et Y il

B dE B i

N 01511 - T iv
LI 1 0] L0 0] 1 (=] %
Chapter I - Overview and Rationale.............coi i e e e e 1

Part | Nucleotide excision repair (NER).........oooiiiiiiiiii e e,
Part Il dNTP pools synthesis in cycling and quiescent cells.............coooivi i,

Part 111 Thymidine kinase 2 (TK2) and TK1 in dTTP metabolism................c.oooveiinnne.

© o o N

Part 1V Role of TK2 in mitochondria bIogenesis. .........o.vvvviiirii i
RAEIONAIE. .. e e e 11

Chapter Il - The Contribution of Mitochondrial Thymldylate Synthe3|s in Preventlng the

Nuclear Genome Stress.. PPN 1
100 0 od 1 o] o 13
Materials and MethodS. .. .......oe i e e e e e e e, 15
RESUIES . . ettt e e et e e 20
3B L1 ] £ PP 28
P S B IV . .. sttt et et e e e e e e e e e e ——————— 33
LI L0 P 35
FIQUrES and LEgENAS. .. ... ee ittt et e e e e et e e et e e e e e 36

L =] £ 000 64

1 T 70

N 0] 013 1 | PP 71



Chpater I - Overview and Rationale



Part I Nucleotide excision repair (NER)

A. Introduction of nucleotide excision repair

Ultraviolet (UV) irradiation causes DNA lesions at the sites of adjacent pyrimidines,
including cyclobutane pyrimidine dimer (CPD) and 6-4 photoproduct (6-4 PP) (Figure
I-1) (1). In prokaryotes and lower eukaryotes, the direct repair enzymes, photolyases,
split the unusual covalent bindings between the pyrimidines to repair the lesions. In
higher eukaryotes, these lesions are removed by nucleotide excision repair (NER) (1,2).
There are two sub-pathways of NER, global genomic NER (GG-NER) and
transcription-coupled NER (TC-NER) (Figure I-2) (3). These two pathways share the
core NER repair machinery. They are only different at the DNA lesion recognition step,
which is mainly mediated by XPC/RAD23B and RNA polymerase II complex in GG-
NER and TC-NER, respectively (4-6). After the lesions recognition, the DNA structure
is open with the helicase activity of TFIIH and the repair complex is stabilized with the
aid of XPA and replication protein A (RPA) bound to undamaged single-stranded DNA.
The dual incision is carried out by the endonuclease activity of XPG at 4-7 nucleotides

downstream, and ERCC1/XPF complex at 16-21 nucleotides upstream of the DNA
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Figure I-1 UV-induced pyrimidine dimers
[Adapted from Principle of Biochemistry. Figure 8-34.]



lesions (7,8). The resulting nucleotide gaps are filled by the DNA polymerase €, 6 or
with DNA clamping protein proliferating cell nuclear antigen (PCNA) loaded by
replication factor C (RFC) (9-12). At this repair step, dNTPs are incorporated for DNA
synthesis. These three DNA polymerases are preferentially used in specific cell-cycle
stages. DNA polymerase ¢ and & are used mainly in dividing cells and non-dividing
cells, respectively (10). Under extremely low dNTP levels and stress condition, DNA
polymerase k with lower fidelity and processivity becomes the major polymerase for
repair synthesis (10,11). Finally, the DNA gaps are sealed by DNA ligase I in

proliferating cells and DNA ligase III/XRCC1 complex throughout cell cycle (13).

1. Damage recognition
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Figure 1-2 Nucleotide excision repair
[Adapted from R&D system. DNA damage response.]

B. NER deficiency and human diseases

As a major repair mechanism for UV-induced DNA lesions in mammals, deficiency

in NER often results in severe diseases (14). Autosomal recessive inherited diseases



such as Xeroderma Pigmentosum (mutations in XP proteins) (15), Cockayne Syndrome
(mutations in TC-NER proteins CSA and CSB) (16) and Trichothiodystrophy
(mutations in the subunits of TFIIH helicase proteins such as ERCC2 and ERCC3) (17)
are resulted from the deficiency or mutation of NER related proteins. Patients often
have high photosensitivity, high incidence of cancer, multisystem malfunction and

premature aging.

C. dNTP supply and NER

In addition to the identified inherited human diseases resulted from impairment of
NER proteins, the efficiency of DNA gap-filling also affects NER. Perturbing gap-
filling synthesis by cytosine-B-arabinofuranoside (araC) treatment, which inhibits DNA
polymerase, accumulates DNA single-stranded breaks in UV-irradiated cells (18). It
was supported by enhanced DNA damage marker H2AX phosphorylation at serine 139
upon UV-C irradiation in araC treated cells (19). Moreover, hypersensitivity of non-
cycling human lymphocytes to UV-B irradiation could be rescued by addition of four

deoxynuclesides with the decrease in excision-induced strand breaks (20,21).

In addition, it is also reported that hydroxyurea, which inhibits ribonucleotide
reductase (RNR) for ANTP supply, and araC treatment affect NER by the inhibition of
further DNA lesion incision, which is resulted from the sequestrator of RPA in the gap-
filling step, leading to the deficiency of RPA for functional lesion incision (Figure I-3)

(22). Taken together, adequate ANTP supply is required for efficient NER.
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Figure 1-3 Regulation of DNA lesion incision by RPA in NER
[Adapted from Journal of cell biology. Vol. 192, No. 3, p401-405. (2011)]



Part Il dNTP pools synthesis in cycling and quiescent cells

For the balanced de novo synthesis of ANTP pools, RNR which converts CDP,
ADP, GDP and UDP to dNDPs, is the rate-limiting enzyme for the dNTP synthesis
(23). It is composed of two pairs of large R1 and small R2 subunits. Since R2
expression is tightly cell cycle-regulated, which is induced in late G1 and maximally in
S phase, the dNTP synthesis for DNA repair and replication in cycling cells is
dependent on R1-R2 complex (24-27). Another p53 inducible small subunit pS3R2,
forming complex with R1 to provide dNTPs, was identified as the role in DNA repair.
Since it is not cell cycle-regulated, it provides dNTPs in quiescent cells for DNA repair

and mitochondrial DNA (mtDNA) replication (28-32) (Figurel-4).
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Figure I-4 De novo synthesis of dNTPs in S and GO/G1 cells
[Adapted from Nature genetics. VVol. 39, No. 6, p703-704. (2007)]

Different from the other three dNTPs, de novo synthesis of dTTP requires another
rate-limiting enzyme thymidylate synthase (TS), which converts dUMP to dTMP (33)

(Figure I-5). Since TS expression is low in GO/G1 phase, the de novo synthesis of



dTTP is in short in quiescent cells (34). In addition, it has been shown that dTTP pools
remained unchanged in quiescent lung fibroblast with HU treatment and quiescent
pS3R2 missense mutant cells (29,32,35). These data suggest that the dTTP supply in

quiescent cells is not majorly through the RNR mediated de novo pathway.

P TS
UDP w) dUDP M) dUTP M) dUMP —>dTMP
TMPK
cop RMR; ycpp NDPase, yoyp __DCTD % leDP
RNR : ribonucleotide reductase DCTD : dCMP deaminase »LNDPK
NDPK : nucleoside diphosphate kinase TS : thymidylate synthase dTTP
NDPase : nucleoside diphosphatase TMPK : thymidylate kinase

Figure 1-5 De novo synthesis of dTTP



Part 111 Thymidine kinase 2 (TK2) and TK1 in dTTP metabolism

A. Role of TK2 and TK1 in dTTP synthesis

In addition to the de novo pathway for dTTP synthesis, the other pathway is the
thymidine kinase (TK) mediated salvage pathway. There are two thymidine kinases,
including cytosolic TK1 and mitochondrial TK2 in cells (36,37). They are both
nuclear genes. The encoded TK2 protein with mitochondria targeting sequence is
transferred into mitochondira. Both TKs transfer a phosphate group to thymidine to
form dTMP, which is the limiting step for further dTTP synthesis. With broaden
substrate specificity, TK2 also phosphrylates deoxycytidine to form dCMP (38).
TK1 expression is tightly cell-cycle regulated at the transcription and post-
translational level (39), while TK2 expression is rather stable during the cell-cycle
(40). Moreover, TK2 expression was reported to be elevated in serum-deprived
human fibroblasts (41). Therefore, TK2 turns to be the major source for dTTP
synthesis in quiescent state. Although TK2 has less than 10% catalytic activity of
TK1 to form dTMP (38), it plays an important role in mtDNA maintenance in post

mitotic cells (42).

B. Thymidine kinases in DNA damage repair

The importance of TK1 in DNA damage repair has been demonstrated in our lab in
cycling cancer cells (43). As the sole source of dTTP synthesis in quiescent state, the
contribution of TK2 in nuclear DNA damage repair has not been investigated. One
study showed that addition of thymidine during recovery from UV-irradiation
facilitated DNA repair in quiescent lymphocyte support the role of salvage-mediated

dTTP synthesis for nuclear DNA repair in quiescence (18).



Part IV Role of TK2 in mitochondria biogenesis

A. dNTP pools and mitochondria biogenesis

dNTPs are exchangeable between cytosol and mitochondria (44). De novo synthesis
of ANTPs for mtDNA replication are transported from cytosol to mitonchondria (45).
The other pathway of dNTPs synthesis for mtDNA maintenance is mediated by
mitochondrial salvage kinases deoxyguanosine kinases (dGK), which phosphorylates
deoxyguanosine and deoxyadenosine, and TK2 within mitochondria (Figure 1-6) (46).
With the importance of pS3R2, dGK and TK2 for dNTP pools synthesis in post-mitotic
cells, either gene mutation results in mitochondrial DNA depletion syndrome (MDS)
(47-49).

cytoplasm mitochondria

dNTP
e e
NDP % dNDP

R1/p53R2 I

dUMP -E) dTMP1 dCMP:I

[dTMP dGMP

dGMP dCMP LdAMP

TK : thymidine kinase dAMP TTKZ TdGK
dCK :d idi
e |kt Jack
dGK : deoxyguanosine
kinase dT dC,dG,dA
dT : thymidine

dA : deoxyadenosine Salvage

Figrue 1-6 dNTP supply in cytoplasm and mitochondria

B. Role of TK2 in mtDNA maintenance

As for the importance of TK2 in mtDNA maintenance, it was reported that TK2
knock-out and mutated TK2 knock-in mice have severe mitochondrial DNA depletion

syndrome (50,51). Patients with TK2 deficiency often died of myopathy and



encephlomyopathy with low mitochondria copy number at their young age (47). All
these reports indicate the contribution of TK2 in mtDNA maintenance. Furthermore,
with broad nucleoside analogues specificity of TK2, its inhibitors were developed for
preventing the mito-toxicity of nucleoside analogues-based anti-virus and anti-cancer
drugs in chemotherapy study (52). It reinforces that TK2 can phosphorylate the
substrate from cytosol and make them available for use by mitochondrial DNA
polymerase. However, the relationship between mitochondrial TK2 and nuclear genome

is still unknown.
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Rationale

In cycling cells, high expression levels of TS and TK1 support the synthesis of
dTTP. In the quiescent state, the expressions of TS and TK1 are down-regulated
accompanied by a drastic decrease in cellular level of dTTP pool. This evokes a
question: “ How is dTTP pool supplied in quiescent cells for repair? ” A previous study
has shown that RNR function is dispensable for the maintenance of dTTP pool in
quiescent pS3R2 mutant cells. In addition, supplement of thymidine facilitated DNA
repair in quiescent lymphocytes. In this study, the contribution of mitochondrial TK2

expression in repair of UV-irradiation induced DNA damage was investigated.
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Chapter Il - The Contribution of Mitochondrial Thymidylate Synthesis in
Preventing the Nuclear Genome Stress
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Introduction

Ultraviolet (UV) irradiation causes DNA lesions resulting from cyclobutane
pyrimidine dimer (CPD) and (6-4) photoproduct formation. These lesions in genomic
DNA are recognized and repaired by nucleotide excision repair (NER) pathway in
mammalian cells. There are two sub-pathways of NER including global genomic NER
(GG-NER) and transcription coupled NER (TC-NER) (3). These two pathways differ in
recognizing DNA lesion sites, which is mediated by XPC-RAD23B complex in GG-
NER (4,5) and RNA polymerase II in TC-NER (6). The damaged oligonucleotide are
removed by XPG and XPF-ERCCI1 endonucleases (7,8), resulting in single-stranded
DNA (ssDNA) gap that requires 24-32 deoxynucleotides incorporation to complete the
repair process dependent on DNA Polymerases Pole, Pold or Polk with DNA clamping
protein proliferating cell nuclear antigen (PCNA) (9-11). Finally, the DNA nick is
sealed by DNA ligase I in proliferating cells or by DNA ligase III/XRCCI throughout

the cell cycle (11,13).

After DNA lesion excision in NER, sufficient amount of cellular ANTP is required
for filling the gaps. Ribonucleotide reductase (RNR), which converts ADP, GDP, CDP
and UDP to the respective dNDP, is a rate-limiting enzyme in generating a balanced
pool of dNTPs. In mammalian cells, RNR is composed of two pairs of R1 and R2
subunits (23). The expression of R2 subunit is cell cycle-dependent, while R1 subunit is
constitutively expressed in cycling cells. Therefore, the amounts of ANTPs are higher in
proliferating than that of non-dividing cells. A homolog of R2, p53-inducible R2, can
also form an active enzyme complex with R1 to have ribonucleotide reduction function
(28-30). Distinct from R2 subunit, the expression of p5S3R2 is not cell cycle-regulated.
The expression of p5S3R2 is, therefore, important in ANTP supply for DNA repair in

GO/GI cells (28,31,32). In accordance, a recent study has shown that RNR activity

13



makes a major contribution to the maintenance of dCTP and dGTP pool in quiescent

fibroblasts, critical for repairing UV-irradiated DNA damage (32).

The de novo synthesis of thymidine triphosphate (dTTP) relies on thymidylate
synthase (TS), which catalyses the methylation of deoxyuridine monophosphate
(dUMP) to form thymidine monophosphate (dTMP) since RNR does not form dTDP
directly. dTMP is then converted to thymidine diphosphate (dTDP) by thymidylate
kinase. The formation of dTMP can also be derived from the salvage pathway via
cytosolic thymidine kinase 1 (TK1). The expressions of TS and TK1 are cell cycle-
dependent, being maximal in the S phase and low in GO/G1 phase (34,39). Given the
lack of TS and TKI1 expression, quiescent cells contain low level of dTTP.
Mitochondrial thymidine kinase 2 (TK2) is another salvage enzyme for dTTP supply.
Although the catalytic efficiency of TK2 is much lower than that of TK1 (38), it plays a
pivotal role in dTTP synthesis for mitochondrial DNA (mtDNA) replication in non-

dividing cells.

Deficiency in TK2 activity due to genetic alterations such as point mutations causes
devastating mtDNA depletion syndrome in humans with death at young age (47). As
such, the physiological importance of TK2 has been emphasized in mitochondrial
genome integrity. Meanwhile, TK2 inhibitor has been developed to prevent
mitochondrial toxicity due to misincorporation of antiviral and anticancer nucleoside
analog-based drugs to mtDNA via TK2 (52). However, the possible role of TK2 in
repair of nuclear genome DNA has not been explored. In this study, we found that
increase in mitochondrial thymidylate synthesis via TK2 facilitated NER in the nuclear
compartment. We further investigated how cells deficient of TK2 recover from UV
damage in their quiescent state, and observed their re-entrance of the cell cycle

progression with genome scars.
14



Materials and Methods

Materials and antibodies

Anti-human TK1 and TMPK polyclonal antibody was described previously (53,54).
Anti-human TS antibody (clone 4H4B1) was obtained from Zymed laboratories Inc.
Anti-R1 (T16), anti-R2 (N18), anti-p53R2 (N16), anti-PCNA (PC10), anti-53BP1 (H-
300), horseradish peroxidase (HRP)-conjugated goat anti-mouse, goat anti-rabbit,
donkey anti-goat antibodies and NU7441 (8-Dibenzo[b,d]thiophen-4-yl-2-morpholin-4-
yl-4H-chromen-4-one) were from Santa Cruz. Anti-y-H2AX (phospho-H2AX at
Ser139) and anti-53BP1 (clone BP13) was from Millipore. Anti-(6-4) photoproduct
(64M-2) and CPD (TDM-2) were from Cosmo Bio Co., Ltd (Tokyo, Japan). Anti-cyclin
A (E23.1, anti-both cyclin A1 and A2) was from GeneTex Inc. (Irvine, CA, USA).
Anti-B-tubulin, fluorescein isothiocyanate (FITC), tetramethylrhodamine isothiocyante
(TRITC)-conjugated anti-mouse and TRITC-conjugated anti-rabbit antibodies,
deoxyadenosine, deoxyguanosine, deoxycytidine and thymidine, were from Sigma-
Aldrich. Lipofectamine 2000 transfection reagent was purchased from Invitrogen Life

Technologies.

Cell culture

Human diploid lung fibroblast, IMR-90 cells were purchased from Coriell Cell
Repositories (Camden, NJ, USA). Cells with population doubling level between 25 and
35 were used for all experiments. 293FT cells for lentivirus production were purchased
from Invitrogen. IMR-90 and 293FT cells were maintained in Dulbecco’s modified
Eagle’s medium (Invitrogen) containing 10% fetal bovine serum (Invitrogen) at 37°C

under 5% CO..

15



UV irradiation

Cells grown on coverslip were UV-C irradiated by UVP CL-1000 UV cross-linker.
For whole-cell irradiation, cells in phosphate buffered saline (PBS) were subjected to 10
JM? UV irradiation. For localized UV-irradiation, polycarbonate isopore membrane
with 3um pore size filters (Millipore) were placed on top of cells in Hank’s balanced
salt solution, and irradiated with 120 J/M* UV. Following removal of the filters, the

cells were recovered with fresh medium.
Immunofluorescence staining

Cells grown on coverslip were fixed by 4% paraformaldehyde (PFA) at room
temperature or methanol at -20°C for 5 min. Cells fixed by PFA were permeabilized
with 0.3% Triton X-100 for 5 min. After blocking with 5.5% normal goat serum, cells
were incubated with primary antibodies overnight at 4 °C. Cells were stained with FITC
and TRITC-conjugated secondary antibodies and Hoechst33342 for 1 h at room
temperature. The conditions for PCNA, CPD (55) and (6-4) photoproduct (56) were as
described previously. Mounted slides were examined by using Olympus BXS51
microscope. For quantification of immunofluorescence (IF) intensity, images acquired
from the same exposure setting were analysed by Image] software. IF intensities were

normalized by the background value for analysis.
Immunoblotting

Cells were harvested in radioimmunoprecipitation assay (RIPA) buffer (100 mM
Tris-HCI, pH7.6, 250 mM NacCl, 0.1% sodium dodecyl sulphate, 0.2% deoxycholic acid,
0.5 mM dithiothreitol, 1 mM EDTA pHS, 0.5% NP-40 and 1 % Triton X-100), and

proteins in each cell lysate were analysed by immunoblot using specific antibodies and

16



HRP-conjugated secondary antibodies. The enhanced chemiluminescent substrate
(Millipore) for reaction was added, and the signal was detected by UVP bioimaging

system.
Reverse transcriptase-polymerase chain reaction

Total RNA was extracted by TRIzol reagent (Invitrogen) according to the
manufacturer’s protocol. RevertAid First Strand cDNA Synthesis Kit (Thermo
Scientific) was used for cDNA synthesis, which was amplified by polymerase chain
reaction (PCR) using TK2 sense primer 5’- AATCGGGATCGAATATTAACT-3’, TK2

antisense primer 5’-TGAACACCGGGCTCCAGCCAA-3’.
Comet assay

For detection of both single-stranded and double-stranded DNA breaks, alkaline
comet assay was used. For double-stranded DNA breaks detection, neutral comet assay
was carried out. Both assays were performed using a reagent kit of single cell gel
electrophoresis assay kit (Trevigen, Inc). Image data were analyzed by Sicon image

software (57).
TK activity assay

The assay was performed as previously described using the DE-81 filter paper
(Whatman) technique (58). Briefly, cells were harvested in the buffer containing 50 mM
Tris-HCI  (pH  7.9), 0.5mM  3-[(3-cholamidopropyl)  dimethylammonio]-1-
propanesulfonate (CHAPS) and 1 mM dithiothreitol (DTT) for homogenization and
centrifugation. The supernatants were applied to the activity assay in a final
concentration of 50 mM Tris-HCI (pH 7.9), 5 mM ATP, 5 mM MgCl,, 0.1% bovine

serum albumin, 5 mM NaF, 2 mM DTT, 180 uM thymidine and ['H]-thymidine at

17



37 °C for 30 min. After stopping the reactions, aliquots of reaction mixture were spotted
onto DE-81 disc. The amount of radioactivity retained on the disc following washings

by 5 mM ammonium formate was determined by scintillation counting.

dNTP determination

Cells were extracted with 1 ml of ice-cold 60% methanol at -20°C overnight,
followed by centrifugation at 16000 g for 30min. The supernatant was boiled for 3 min
and dried under vacuum. The pellets were dissolved in nuclease-free water for ANTP

measurement based on the method previously described (59).

SshRNA lentivirus preparation and infection

293FT cells were cotransfected with pCMVdeltaR8.91, pMD.G and pLKO.1 TK2
small hairpin RNA (shRNA) or LacZ shRNA plasmids. After transfection for 54 h,
supernatants containing lentivirus were filtered through polyvinylidene fluoride (PVDF)
membrane (pore, 0.45um, Millipore) and concentrated using Amicon Ultra column
(100k dalton molecular weight cut-off, Millipore). IMR-90 cells were infected by the
virus soup containing 8 pg/ml polybrene (Sigma) for 6 h. Cells were washed twice by

PBS and cultured in a complete medium.

S phase cell quantification

EdU (5-ethynyl-2’-deoxyuridine) incorporation assay was carried out by Click-1T
EdU Alexa Fluor 488 Imaging Kit (Invitrogen). Briefly, cells on coverslips were
incubated with 10 mM EdU for 30 min. After fixation and permeabilization, cells were
incubated in Click-iT reaction cocktail containing Alexa Fluor azide for 30 min at room
temperature. Following the click reaction, cell nuclei were counter-stained by Hoechst

33342.

18



Cell growth assay

Cell growth was determined by WST1 (4-[3-(4-lodophenyl)-2-[4-nitrophenyl)-2H-
S-tetrazolio]-1,3-benzene disulfonate) reagent (Roche Applied Science). WSTI is a
tetrazolium salt which can be reduced into formazan by mitochondrial dehydrogenases.
The overall dehydrogenase activity is positively correlated with the number of the cells.
Therefore, the number of viable cells can be quantified by the measurement of formazan
produced. Briefly, cells in 96-well plates were incubated with 100 ml of mixture of
WST]1 reagent and culture medium in a ratio of 1:10 (V/V) per well at 37°C for 1 h. The
absorbance at 450 nm of samples normalized by a background control was measured by

microplate ELISA reader.
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Results

NER and dNTPs pools in quiescent cells after serum deprivation

IMR-90 human diploid fibroblasts were serum-deprived for 2, 4 and 10 days. These
cells were UV-irradiated through isopore polycarbonate membrane filters (pore, 3 pum)
to create localized UV damage in the genome. NER process can be divided into two
stages, lesion recognition followed by incision and post-incision by gap-filling synthesis
(22). We tested whether serum deprivation influenced the efficiency of lesion excision
by (6-4) photoproduct IF staining. UV-induced foci were found to disappear within 1 h
in these cells regardless of serum deprivation (Figure II-1). We also performed the IF
staining of PCNA, which is localized in the lesion site for the gap-filling step. NER foci
revealed by the PCNA IF staining were pronounced after recovery from UV exposure at
0.5 h in both asynchronous and serum-deprived cells, all of which contained four to six
prominent PCNA foci of about 3 pum in the nucleus, and the fluorescence intensity was
increased with longer serum deprivation (Figure II-2). In asynchronous cells, these foci
disappeared within 1 h. For cells serum-deprived for 2, 4 and 10 days, PCNA foci
persisted at 1 h and diminished at 3 h, suggesting a slower rate in gap-filling (Figure II-
2). Notably, the longer serum deprivation the higher intensities of PCNA foci were
sustained during recovery. Taken together, these data suggest that it is the gap-filling

synthesis rather than the DNA lesion removal step affected by serum deprivation.

Previously, it has been proposed that the expression level of PCNA is reduced after
serum deprivation, which affects the gap-filling step of NER (19). However, we found
the intensity of PCNA foci increased in the local UV damage site, although the cellular
level of PCNA protein was decreased after serum deprivation (Figure II-3). The

question is what causes PCNA sustained at the lesion sites? We then measured the
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levels of four dNTP pools in cells after serum deprivation and found that the level of
dTTP in serum-deprived 2-, 4- and 10-day cells was dropped to 9, 3 and 0.2% of that in
asynchronous cells, respectively (Table 1). The reduction in dCTP, dATP and dGTP
pools in serum-deprived cells were also reduced but to lesser extent as compared with
the dTTP pool. Western blot analyses showed severe reduction of R2, TS and TKl1
proteins from 2 to10 days of serum deprivation, while the levels of TMPK and R1 were
moderately decreased and p53R2 remained unchanged (Figure I1-3). The lack of TS and
TK1 in serum-deprived cells most likely accounts for the drastic reduction in dTTP pool,
while R1 and R2 down-regulations are responsible for the decreases in the other three
dNTPs pools during serum deprivation. Therefore, deficiency of dNTP supply in
quiescent fibroblasts is probably the cause of prolonged gap-filling step in NER,
thereby sustained PCNA foci. To verify this, we then treated asynchronous cells with
hydroxyurea, which reduces dNTP supply by blocking RNR, and found that these
treated cells also displayed sustained PCNA foci after UV micro-irradiation (Figure II-
4), suggesting that the shortage of dNTP supply in quiescent cells prolongs the gap-
filling step. Thus, serum deprivation causes dNTPs depletion, which delays the gap-

filling step in NER.

The increase in dTTP synthesis via TK2 facilitates the gap-filling step of NER in

quiescent cells

Despite limiting level of dANTP pools after 10 days of serum deprivation, these
quiescent fibroblasts are still capable of completing the NER process under the micro-
irradiated condition. To assess the role of mitochondrial TK2 in repairing UV damage
in the nuclear genome of quiescent cells, we silenced TK2 expression by lentivirus-

based shRNA infection. After serum deprivation for 2 and 10 days, we found that TK2
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knock-down did not affect the levels of R1, R2, TS, TK1, TMPK or pS3R2 as compared
with control cells (Figure II-5). Due to the limitation of TK2 antibody in western blot,
TK activity was measured in total cell lysates. For cells with serum deprivation for 2
days, an appreciated level of TK activity was detected in control cells, and TK2 knock-
down reduced 30% of TK activity (Figure 11-6). By BrdU incorporation experiment, it
was found that about 1.5% of cells were still in S phase after 2 days of serum
deprivation (data not shown). Because of the high catalytic efficiency of TK1 protein
(38), the presence of TK1 in this small fraction of S phase cells may account for 70% of
the TK activity measured in the 2-day serum-deprived cell lysates. After 10-day serum
deprivation, the S phase fraction was reduced to less than 0.4% (data not shown). In
these cells, more than 60% of cellular TK activity was decreased by TK2 knock-down
(Figure II-6). We then performed micro-irradiation experiments in 10-day-serum-
deprived cells. Following irradiation, (6-4) photoproduct foci were removed within 1 h
in both control and TK2 knock-down cells (Figure II-7). The removal of CPD foci was
slow and sustained at 16 h after recovery. The decayed rate of CPD foci was also
similar in control and TK2 knock-down cells (Figure II-8). However, the intensity of
PCNA foci was significantly higher and prolonged in TK2 knock-down cells than those
in control cells during 0.5 to 3 h post-recovery period (Figure II-9). We also compared
the role of TK2 in repairing UV-induced nuclear DNA lesions in asynchronous cells. It
appeared that asynchronous LacZ and TK2 knock-down cells were similar in the
changes of the fluorescence intensity of PCNA foci, which reached maximum at 0.5 h
and declined at 1 h after recovery (Figure II-10), suggesting that TK2 is dispensable for
repairing UV-induced genomic lesions in asynchronous cells that have higher level of
dTTP. Therefore, it is in the quiescent cells that TK2 is important in the gap-filling step

of NER.
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Under the physiological condition, low level of thymidine is supplied by the
extracellular fluid and intracellular degradation of DNA. We then incubated serum-
deprived cells with 5 uM thymidine. This treatment effectively decreased the
fluorescence intensity of PCNA foci at 1 h post-recovery in LacZ control but not TK2
knock-down cells (Figure II-11). Addition of thymidine led to significantly elevated
dTTP level in control but not in TK2 knock-down cells (Figure II-12). Thus, TK2-
mediated salvage synthesis of dTTP is sufficient and necessary for facilitating DNA
repair in quiescent cells. The effect of addition of four doxynucleosides was similar to
thymidine addition alone. Therefore, dTTP is the major limiting factor for the repair
process under this cellular condition. These results are consistent with a previous study
reporting that thymidine supplement during recovery from UV irradiation promotes

DNA repair in quiescent lymphocytes (18).

TK2 deficiency increases DNA double-strand breaks in quiescent cells during

recovery from UV damage

It has been reported that following UV exposure, histone H2AX phosphorylation at
Ser-139 (y-H2AX) takes place in quiescent fibroblasts due to the delayed gap-filling at
the single-strand break (SSB) site after removal of the DNA lesions (19). In micropore-
UV-irradiated lesions, we were unable to detect y-H2AX foci; probably, the amounts of
dNTPs are still sufficient for repairing few localized lesions (each pore, 3um).
Therefore, we then directly applied UV irradiation to the quiescent cells and found that
whole-cell irradiation also caused y-H2AX foci formation, with intensities reached
maximum at 4 h and declined thereafter (Figure II-13). In TK2 knock-down cells, the
intensity of y-H2AX foci was higher during recovery from irradiation. Expression of

shRNA-resistant TK2r-GFP into TK2 knock-down cells restored the repair efficiency of
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UV irradiation (Figure II-14), confirming the role of TK2 in repair. In control cells,
addition of thymidine (5 uM) to the culture medium significantly decreased the
fluorescence intensity of y-H2AX foci and the reduction in y-H2AX foci intensity by
thymidine addition was similar to that in cells supplied with all four deoxynucleosides.
However, In TK2 knock-down cells, either addition of four deoxynucleosides or
thymidine alone had any rescue effect (Figure II-15). The comet tail moment analysis
also showed that addition of thymidine diminished DNA breaks in the nuclear genome
of control cells, while TK2 knock-down cells had higher tail moment value regardless
of exogenous addition of thymidine (Figure II-16). Thus, in case of whole-cell UV
irradiation, thymidylate synthesis via TK2 also enhances the repair, thereby decreasing

v-H2AX foci formation.

Despite the differences in repair efficiency, we noticed that y-H2AX foci eventually
disappeared after recovery for 24 h in TK2 knock-down cells (Figure II-13). Given the
low dNTP levels in quiescent cells, we speculated that gaps generated from DNA lesion
excision during NER might be converted to double-strand breaks (DSBs), which can be
repaired by non-homologous end joining (NHEJ) (60), a DSB repair process requires
much less dNTP incorporation and mainly takes place in Gl and GO phase (60).
Therefore, we then measured DNA DSBs by assessing foci formation of 53BP1, which
binds histone H4 with Lys20 dimethylation at the DSB site to promote NHEJ (61,62),
and neutral comet assay (63,64). After whole-cell irradiation, 53BP1 foci were
increased and reached maximum at 12 h in both control and TK2 knock-down cells;
however, a significant increase in the number of 53BP1 foci in TK2 knock-down cells
was observed during recovery (Figure 1I-17). Neutral comet assay showed higher tail
moment value in TK2 knock-down cells as compared with the controls after 12 h of

recovery, indicating the presence of higher levels of DSBs in TK2 knock-down cells
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(Figure II-18). It is noteworthy that the timing for maximum levels of y-H2AX and
53BP1 foci was different, highest at 4 and 12 h, respectively, in TK2 knock-down cells
(Figure II-13 and Figure II-17). At 4 h, most of y-H2AX foci were not colocalized with
53BP1 foci. At 12 h, the intensity and size of y-H2AX foci became much weaker and
smaller, but colocalized with prominent 53BP1 foci (Figure I1I-19). It is possible that
certain amounts of early-induced SSB gaps due to inefficient gap-filling were turned to
secondary DSBs later during the recovery process and these lesions signaled 53BP1
recruitment. Nevertheless, both y-H2AX and 53BP1 foci eventually diminished after 24
h of recovery. To investigate whether NHEJ process is involved in the repair of these
DSBs, cells at 12 h after recovery from UV irradiation were treated with NU7441, an
inhibitor of DNA-dependent protein kinase (DNA-PK) that is required for NHEJ
(Figure 11-20). The results showed that inhibition of NHEJ sustained 53BP1 foci in TK2
knock-down cells at 24 h of recovery. In conclusion, in TK2 knock-down cells, DSBs
are generated in the late stage during recovery from UV damage and NHEJ is involved

in the repair of nuclear genome.

Cell cycle progression significantly increases 53BP1 nuclear bodies in TK2-

deficient cells that have recovered from UV damage in the quiescent state

Next, we asked the question whether the alteration of DNA repair by TK2
deficiency in the quiescent state could affect cell cycle progression. As 2 days of serum
deprivation already affected NER efficiency, we refreshed these cells with medium
containing 10% serum to stimulate cell cycle progression. S phase entry was revealed
by EdU (5-ethynyl-2’-deoxyuridine) incorporation. Regardless of UV irradiation in the
quiescent state, control and TK2 knock-down cells were similar in the percentage of S

phase cells, reaching maximum at 24 h after serum stimulation (Figure II-21).
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This indicates that the repair of nuclear genome in these quiescent cells permitted
normal re-entry of cell cycle progression. Control and TK2 knock-down cells that had
not been UV-irradiated in quiescent state showed no difference in cell growth following
serum stimulation for 2 days. However, for those cells that had experienced UV damage
in quiescent state, TK2 knock-down caused 40% reduction in growth as compared with
the control cells (Figure 11-22). This reduction did not seem to result from apoptosis
since both control and TK2 knock-down cells were negative in annexin-V staining
regardless of UV irradiation (Figure II-23). Nor did these cells have difference in
mitochondrial membrane potential as revealed by similar intensity of red fluorescence

of aggregated JC1 dye in mitochondria (Figure 11-24).

It has been reported that low dose of aphidicolin treatment causes replication stress,
which leads to the formation of 53BP1 nuclear bodies in the G1 phase cells in the
successive cell cycle (65,66). It was proposed that DNA lesions, such as fragile sites
originated from replication stress, are transmitted through M phase, and 53BP1 nuclear
body has a function in shielding these DNA lesions from resection. Along this line of
replication stress evidence, we then measured the formation of 53BP1 nuclear body
formation in serum-stimulated cells that had UV damage and repair in the quiescent
state. After 48 h of serum stimulation, cells presumably completed at least one turn of
cell cycle progression. The number of 53BP1 nuclear bodies in G1 cells, which were
indicated by negative in cyclin A IF staining, was significantly increased (Figure 1I-25).
We observed that there were only a few 53BP1 nuclear bodies present in these cells
before serum stimulation and therefore, the increase in 53BP1 nuclear body was a result
of the cell cycle progression. In TK2 knock-down cells, the number of 53BP1 nuclear
bodies was two times higher than that in control cells that had been UV-irradiated in the

quiescent state (Figure 11-25). Similar results were also obtained in cells with 10 days of
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serum deprivation (Figure 11-26). Addition of thymidine in the culture medium during
recovery from damage before serum stimulation consistently decreased S3BP1 nuclear
bodies formation after cell cycle re-entry in control but not TK2 knock-down cells
(Figure II-27). Thus, mitochondrial thymidylate synthesis via TK2 has a profound
influence on the quality of repairing UV damage in the nuclear genome of the quiescent
cells. The alteration of DNA repair in quiescent state due to TK2 deficiency confers

nuclear genome stress during re-stimulation of cell cycle progression.
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Discussion

The importance of TK2 in life has been highlighted by the association of TK2
mutations with mtDNA depletion in humans (47) and in either TK2 knockout or
mutated TK2 knock-in mice (50,51). In this study, our result adds another potential role
of TK2-mediated dTTP formation in facilitating the gap-filling step of NER in nuclear
genome of the cells in the quiescent state. Despite the delayed gap-filling of NER by
TK2 deficiency, these quiescent cells are capable of eliminating UV-induced DNA
damage signal to re-enter the cell cycle in response to serum stimulation. However, after
the subsequent cell-cycle progression, cells deficient of TK2 exhibit the nuclear genome
stress. Thus, salvage synthesis of thymidylate in the mitochondrial compartment of the
quiescent fibroblast has a functional contribution to provide the repair quality, ensuring

the integrity of nuclear genome from UV damage (Figure 11-28).

Among four dNTP pools, the size of dTTP pool is reduced the most during serum
deprivation. Possibly, this is because quiescent cells still contain RNR composed of
p53R2 and R1 for the other three dNTPs formation, while the lack of TS in the
quiescent state limits dTTP formation via the de novo pathway. Hékansson et al. have
shown that inhibition of RNR in elutriated GO/GIl-synchronized Balb/3T3 cells
dramatically reduces levels of dATP and dGTP pools, but not dTTP or dCTP (31).
Pontarin et al. also found the level of dTTP pool unchanged in quiescent human lung
fibroblast with hydroxyurea treatment (29). A recent study has further shown similar
dTTP pool in wild type and p53R2 misssense mutant quiescent fibroblasts (32,35).
These reports consistently indicate that the de novo pathway via RNR does not
contribute to the major dTTP supply in the quiescent cells and suggest the importance
of the salvage synthesis via TK2. In accordance, we showed that exogenous addition of

thymidine increased the cellular level of dTTP in quiescent cells dependent on TK?2.
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It has been demonstrated that the amount of excised (6-4) photoproduct oligomer
released from genome after UV irradiation in human cells was rapidly increased in 30
min and reached maximum in 1 h post-UV irradiation followed by abrupt decline in 4 h,
while the amount of excised CPD was slowly increased in 4 h and stayed steadily in 8 h
post-UV irradiation (67,68). Consistently, we observed that the rate of (6-4)
photoproduct removal was much faster than that of CPD removal during recovery.
Accordingly, the prominent PCNA staining at the micro-irradiated site in 1 h post-UV
indicates DNA polymerization in the gap resulting from (6-4) photoproduct excision.
The slower CPD removal might limit the gap generation for observing such PCNA foci.
NER demands 24-32 dNTPs incorporation for filling each DNA repair patch. Therefore,
this gap-filling process in quiescent cells needs dTTP supplied from TK2 reaction. In
this study, we compared the effect of adding four deoxynucleosides and thymidine
alone in the medium of quiescent cells on the gap-filling step. The rescue effects
appeared to be similar, indicating that dTTP formation is the limiting factor for the gap-
filling step in quiescent cells. The lack of rescue effect by thymidine supplement in TK2
knock-down cells confirmed the functional contribution of TK2 in the mitochondrial
compartment to facilitating gap-filling of NER in nuclear genome of resting cells. It has
been reported that thymidine mono-, di- and tri-phosphate are exported from
mitochondria in in vitro experiments, and dTDP was indicated as the main
phosphorylation state of thymidine for export (69). Therefore, dTTP in the
mitochondrial and nuclear compartments are exchangeable (44). Our findings suggest

that this exchangeable process benefits nuclear genome repair in the quiescent state.

It has been shown that the reduction in the levels of PCNA and DNA polymerase
¢ and 0 in quiescent cells delays the gap-filling step, in turn initiating ATR-dependent y-

H2AX formation (19). In this study, we found that the increase in dTTP supply via TK2
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by exogenous addition of thymidine in quiescent cells is sufficient to enhance the rate of
gap-filling step in NER, thereby reducing SSB-induced y-H2AX formation. Therefore,
salvage dTTP synthesis is the key factor for gap-filling efficiency in NER during
quiescence. However, it should be emphasized that TK2 deficiency did increase DSBs
formation as revealed by the appearance of prominent 53BP1 foci and the increase in
the comet tail moment by the neutral comet assay during the late stage of recovery from
UV damage. Herein, we proposed that lack of dTTP supply in quiescent TK2 knock-
down cells leads to incomplete gap-filling in SSBs, which could be converted to

secondary DSBs.

The fact that the SSB-induced y-H2AX and prominent 53BP1 foci induced by UV
damage disappeared after 24 h of recovery indicates that these TK2 knock-down cells
are capable of eliminating the DNA damage response (DDR) signals. Two possible
mechanisms might be involved. One is the NER with dNTP misincoporation in the
place of dTTP. Three DNA polymerases Pole, Pold and Polk were reported to
participate in DNA gap-filling process of NER. Of note, DNA Polk, with low fidelity
and processivity, is the polymerase for NER in quiescent cells with low dNTP pools
(10,11). If so, the probability of misincorporation in NER in TK2 knock-down cells is
higher. Alternatively, the unfilled gaps are turned to DSBs that are repaired by NHEJ, a
process that requires few deoxynucleotides but is error-prone (70). Our data showing
that NHEJ inhibition sustained 53BP1 foci in quiescent TK2-deficient cells support this
possibility. However, whole genome sequencing is required to verify the presence of
misincorporations and deletions. According to our data, the lack of dTTP supply via
TK2 in quiescent cells causes inefficient gap-filling in SSB patches, resulting in DSBs

that are repaired through NHEJ.
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Finally, we addressed the question whether either erroneous NER or NHEJ repair in
quiescent TK2-deficient cells could lead to generation of nuclear genome scars. After
stimulation of cell cycle re-entry, we found that 53BP1 nuclear body was significantly
increased in the TK2-deficient cells in the next G1 phase of the cell cycle progression.
Given that 53BP1 nuclear bodies in the G1 phase cells have been considered as markers
of genome aberration resulting from replication stress, our results implied that the
nuclear genome stress has been induced due to aberrant repair of UV damage in the
quiescence state. However, the increase in 53BP1 nuclear body is accompanied by
slower cell growth in two-day serum-stimulated TK2-deficient cells. After four days of
serum-stimulation, an increase in 53BP1 foci diminished (data not shown). It implied
that the genome stress might be resolved in the following cycles of S-phase. Since IMR-
90 cells are normal diploid cells, it is possible that these cells use alternative ways to
repair the problematic DNA during S-phase with high ANTP pools. Therefore, it is
interesting to understand whether cancerous stem cells also show the same phenomenon.
In addition, it is also important to investigate whether this phenomenon is cell type

specific.

A previous report has demonstrated that depletion of mtDNA decreases dTTP pool
accompanied by chromosome instability in human cell lines (71). Given the central role
of mitochondria in energy metabolism and cellular fate, it was unclear whether
chromosome stability in the long-term culture of mitochondria-deficient cells is solely
due to the decrease in the dTTP pool. Our findings in this study provide a more specific
evidence for the contribution of dTTP synthesis via mitochondrial TK2 in the quiescent
state to the quality repair of NER, thus reducing the genome scars transmitted through
the cell cycle progression. Several recent reports have shown that dNTP deficiency

leads to replication stress and chromosome instability by oncogene expression which
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can be rescued by addition of four deoxynucleosides in proliferating cells, indicating
that the dNTPs from salvage pathway prevents genome stress (72,73). Our findings, on
the other hand, illuminate the role of mitochondrial thymidylate synthesis via TK2 in
the quiescent state for the maintenance of nuclear genome integrity, and suggest the
importance of keeping optimal supply of thymidine in the cells that are temporally

arrested in the quiescent state to ensure the quality of gap-filling step in NER.
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Perspective

In this dissertation, I demonstrated the functional role of mitochondrial TK2 in
dTTP synthesis for the gap-filling step of NER in nuclear genome in quiescent cells.
Despite of the delay in gap-filling of NER by TK2 knockdown, cells seem to have a
secondary DNA damage and repair system to compensate the dTTP deficiency in the
quiescent state. Significantly, after the cell cycle re-entry, TK2 knock-down cells
exhibited replication stress and the cell growth was attenuated. Several questions still

remain to be elucidated from this research.

1. Do misincorporations and deletions occur during the gap-filling synthesis of
NER in TK2 knock-down cells? Since DNA polymerase k with low
deoxynucleotide incorporation fidelity is the enzyme for NER gap-filling synthesis in
quiescent cells with extremely low dNTP pools, it is possible that misincorporations
take place to get gap-filling process completed in TK2 knock-down cells without the
source of dTTP supply. Moreover, DNA deletions also probably happen because
DNA DSBs are induced and repaired by NHEJ in TK2 knockdown cells. In addition
to the whole genome sequencing, it is easier to approach this question by sequencing
UV-irradiated plasmids recovered in quiescent TK2 knockdown cells. Although the
condition of repair of plasmids is different from that of the genome, this approach
might provide clues to the answer of the question.

2. Whether the replication fork indeed affected in TK2 knockdown cells? In my
study, I only used 53BP1 nuclear body to indirectly indicate the replication stress
during previous S phase. In order to measure the DNA replication fork directly, I
have to perform DNA combing assay. This assay is widely used for the detection of
replication fork speed, symmetry, origin density, inter-origin distances, and

replication restart efficiency that are parameters for DNA replication study (74).
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3. Does the early-death of TK2 mutation patients also result from nuclear genome
instability? There are already many mutations sites discovered in TK2-mutated
patients. These patients were died at 2 or 3 year-old due to mitochondrial DNA
depletion syndrome. MDS affects tissues that require high ATP such as muscle and
neuron resulting in myopathy and encephalopathy. Since DNA damages happen
everyday endogenously and exogenously, it is worthy to know whether the nuclear
genome is affected in TK2 mutated patients. In addition, somatic stem cells are
quiescent and required for repair of injured tissue. It is also important to pursue

whether the stem cells are affected in these patients.

The importance of dTTP supply from mitochondria in nuclear genome stability has
been neglected. My study implies that sufficient thymidine supply in quiescent cells is
also important for the maintenance of nuclear genome stability. Understanding the
above questions can provide more information linking the function of mitochondria to

nuclear genome.
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Table

day dNTP1  arTp dCTP dATP dGTP

Asyn. | 64.1+3.08|153+0.46 | 3.5+0.13 | 55+0.21

> 56+3.20 | 3.2+0.82 | 2.5+0.50 | 0.9%0.29
(8.8%) (20.9%) | (71.4%) (16.4%)

4 21%0.50 | 21+1.20 | 2.0+0.50 | 0.7 +0.37
(3.3%) (13.7%) | (57.1%) (12.7%)

i 0.1+0.06 | 0.6+0.29 | 0.1+0.01 | 0.1+0.02
(0.2%) (3.9%) (2.9%) (1.8%)

dNTP, pmole / 10¢ cells
%, percentage of asynchronous cells

Table 1 IMR-90 cells were incubated in medium containing 10% serum (Asyn.), serum
free for 2 and 4 days or 0.1% serum for 10 days. Asynchronous and serum-deprived
cells were harvested for cellular ANTP determination. The number in parentheses

indicates the percentage of pool in that of asynchronous cells.
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Figures and Legends
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Figure 11-1 IMR-90 fibroblasts were incubated in medium containing 10% serum
(asynchronous), serum-free for 2 and 4 days or 0.1% serum for 10 days. Asynchronous
and serum-deprived cells were irradiated with 120 J/M> UVC through micropore
membrane (pore, 3um) and recovered, after which cells were subjected to (6-4)
photoproduct IF staining (Scale bar, 10um). The percentages of (6-4) photoproduct foci
positive cells were counted. More than 100 cells were counted for each experiment

(n=3). Insects show H33342 staining in the corresponding cells (n=3).
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Figure 11-2 Asynchronous and serum-deprived cells were local UV irradiated and
recovered, after which cells were subjected to PCNA IF staining (Scale bar, 10um).
PCNA fluorescence intensity was expressed relative to that in asynchronous cells
recovered at 0.5h. 50 cells were analysed for each experiment (n=3). Insects show
H33342 staining in the corresponding cells (n=3). *P<0.05, **P<0.01, ***P<0.001
based on Student’s t test.
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Figure 11-3 Asynchronous and serum-deprived cells were harvested for western blot

analysis.

38



Asynchronous

Recovery (h) 0

-HU

+HU

6

u-'? .-

Og 5 o +HU
S o
se’
Sa 2
o3

o1

o

0 0.5 1
Recovery (h)

Figure 11-4 Asynchronous cells were pretreated with or without 2 mM hydroxyurea for
3h before local UV irradiation and during recovery. Cells were fixed for PCNA IF
staining (Scale bar, 10um). Fluorescence intensity was expressed relative to that in cells
recovered at 0.5h without hydroxyurea treatment. 50 cells were analysed for each
experiment. Insects show H33342 staining in the corresponding cells (n=3). **P<0.01

based on Student’s t test.
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Figure 11-5 IMR-90 cells were infected by LacZ or TK2 shRNA lentivirus. These cells
were incubated in 10% serum containing or serum-deprived conditions for western blot

analysis. RT-PCR of RNA extracted from indicated cells were shown.
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Figure 11-6 Control and TK2 knockdown cells were serum-deprived and lysed for
thymidine kinase activity assay. RT-PCR of RNA extracted from indicated cells were
shown. **P<(.01 based on Student’s t test.
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Figure 11-7 10-day serum-deprived control and TK2 knock-down cells were locally
irradiated. After recovery with 0.1% serum at indicated time, cells were fixed for (6-4)
photoproduct IF staining. The percentages of (6-4) photoproduct foci positive cells were
counted. More than 100 cells were counted for each experiment (n=3). RT-PCR of

RNA extracted from indicated cells were shown.
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Figure 11-8 10-day serum-deprived control and TK2 knock-down cells were locally
irradiated. After recovery with 0.1% serum at indicated time, cells were fixed for CPD
IF staining. CPD fluorescence intensity was expressed relative to that in control cells
recovered at Oh. 50 cells were counted for each experiment (n=3). RT-PCR of RNA

extracted from indicated cells were shown.
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Figure 11-9 10-day serum-deprived control and TK2 knock-down cells were locally
irradiated. After recovery with 0.1% serum at indicated time, cells were fixed for PCNA
IF staining. PCNA fluorescence intensity was expressed relative to that in cells
recovered at 0.5h. 50 cells were counted for each experiment (n=3). RT-PCR of RNA

extracted from indicated cells were shown. *P<0.05, **P<0.01, based on Student’s t test.

44



Asynchronous

Recovery (h)

- |
shLacZ
v |
shTK2 \

0

0.5

1

Relative fold of
PCNA foci intensity

-
(3]

—-—

o
o

B shLacZ
0 shTK2
&
!
=1 TK2
[= =] GAPDH
0 0.5 1
Recovery (h)

Figure 11-10 Asynchronous LacZ control and TK2 knockdown cells were irradiated by

120 J/M* UVC through micropore membrane and were fixed for PCNA

immunofluorescence staining (Scale bar, 10 um). Fluorescence intensity was expressed

relative to that in LacZ control cells recovered at 0.5 h. 50 cells were analyzed for each

experiment (n=3). The Hoechst33342 staining of the corresponding cells were shown in

insets. RT-PCR results of RNA extracted from indicated cells were shown.

45



Recovery (h) 0 1

shLacZ

shTK2
PCNA
2. | * |
> .-
S 215" " O+T
T 9 o B +ATGC
9 E P 4
g '6 1 | Q\\V@é{\d.
= < ET k2
5 ‘zt 05 T [==]GAPDH
X o
a
0 v
Recovery 0 1 0 1
(h) shLacZ ShTK2

Figure 11-11 10-day serum deprived control and TK2 knock-down cells were
supplemented with SuM thymidine or four deoxynucleosides in 0.1% dialyzed serum
for 8h before UV micro-irradiation. Cells were recovered in the same medium for 1h,
and fixed for PCNA IF staining analysis (Scale bar, 10um). Fluorescence intensity was
expressed relative to that in LacZ control cells recovered at 1h without thymidine
supplement. 50 cells were analysed for each experiment (n=3). Insects show H33342
staining of the corresponding cells. RT-PCR of RNA extracted from indicated cells
were shown. *P<0.05, **P<0.01, based on Student’s t test.
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Figure 11-12 After thymidine incubation for 8h, 10-day serum-deprived control and
TK2 knock-down cells were harvested for dTTP pool analysis. RT-PCR of RNA

extracted from indicated cells were shown. **P<0.01, based on Student’s t test.
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Figure 11-13 Control and TK2 knock-down cells were serum-deprived for 10 days and
exposed to 10J/M* whole-cell UV irradiation. After recovery with 0.1% serum at the
indicated time, cells were fixed for y-H2AX IF staining analysis (Scale bar, 10 mm).
Fluorescence intensity was expressed relative to that in LacZ control cells recovered at
2 h. 50 cells were analyzed for each experiment (n=3). Insets indicate Hoechst33342
staining of the corresponding cells. RT-PCR of RNA extracted from indicated cells

were shown. *, p<0.05 **, p<0.01 based on Student’s t test.
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Figure 11-14 LacZ control and TK2 knockdown cells were serum-deprived for 2 days.
Cells transfected with GFP or TK2r-GFP (TK2 shRNA resistant) were whole-cell
irradiated by 20 J/M?> UVC. Due to the higher intensity of UV irradiation, cell death
occurred during recovery in serum-free medium. In this setting, we recovered cells in
10% serum. y-H2AX intensity was expressed relative to that in LacZ control cells with
GFP expression (Scale bar, 10um). 25 cells were analyzed (n=3). *, p<0.05 **, p<0.01
based on Student’s t test. RT-PCR results of RNA extracted from the indicated cells

were shown.
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Figure 11-15 Before UV irradiation, 10-day serum-deprived control and TK2 knock-
down cells were preincubated with SmM thymidine or four deoxynucleosides in 0.1%
dialyzed serum for 8h. After recovery with or without SmM deoxynucleosides, cells
were fixed for y-H2AX IF staining analysis (Scale bar, 10 um). Fluorescence intensity
was expressed relative to that in LacZ control cells recovered without thymidine
supplement. 50 cells were analyzed for each experiment (n=3). Insets indicate H33342
staining of the corresponding cells. RT-PCR of RNA extracted from indicated cells

were shown. **, p<0.01 and ***, p<0.001 based on Student’s t test.

50



*

o I 1

c 3
S g
S0
L E 5 |-
O = 0O+T
> @©
e S
(1] Q *% 2 o
) £ 1; -E.f\inn
X o

Q

shLacZ shTK2

Figure 11-16 Before 10-day serum-deprived control and TK2 knock-down cells were
subjected to whole-cell UV irradiation. At 2-h recovery, cells recovered with or without
thymidine were subjected to alkaline comet assay. 50 cells were analyzed for each
experiment (n=3). RT-PCR of RNA extracted from indicated cells were shown. *,
p<0.05 ** p<0.01 *** p<0.001 based on Student’s t test.
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Figure 11-17 LacZ control and TK2 knockdown cells were serum-deprived for 10 days.
After 10 J/M?* whole-cell UV irradiation and recovery at the indicated time, cells were
fixed for 53BP1 IF staining (Scale bar, 10 um). Each cell containing 53BP1 foci > 30
was counted and expressed as percentage. More than 100 cells were analyzed for each
53BP1 foci experiment (n=3) and 50 cells for each comet assay (n=3). RT-PCR of RNA

extracted from indicated cells were shown. *, p<0.05 *** p<0.001 based on Student’s t

test.
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Figure 11-18 LacZ control and TK2 knockdown cells were serum-deprived for 10 days.
After 10 J/M? whole-cell UV irradiation and recovery at 12h, cells were analysed by
neutral comet assay. RT-PCR of RNA extracted from indicated cells were shown. **,

p<0.01 based on Student’s t test.
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Figure 11-19 Co-IF staining of 53BP1 and y-H2AX was performed at the indicated
recovery time after UV irradiation in 10-day serum-deprived TK2 knockdown cells

(Scale bar, 10 pm).

54



10 J/W? +5uM

uv NU7441
0 12 24 (h)
T 53BP1 IF |
Recovery (h) 0 24 40 Recovery (h)
NU7441 - + m0 D024
@12 @24+NU

w
o

shLacZ

-
o

53BP1 foci number
2 30 per nucleus (%)
N
o

shTK2

12

o

53BP1

Figure 11-20 After 12-h recovery from UV irradiation in 10-day serum-deprived control
and TK2 knock-down cells, 5 mM NU7441 was added in the culture medium. Cells
were fixed for 53BP1 IF staining at indicated time and analyzed as described in (A)
(Scale bar, 10 um). RT-PCR of RNA extracted from indicated cells were shown. ***,
p<0.001 based on Student’s t test.
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Figure 11-21 Control and TK2 knockdown cells were serum-deprived for 2 days prior
to 10 J/M? UV irradiation. After 24 h recovery without serum, fresh medium containing
10% serum was added to stimulate the cell cycle entry. S phase cell percentage at
indicated time was analyzed by EdU incorporation. The percentages of EAU positive

cells were determined by counting more than 200 cells in each experiment (n=3). RT-

PCR of RNA extracted from indicated cells were shown.
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Figure 11-22 Control and TK2 knockdown cells were serum-deprived for 2 days prior
UV irradiation. After 24 h recovery without serum, fresh medium containing 10%
serum was added back for 48 h and cell growth was determined by WST1 reagent. RT-
PCR of RNA extracted from indicated cells were shown. *, p<0.05 based on

Student’s t test.
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Figure 11-23 LacZ control and TK2 knockdown cells were serum-deprived for 2 days
and subjected to 10 J/M* whole-cell UV irradiation. After recovery for 24 h without
serum, cells were refreshed with 10% serum containing medium for 48 h. Cells were

harvested for annexin-V apoptosis assay. RT-PCR of RNA extracted from the indicated

cells were shown.
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Figure 11-24 LacZ control and TK2 knockdown cells were serum-deprived for 2 days
and subjected to 10 J/M* whole-cell UV irradiation. After recovery for 24 h without
serum, cells were refreshed with 10% serum containing medium for 48 h. JC-1 based
mitochondrial membrane potential assay was performed. RT-PCR of RNA extracted

from the indicated cells were shown.
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Figure 11-25 2-day serum-deprived control and TK2 knock-down cells were UV
irradiated and recovered without serum for 24h. After 48-h serum stimulation, cells
were fixed for 53BP1 and cyclin A IF staining (Scale bar, 10 um). Each cell negative in
cyclin A staining with 53BP1 nuclear bodies > 5 was counted and expressed as
percentage. More than 100 cells were counted for each experiment (n=3). RT-PCR of
RNA extracted from indicated cells were shown. **, p<0.01 *** p<0.001 based on

Student’s t test.
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Figure 11-26 LacZ control and TK2 knockdown cells were serum-deprived for 10 days
prior to 10 J/M?whole-cell UV irradiation. After 24 h recovery with 0.1% serum, cells
were refreshed with medium containing 10% serum for 2 days. (A) Cell growth was
determined by WST1 reagent (n=3). **. P<0.01 based on Student’s t test. (B) Cells
were fixed for 53BP1 and cyclin A immunofluorescence staining. (Scale bar, 10um).
Cyclin A staining-negative cells were shown. Each cell containing 53BP1 nuclear
bodies > 5 were counted and expressed as percentage. More than 100 cells were counted.

RT-PCR of RNA extracted from the indicated cells were shown.
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Figure 11-27 Control and TK2 knock-down cells were serum-deprived for 2 days,
following supplemented with 5 mM thymidine for 8 h and during recovery from UV-
irradiation. After 24 h, cells were serum-stimulated for 48 h and fixed for 53BP1 and
cyclin A IF staining analysis for quantification as described above (Scale bar, 10 mm).
RT-PCR of RNA extracted from indicated cells were shown. *** p<0.001 based on
Student’s t test.

62



Quiescent cell

In next G1
53BP1 nuclear body 4

S phase 4 with
progression | genome stress

DNA damage signaling diminished

Pol k mediated DNA DSB
misincorporation

{/
i T thymidine
Mitochondria ."_

TK2 deficiency

Figure 11-28 Proposed model In quiescent cells, the only pathway for dTTP synthesis
is depleted due to TK2 deficiency. In response to UV irradiation, insufficient dTTP for
gap-filling synthesis of NER results in secondary DNA double strand breaks repaired by
non-homologous end joining, representing a poor quality of repair. Although the DNA
damage signal diminishes, the replication stress is induced after cell cycle entry to S
phase. As indicated, 5S3BP1 nuclear body is induced to protect problematic DNA in the
next G1 phase.

63



References

10.

11.

12.

13.

14.

Lima-Bessa, K.M. and Menck, C.F. (2005) Skin cancer: lights on genome
lesions. Current biology : CB, 15, R58-61.

Liu, Z., Tan, C., Guo, X., Kao, Y.T., Li, J., Wang, L., Sancar, A. and Zhong,
D. (2011) Dynamics and mechanism of cyclobutane pyrimidine dimer
repair by DNA photolyase. Proceedings of the national academy of sciences
of the United States of America, 108, 14831-14836.

Hanawalt, P.C. (2002) Subpathways of nucleotide excision repair and their
regulation. Oncogene, 21, 8949-8956.

Volker, M., Mone, M.J.,, Karmakar, P., van Hoffen, A., Schul, W.,
Vermeulen, W., Hoeijmakers, J.H., van Driel, R., van Zeeland, A.A. and
Mullenders, L.H. (2001) Sequential assembly of the nucleotide excision
repair factors in vivo. Molecular cell, 8, 213-224.

Sugasawa, K., Ng, J.M., Masutani, C., lwai, S., van der Spek, P.J., Eker,
A.P., Hanaoka, F., Bootsma, D. and Hoeijmakers, J.H. (1998) Xeroderma
pigmentosum group C protein complex is the initiator of global genome
nucleotide excision repair. Molecular cell, 2, 223-232.

van den Boom, V., Citterio, E., Hoogstraten, D., Zotter, A., Egly, J.M., van
Cappellen, W.A., Hoeijmakers, J.H., Houtsmuller, A.B. and Vermeulen, W.
(2004) DNA damage stabilizes interaction of CSB with the transcription
elongation machinery. The Journal of cell biology, 166, 27-36.

O'Donovan, A., Davies, A.A., Moggs, J.G., West, S.C. and Wood, R.D.
(1994) XPG endonuclease makes the 3" incision in human DNA nucleotide
excision repair. Nature, 371, 432-435.

Sijbers, A.M., de Laat, W.L., Ariza, R.R., Biggerstaff, M., Wei, Y.F., Moggs,
J.G., Carter, K.C., Shell, B.K., Evans, E., de Jong, M.C. et al. (1996)
Xeroderma pigmentosum group F caused by a defect in a structure-specific
DNA repair endonuclease. Cell, 86, 811-822.

Liu, L., Lee, J. and Zhou, P. (2010) Navigating the nucleotide excision
repair threshold. Journal of cellular physiology, 224, 585-589.

Ogi, T., Limsirichaikul, S., Overmeer, R.M., Volker, M., Takenaka, K.,
Cloney, R., Nakazawa, Y., Niimi, A., Miki, Y., Jaspers, N.G. et al. (2010)
Three DNA polymerases, recruited by different mechanisms, carry out
NER repair synthesis in human cells. Molecular cell, 37, 714-727.

Lehmann, A.R. (2011) DNA polymerases and repair synthesis in NER in
human cells. DNA repair, 10, 730-733.

Overmeer, R.M., Gourdin, A.M., Giglia-Mari, A., Kool, H., Houtsmuller,
A.B., Siegal, G., Fousteri, M.I., Mullenders, L.H. and Vermeulen, W. (2010)
Replication factor C recruits DNA polymerase delta to sites of nucleotide
excision repair but is not required for PCNA recruitment. Molecular and
cellular biology, 30, 4828-4839.

Moser, J., Kool, H., Giakzidis, I., Caldecott, K., Mullenders, L.H. and
Fousteri, M.I. (2007) Sealing of chromosomal DNA nicks during nucleotide
excision repair requires XRCC1 and DNA ligase Ill alpha in a cell-cycle-
specific manner. Molecular cell, 27, 311-323.

de Boer, J. and Hoeijmakers, J.H. (2000) Nucleotide excision repair and
human syndromes. Carcinogenesis, 21, 453-460.

64



15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

217.

28.

Halpern, J., Hopping, B. and Brostoff, J.M. (2008) Photosensitivity, corneal
scarring and developmental delay: Xeroderma Pigmentosum in a tropical
country. Cases journal, 1, 254.

Bertola, D.R., Cao, H., Albano, L.M., Oliveira, D.P., Kok, F., Marques-Dias,
M.J., Kim, C.A. and Hegele, R.A. (2006) Cockayne syndrome type A: novel
mutations in eight typical patients. Journal of human genetics, 51, 701-705.
Hashimoto, S. and Egly, J.M. (2009) Trichothiodystrophy view from the
molecular basis of DNA repair/transcription factor TFIIH. Human
molecular genetics, 18, R224-230.

Munch-Petersen, B. (1997) Thymidine in the micromolar range promotes
rejoining of UVC-induced DNA strand breaks and prevents azidothymidine
from inhibiting the rejoining in quiescent human lymphocytes. Mutation
research, 383, 143-153.

Matsumoto, M., Yaginuma, K., Igarashi, A., Imura, M., Hasegawa, M.,
Iwabuchi, K., Date, T., Mori, T., Ishizaki, K., Yamashita, K. et al. (2007)
Perturbed gap-filling synthesis in nucleotide excision repair causes histone
H2AX phosphorylation in human quiescent cells. J Cell Sci, 120, 1104-1112.
Holmberg, M. (1989) The effect of deoxynucleosides on repair of DNA
breaks in UVC-irradiated human lymphocytes. Mutation research, 218, 33-
39.

Green, M.H., Waugh, A.P., Lowe, J.E., Harcourt, S.A., Cole, J. and Arlett,
C.F. (1994) Effect of deoxyribonucleosides on the hypersensitivity of human
peripheral blood lymphocytes to UV-B and UV-C irradiation. Mutation
research, 315, 25-32.

Overmeer, R.M., Moser, J., Volker, M., Kool, H., Tomkinson, A.E., van
Zeeland, A.A., Mullenders, L.H. and Fousteri, M. (2011) Replication
protein A safeguards genome integrity by controlling NER incision events.
J Cell Biol, 192, 401-415.

Nordlund, P. and Reichard, P. (2006) Ribonucleotide reductases. Annual
review of biochemistry, 75, 681-706.

Engstrom, Y., Eriksson, S., Jildevik, I., Skog, S., Thelander, L. and
Tribukait, B. (1985) Cell cycle-dependent expression of mammalian
ribonucleotide reductase. Differential regulation of the two subunits. The
Journal of biological chemistry, 260, 9114-9116.

Bjorklund, S., Skog, S., Tribukait, B. and Thelander, L. (1990) S-phase-
specific expression of mammalian ribonucleotide reductase R1 and R2
subunit mRNAs. Biochemistry, 29, 5452-5458.

Chabes, A. and Thelander, L. (2000) Controlled protein degradation
regulates ribonucleotide reductase activity in proliferating mammalian cells
during the normal cell cycle and in response to DNA damage and
replication blocks. The Journal of biological chemistry, 275, 17747-17753.
Kuo, M.L., Hwang, H.S., Sosnay, P.R., Kunugi, K.A. and Kinsella, T.J.
(2003) Overexpression of the R2 subunit of ribonucleotide reductase in
human nasopharyngeal cancer cells reduces radiosensitivity. Cancer journal,
9, 277-285.

Guittet, O., Hakansson, P., Voevodskaya, N., Fridd, S., Graslund, A.,
Arakawa, H., Nakamura, Y. and Thelander, L. (2001) Mammalian p53R2
protein forms an active ribonucleotide reductase in vitro with the R1
protein, which is expressed both in resting cells in response to DNA damage

65



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

and in proliferating cells. The Journal of biological chemistry, 276, 40647-
40651.

Pontarin, G., Ferraro, P., Hakansson, P., Thelander, L., Reichard, P. and
Bianchi, V. (2007) p53R2-dependent ribonucleotide reduction provides
deoxyribonucleotides in quiescent human fibroblasts in the absence of
induced DNA damage. The Journal of biological chemistry, 282, 16820-
16828.

Tanaka, H., Arakawa, H., Yamaguchi, T., Shiraishi, K., Fukuda, S., Matsui,
K., Takei, Y. and Nakamura, Y. (2000) A ribonucleotide reductase gene
involved in a p53-dependent cell-cycle checkpoint for DNA damage. Nature,
404, 42-49.

Hakansson, P., Hofer, A. and Thelander, L. (2006) Regulation of
mammalian ribonucleotide reduction and dNTP pools after DNA damage
and in resting cells. The Journal of biological chemistry, 281, 7834-7841.
Pontarin, G., Ferraro, P., Bee, L., Reichard, P. and Bianchi, V. (2012)
Mammalian ribonucleotide reductase subunit p53R2 is required for
mitochondrial DNA replication and DNA repair in quiescent cells.
Proceedings of the National Academy of Sciences of the United States of
America, 109, 13302-13307.

Carreras, C.W. and Santi, D.V. (1995) The catalytic mechanism and
structure of thymidylate synthase. Annual review of biochemistry, 64, 721-
762.

Le Francois, B.G., Maroun, J.A. and Birnboim, H.C. (2007) Expression of
thymidylate synthase in human cells is an early G(1) event regulated by
CDK4 and p16INK4A but not E2F. Br J Cancer, 97, 1242-1250.

Pontarin, G., Ferraro, P., Rampazzo, C., Kollberg, G., Holme, E., Reichard,
P. and Bianchi, V. (2011) Deoxyribonucleotide metabolism in cycling and
resting human fibroblasts with a missense mutation in p53R2, a subunit of
ribonucleotide reductase. The Journal of biological chemistry, 286, 11132-
11140.

Bradshaw, H.D., Jr. and Deininger, P.L. (1984) Human thymidine Kinase
gene: molecular cloning and nucleotide sequence of a cDNA expressible in
mammalian cells. Molecular and cellular biology, 4, 2316-2320.

Johansson, M. and Karlsson, A. (1997) Cloning of the cDNA and
chromosome localization of the gene for human thymidine kinase 2. The
Journal of biological chemistry, 272, 8454-8458.

Munch-Petersen, B., Cloos, L., Tyrsted, G. and Eriksson, S. (1991)
Diverging substrate specificity of pure human thymidine kinases 1 and 2
against antiviral dideoxynucleosides. The Journal of biological chemistry,
266, 9032-9038.

Ke, P.Y. and Chang, Z.F. (2004) Mitotic degradation of human thymidine
kinase 1 is dependent on the anaphase-promoting complex/cyclosome-
CDH1-mediated pathway. Molecular and cellular biology, 24, 514-526.
Arner, E.S. and Eriksson, S. (1995) Mammalian deoxyribonucleoside
kinases. Pharmacology & therapeutics, 67, 155-186.

Rampazzo, C., Fabris, S., Franzolin, E., Crovatto, K., Frangini, M. and
Bianchi, V. (2007) Mitochondrial thymidine kinase and the enzymatic
network regulating thymidine triphosphate pools in cultured human cells.
The Journal of biological chemistry, 282, 34758-34769.

66



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Chanprasert, S., Wang, J., Weng, S.W., Enns, G.M., Boue, D.R., Wong,
B.L., Mendell, J.R., Perry, D.A., Sahenk, Z., Craigen, W.J. et al. (2013)
Molecular and clinical characterization of the myopathic form of
mitochondrial DNA depletion syndrome caused by mutations in the
thymidine kinase (TK2) gene. Molecular genetics and metabolism, 110, 153-
161.

Chen, Y.L., Eriksson, S. and Chang, Z.F. (2010) Regulation and functional
contribution of thymidine kinase 1 in repair of DNA damage. The Journal
of biological chemistry, 285, 27327-27335.

Pontarin, G., Gallinaro, L., Ferraro, P., Reichard, P. and Bianchi, V. (2003)
Origins of mitochondrial thymidine triphosphate: dynamic relations to
cytosolic pools. Proceedings of the National Academy of Sciences of the
United States of America, 100, 12159-12164.

Thelander, L. (2007) Ribonucleotide reductase and mitochondrial DNA
synthesis. Nature genetics, 39, 703-704.

Wang, L. (2010) Deoxynucleoside salvage enzymes and tissue specific
mitochondrial DNA depletion. Nucleosides, nucleotides & nucleic acids, 29,
370-381.

Saada, A., Shaag, A., Mandel, H., Nevo, Y., Eriksson, S. and Elpeleg, O.
(2001) Mutant mitochondrial thymidine kinase in mitochondrial DNA
depletion myopathy. Nature genetics, 29, 342-344.

Mandel, H., Szargel, R., Labay, V., Elpeleg, O., Saada, A., Shalata, A.,
Anbinder, Y., Berkowitz, D., Hartman, C., Barak, M. et al. (2001) The
deoxyguanosine kinase gene is mutated in individuals with depleted
hepatocerebral mitochondrial DNA. Nature genetics, 29, 337-341.

Bourdon, A., Minai, L., Serre, V., Jais, J.P., Sarzi, E., Aubert, S., Chretien,
D., de Lonlay, P., Paquis-Flucklinger, V., Arakawa, H. et al. (2007)
Mutation of RRM2B, encoding p53-controlled ribonucleotide reductase
(p53R2), causes severe mitochondrial DNA depletion. Nature genetics, 39,
776-780.

Zhou, X., Solaroli, N., Bjerke, M., Stewart, J.B., Rozell, B., Johansson, M.
and Karlsson, A. (2008) Progressive loss of mitochondrial DNA in
thymidine kinase 2-deficient mice. Human molecular genetics, 17, 2329-2335.
Akman, H.O., Dorado, B., Lopez, L.C., Garcia-Cazorla, A., Vila, M.R,,
Tanabe, L.M., Dauer, W.T., Bonilla, E., Tanji, K. and Hirano, M. (2008)
Thymidine kinase 2 (H126N) knockin mice show the essential role of
balanced deoxynucleotide pools for mitochondrial DNA maintenance.
Human molecular genetics, 17, 2433-2440.

Priego, E.M., Karlsson, A., Gago, F., Camarasa, M.J., Balzarini, J. and
Perez-Perez, M.J. (2012) Recent advances in thymidine kinase 2 (TK2)
inhibitors and new perspectives for potential applications. Current
pharmaceutical design, 18, 2981-2994.

Ke, P.Y., Kuo, Y.Y., Hu, C.M. and Chang, Z.F. (2005) Control of dTTP
pool size by anaphase promoting complex/cyclosome is essential for the
maintenance of genetic stability. Genes & development, 19, 1920-1933.
Chang, Z.F., Huang, D.Y. and Hsue, N.C. (1994) Differential
phosphorylation of human thymidine kinase in proliferating and M phase-
arrested human cells. The Journal of biological chemistry, 269, 21249-21254.
Katsumi, S., Kobayashi, N., Imoto, K., Nakagawa, A., Yamashina, Y.,
Muramatsu, T., Shirai, T., Miyagawa, S., Sugiura, S., Hanaoka, F. et al.

67



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

(2001) In situ visualization of ultraviolet-light-induced DNA damage repair
in locally irradiated human fibroblasts. The Journal of investigative
dermatology, 117, 1156-1161.

Nakagawa, A., Kobayashi, N., Muramatsu, T., Yamashina, Y., Shirai, T,
Hashimoto, M.W., lkenaga, M. and Mori, T. (1998) Three-dimensional
visualization of ultraviolet-induced DNA damage and its repair in human
cell nuclei. The Journal of investigative dermatology, 110, 143-148.

Helma, C. and Uhl, M. (2000) A public domain image-analysis program for
the single-cell gel-electrophoresis (comet) assay. Mutation research, 466, 9-
15.

Chang, Z.F. and Chen, K.Y. (1988) Regulation of ornithine decarboxylase
and other cell cycle-dependent genes during senescence of IMR-90 human
diploid fibroblasts. The Journal of biological chemistry, 263, 11431-11435.
Ferraro, P., Franzolin, E., Pontarin, G., Reichard, P. and Bianchi, V. (2010)
Quantitation of cellular deoxynucleoside triphosphates. Nucleic acids
research, 38, e85.

Rothkamm, K., Kruger, ., Thompson, L.H. and Lobrich, M. (2003)
Pathways of DNA double-strand break repair during the mammalian cell
cycle. Molecular and cellular biology, 23, 5706-5715.

Tang, J., Cho, N.\W., Cui, G., Manion, E.M., Shanbhag, N.M., Botuyan,
M.V., Mer, G. and Greenberg, R.A. (2013) Acetylation limits 53BP1
association with damaged chromatin to promote homologous
recombination. Nature structural & molecular biology, 20, 317-325.

Schultz, L.B., Chehab, N.H., Malikzay, A. and Halazonetis, T.D. (2000) p53
binding protein 1 (53BP1) is an early participant in the cellular response to
DNA double-strand breaks. J Cell Biol, 151, 1381-1390.

Wojewodzka, M., Buraczewska, I. and Kruszewski, M. (2002) A modified
neutral comet assay: elimination of lysis at high temperature and validation
of the assay with anti-single-stranded DNA antibody. Mutation research,
518, 9-20.

Guirouilh-Barbat, J., Redon, C. and Pommier, Y. (2008) Transcription-
coupled DNA double-strand breaks are mediated via the nucleotide excision
repair and the Mrell-Rad50-Nbsl complex. Molecular biology of the cell,
19, 3969-3981.

Lukas, C., Savic, V., Bekker-Jensen, S., Doil, C., Neumann, B., Pedersen,
R.S., Grofte, M., Chan, K.L., Hickson, I.D., Bartek, J. et al. (2011) 53BP1
nuclear bodies form around DNA lesions generated by mitotic transmission
of chromosomes under replication stress. Nat Cell Biol, 13, 243-253.
Harrigan, J.A., Belotserkovskaya, R., Coates, J., Dimitrova, D.S., Polo, S.E.,
Bradshaw, C.R., Fraser, P. and Jackson, S.P. (2011) Replication stress
induces 53BP1-containing OPT domains in G1 cells. J Cell Biol, 193, 97-108.
Choi, J.H., Gaddameedhi, S., Kim, S.Y., Hu, J., Kemp, M.G. and Sancar, A.
(2013) Highly specific and sensitive method for measuring nucleotide
excision repair kinetics of ultraviolet photoproducts in human cells. Nucleic
acids research.

Hu, J., Choi, J.H., Gaddameedhi, S., Kemp, M.G., Reardon, J.T. and
Sancar, A. (2013) Nucleotide excision repair in human cells: fate of the
excised oligonucleotide carrying DNA damage in vivo. The Journal of
biological chemistry, 288, 20918-20926.

68



69.

70.

71.

72.

73.

74.

Ferraro, P., Nicolosi, L., Bernardi, P., Reichard, P. and Bianchi, V. (2006)
Mitochondrial deoxynucleotide pool sizes in mouse liver and evidence for a
transport mechanism for thymidine monophosphate. Proceedings of the
National Academy of Sciences of the United States of America, 103, 18586-
18591.

Rothkamm, K., Kuhne, M., Jeggo, P.A. and Lobrich, M. (2001) Radiation-
induced genomic rearrangements formed by nonhomologous end-joining of
DNA double-strand breaks. Cancer Res, 61, 3886-3893.

Desler, C., Munch-Petersen, B., Stevnsner, T., Matsui, S., Kulawiec, M.,
Singh, K.K. and Rasmussen, L.J. (2007) Mitochondria as determinant of
nucleotide pools and chromosomal stability. Mutation research, 625, 112-
124,

Bester, A.C., Roniger, M., Oren, Y.S., Im, M.M., Sarni, D., Chaoat, M.,
Bensimon, A., Zamir, G., Shewach, D.S. and Kerem, B. (2011) Nucleotide
deficiency promotes genomic instability in early stages of cancer
development. Cell, 145, 435-446.

Burrell, R.A., McClelland, S.E., Endesfelder, D., Groth, P., Weller, M.C,,
Shaikh, N., Domingo, E., Kanu, N., Dewhurst, S.M., Gronroos, E. et al.
(2013) Replication stress links structural and numerical cancer
chromosomal instability. Nature, 494, 492-496.

Labit, H., Goldar, A., Guilbaud, G., Douarche, C., Hyrien, O. and
Marheineke, K. (2008) A simple and optimized method of producing
silanized surfaces for FISH and replication mapping on combed DNA fibers.
BioTechniques, 45, 649-652, 654, 656-648.

69



2001/9-2005/6

2005/9-2007/1

2007/2-2014/6

# 4k Publication:

Vita
FHH
Ming-Hsiang Lee

SEEREE BRI R B A AT F
B.S., Plant Pathology and Microbiology, College of Bioresources

and Agriculture, National Taiwan University
B2 REERREVCEEY TEMERTER  MS,

Biochemistry and Molecular Biology, College of Medicine,

National Taiwan University
TEEREBERAEMCEE T EMERARAT (EF)
Ph.D., Biochemistry and Molecular Biology, College of Medicine,

National Taiwan University (Direct admission into Ph.D.

program)

1. Chun-Mei Hu, Ming-Tyng Yeh, Ning Tsao, Chih-Wei Chen, Quan-Ze Gao,
Chia-Yun Chang, Ming-Hsiang Lee, Jim-Min Fang, Sheh-Yi Sheu, Chow-Jaw

Lin, Mei-Chun Tseng, Yu-Ju Chen, and Zee-Fen Chang. Tumor Cells Require

Thymidylate Kinase to Prevent dUTP Incorporation during DNA Repair.
Cancer Cell. 22, p36-50 (2012)
2. Ming-Hsiang Lee, Liya Wang, and Zee-Fen Chang. The Contribution of

Mitochondrial Thymidylate Synthesis in Preventing the Nuclear Genome Stress.
Nucleic Acid Research. Vol. 42, No. 8, p4972-4984 (2014)

& F # 4 email : Iminghsiang@gmail.com

70



Appendix

71



4972-4984 Nucleic Acids Research, 2014, Vol. 42, No. 8
doi:10.1093 |nar/gkul5?2

Published online 21 February 2014

The contribution of mitochondrial thymidylate
synthesis in preventing the nuclear genome stress

Ming-Hsiang Lee', Liya Wang? and Zee-Fen Chang

1 !3:*

"Institute of Biochemistry and Molecular Biology, College of Medicine, National Taiwan University, Taipei,
Taiwan (R.0.C.), 2Department of Anatomy, Physiology and Biochemistry, The Swedish University of Agricultural
Sciences, Biomedical Center, S-751 23 Uppsala, Sweden and °Institute of Biochemistry and Molecular Biology,

National Yang-Ming University, Taipei, Taiwan (R.O.C.)

Received August 16, 2013; Revised February 2, 2014; Accepted February 3, 2014

ABSTRACT

In quiescent fibroblasts, the expression levels of
cytosolic enzymes for thymidine triphosphate
(dTTP) synthesis are down-regulated, causing a
marked reduction in the dTTP pool. In this study,
we provide evidence that mitochondrial thymidylate
synthesis via thymidine kinase 2 (TK2) is a limiting
factor for the repair of ultraviolet (UV) damage in the
nuclear compartment in quiescent fibroblasts. We
found that TK2 deficiency causes secondary DNA
double-strand breaks formation in the nuclear
genome of quiescent cells at the late stage of
recovery from UV damage. Despite slower repair
of quiescent fibroblast deficient in TK2, DNA
damage signals eventually disappeared, and these
cells were capable of re-entering the S phase after
serum stimulation. However, these cells displayed
severe genome stress as revealed by the dramatic
increase in 53BP1 nuclear body in the G1 phase of
the successive cell cycle. Here, we conclude that
mitochondrial thymidylate synthesis via TK2 plays
a role in facilitating the quality repair of UV
damage for the maintenance of genome integrity
in the cells that are temporarily arrested in the qui-
escent state.

INTRODUCTION

Ultraviolet (UV) irradiation causes DNA lesions resulting
from cyclobutane pyrimidine dimer (CPD) and (6-4)
photoproduct formation. These lesions in genomic DNA
are recognized and repaired by nucleotide excision repair
(NER) pathway in mammalian cells. There are two sub-
pathways of NER including global genomic NER and
transcription coupled NER (1). These two pathways
differ in recognizing DNA lesion sites, which is mediated
by XPC-RAD23B complex in global genomic NER (2,3)

and RNA polymerase II in transcription coupled NER
(4). The damaged oligonucleotide are removed by XPG
and XPF-ERCC1 endonucleases (5,6), resulting in
single-stranded DNA gap that requires 24-32
deoxynucleotides incorporation to complete the repair
process dependent on DNA Polymerases Pole, Pold or
Polk with DNA clamping protein proliferating cell
nuclear antigen (PCNA) (7-9). Finally, the DNA nick is
sealed by DNA ligase I in proliferating cells or by DNA
ligase ITI/XRCCI throughout the cell cycle (9,10).

To fill the gaps after DNA lesion excision in NER, suf-
ficient amount of cellular dANTP is needed. Ribonucleotide
reductase (RNR), which converts ADP, GDP, CDP and
UDP to the respective dNDP, is a rate-limiting enzyme in
generating a balanced pool of dNTPs. In mammalian
cells, RNR is composed of two pairs of Rl and R2
subunits (11). The expression of R2 subunit is cell cycle-
dependent, while R1 subunit is constitutively expressed in
cycling cells. Therefore, the amounts of dNTPs are higher
in proliferating than that of non-dividing cells. A homolog
of R2, p53-inducible R2, can also form an active enzyme
complex with R1 to have ribonucleotide reduction
function (12—-14). Distinct from R2 subunit, the expression
of pS3R2 is not cell cycle-regulated. The expression of
pS3R2 is, therefore, important in dNTP supply for
DNA repair in G0/G1 cells (12,15,16). In accordance, a
recent study has shown that RNR activity makes a major
contribution to the maintenance of dCTP and dGTP pool
in quiescent fibroblasts, critical for repairing UV-
irradiated DNA damage (16).

As RNR does not form dTDP directly, the de novo syn-
thesis of thymidine triphosphate (dTTP) relies on
thymidylate synthase (TS), which catalyses the methyla-
tion of deoxyuridine monophosphate (dUMP) to form
thymidine monophosphate (dTMP). dTMP is then con-
verted to thymidine diphosphoate (dTDP) by thymidylate
kinase. The formation of dTMP can also be derived from
the salvage pathway via cytosolic thymidine kinase 1
(TK1). The expressions of TS and TK1 are cell cycle-de-
pendent, being maximal in the S phase and low in GO/G1
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phase (17,18). Given the lack of TS and TK1 expression,
quiescent cells contain low level of dTTP. Mitochondrial
thymidine kinase 2 (TK2) is another salvage enzyme for
dTTP supply. Although the catalytic efficiency of TK?2 is
much lower than that of TK1 (19), it plays a pivotal role in
dTTP synthesis for mitochondrial DNA (mtDNA) repli-
cation in non-dividing cells.

Deficiency in TK2 activity due to genetic alterations
such as point mutations causes devastating mtDNA deple-
tion syndrome in humans with death at young age (20).
As such, the physiological importance of TK2 has been
emphasized in  mitochondrial genome integrity.
Meanwhile, TK2 inhibitor has been developed to
prevent mitochondrial toxicity due to misincorporation
of antiviral and anticancer nucleoside analog-based
drugs to mtDNA via TK2 (21). However, the possible
role of TK2 in repair of nuclear genome DNA has not
been explored. In this study, we found that increase in
mitochondrial thymidylate synthesis via TK2 facilitated
NER in the nuclear compartment. We further investigated
how cells deficient of TK2 recover from UV damage in
their quiescent state, and observed their re-entrance of the
cell cycle progression with genome scars.

MATERIALS AND METHODS
Materials and antibodies

Anti-human TK1 and TMPK polyclonal antibody was
described previously (22,23). Anti-human TS antibody
(clone 4H4B1) was obtained from Zymed laboratories Inc.
Anti-R1 (T16), anti-R2 (N18), anti-p53R2 (N16), anti-
PCNA (PC10), anti-53BP1 (H-300), horseradish peroxid-
ase-conjugated goat anti-mouse, goat anti-rabbit, donkey
anti-goat  antibodies and NU7441  (8-Dibenzo
[6,d]thiophen-4-yl-2-morpholin-4-yl-4 H-chromen-4-one)
were from Santa Cruz. Anti-y-H2AX (phospho-H2AX at
Ser139) and anti-53BP1 (clone BP13) was from Millipore.
Anti-(6-4) photoproduct (64 M-2) and CPD (TDM-2) were
from Cosmo Bio Co., Ltd (Tokyo, Japan). Anti-cyclin
A (E23.1) was from GeneTex Inc. (Irvine, CA, USA).
Anti-B-tubulin, fluorescein isothiocyanate (FITC), tetra-
methylrhodamine isothiocyanate (TRITC)-conjugated
anti-mouse and TRITC-conjugated anti-rabbit antibodies,
deoxyadenosine, deoxyguanosine, deoxycytidine and thy-
midine, were from Sigma-Aldrich. Lipofectamine 2000
transfection reagent was purchased from Invitrogen Life
Technologies.

Cell culture

Human diploid lung fibroblast, IMR-90 cells were
purchased from Coriell Cell Repositories (Camden, NJ,
USA). Cells with population doubling level between 25
and 35 were used for all experiments. 293FT cells for lenti-
virus production were purchased from Invitrogen. IMR-
90 and 293FT cells were maintained in Dulbecco’s
modified Eagle’s medium (Invitrogen) containing 10%
fetal bovine serum (Invitrogen) at 37°C under 5% CO,.
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UYV irradiation

Cells grown on coverslip were UV-C irradiated by UVP
CL-1000 UV cross-linker. For whole-cell irradiation, cells
in phosphate buffered saline were subjected to 10 J/M> UV
irradiation. For localized UV-irradiation, polycarbonate
isopore membrane with 3 pm pore size filters (Millipore)
was placed on top of cells in Hank’s balanced salt solu-
tion, and irradiated with 120 J/M> UV. Following removal
of the filters, the cells were recovered with fresh medium.

Immunofluorescence staining

Cells grown on coverslip were fixed by 4%
paraformaldehyde at room temperature or methanol at
—20°C for 5min. Cells fixed by paraformaldehyde were
permeabilized with 0.3% Triton X-100. After blocking
with 5.5% normal goat serum, cells were incubated with
primary antibodies overnight at 4°C. Cells were stained
with FITC- and TRITC-conjugated secondary antibodies
and Hoechst33342 for 1 h at room temperature. The con-
ditions for PCNA, CPD (24) and (6-4) photoproduct (25)
were as described previously. Mounted slides were
examined by using Olympus BX51 microscope. For quan-
tification of immunofluorescence (IF) intensity, images
acquired from the same exposure setting were analysed
by ImageJ software. IF intensities were normalized by
the background value for analysis.

Immunoblotting

Cells were harvested in radioimmunoprecipitation assay
(RIPA) buffer (100mM Tris—=HCI, pH 7.6, 250 mM
NaCl, 0.1% sodium dodecyl sulphate, 0.2% deoxycholic
acid, 0.5mM dithiothreitol, Il mM EDTA, 0.5% NP-40
and 1% Triton X-100), and proteins in each cell lysate
were analysed by immunoblot using specific antibodies
and  horseradish  peroxidase-conjugated  secondary
antibodies. The enhanced chemiluminescent substrate
(Millipore) for reaction was added, and the signal was
detected by UVP bioimaging system.

Reverse transcriptase-polymerase chain reaction

Total RNA was extracted by TRIzol reagent (Invitrogen)
according to the manufacturer’s protocol. RevertAid First
Strand cDNA Synthesis Kit (Thermo Scientific) was used
for cDNA synthesis, which was amplified by polymerase
chain reaction (PCR) using TK?2 sense primer 5-AATCG
GGATCGAATATTAACT-3', TK2 antisense primer 5'-T
GAACACCGGGCTCCAGCCAA-3'.

Comet assay

For detection of both single-stranded and double-stranded
DNA breaks, alkaline comet assay was used. For double-
stranded DNA breaks detection, neutral comet assay was
carried out. Both assays were performed using a reagent kit
of single cell gel electrophoresis assay kit (Trevigen, Inc).
Image data were analysed by Sicon image software (26).

TK activity assay

The assay was performed as previously described using the
DE-81 filter paper (Whatman) technique (27). Briefly, cells
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were harvested in the buffer containing 50 mM Tris—HCI
(pH 7.9), 0.5mM 3-[(3-cholamidopropyl)di-
methylammonio]-1-propanesulfonate ~ (CHAPS)  and
1 mM dithiothreitol (DTT) for homogenization and cen-
trifugation. The supernatants were applied to the activity
assay in a final concentration of 50mM Tris-HCI (pH
7.9), 5SmM ATP, SmM MgCl,, 0.1% bovine serum
albumin, 5SmM NaF, 2mM DTT, 180uM thymidine
and [*H]-thymidine at 37°C for 30 min. After stopping
the reactions, aliquots of reaction mixture were spotted
onto DE-81 disc. The amount of radioactivity retained
on the disc following washings by 5SmM ammonium
formate was determined by scintillation counting.

dNTP determination

Cells were extracted with 1 ml of ice-cold 60% methanol at
—20°C overnight, followed by centrifugation at 16000 g
for 30 min. The supernatant was boiled for 3min and
dried under vacuum. The pellets were dissolved in
nuclease-free water for ANTP measurement based on the
method previously described (28).

shRNA lentivirus preparation and infection

293FT cells were cotransfected with pCMVdeltaR8.91,
pMD.G and pLKO.1 TK2 small hairpin RNA (shRNA)
or LacZ shRNA plasmids. After transfection for 54h,
supernatants containing lentivirus were filtered through
polyvinylidene fluoride (PVDF) membrane (pore,
0.45um, Millipore) and concentrated using Amicon
Ultra column (100k dalton molecular weight cut-off,
Millipore). IMR-90 cells were infected by the virus soup
containing 8 pg/ml polybrene (Sigma) for 6h. Cells were
washed twice by phosphate buffered saline and cultured in
a complete medium.

S phase cell quantification

EdU (5-ethynyl-2'-deoxyuridine) incorporation assay was
carried out by Click-iT EdU Alexa Fluor 488 Imaging Kit
(Invitrogen). Briefly, cells on coverslips were incubated
with 10 pM EdU for 30 min. After fixation and permeabil-
ization, cells were incubated in Click-iT reaction cocktail
containing Alexa Fluor azide for 30 min at room tempera-
ture. Following the click reaction, cell nuclei were counter-
stained by Hoechst 33342.

Cell growth assay

Cell growth was determined by WSTI reagent (Roche
Applied Science) according to the manufacturer’s
manual. Briefly, cells in 96-well plates were incubated
with 100pl of mixture of WSTI reagent and culture
medium in a ratio of 1:10 (V/V) per well at 37°C for 1 h.
The absorbance at 450 nm of samples normalized by a
background control was measured by microplate ELISA
reader.

RESULTS

NER and dNTPs pools in quiescent cells after serum
deprivation

IMR-90 human diploid fibroblasts were serum-deprived
for 2, 4 and 10 days. These cells were UV-irradiated
through isopore polycarbonate membrane filters (pore,
3um) to create localized UV damage in the genome.
NER process can be divided into two stages, lesion recog-
nition followed by incision and post-incision by gap-filling
synthesis (29). We tested whether serum deprivation
influenced the efficiency of lesion excision by (6-4) photo-
product IF staining. UV-induced foci were found to dis-
appear within 1h in these cells regardless of serum
deprivation (Figure 1A). We also performed the IF
staining of PCNA, which is localized in the lesion site
for the gap-filling step. NER foci revealed by the PCNA
IF staining were pronounced after recovery from UV
exposure at 0.5h in both asynchronous and serum-
deprived cells, all of which contained four to six
prominent PCNA foci of ~3 um in the nucleus, and the
fluorescence intensity was increased with longer serum de-
privation (Figure 1B). In asynchronous cells, these foci
disappeared within 1 h. For cells serum-deprived for 2, 4
and 10 days, PCNA foci persisted at 1 h and diminished at
3h, suggesting a slower rate in gap-filling (Figure 1B).
Notably, the longer serum deprivation the higher
intensities of PCNA foci were sustained during recovery.
Taken together, these data suggest that it is the gap-filling
synthesis rather than the DNA lesion removal step
affected by serum deprivation.

Previously, it has been proposed that the expression
level of PCNA is reduced after serum deprivation, which
affects the gap-filling step of NER (30). However, we
found the intensity of PCNA foci increased in the local
UV damage site, although the cellular level of PCNA
protein  was decreased after serum deprivation
(Figure 1C). The question is what causes PCNA sustained
at the lesion sites? We then measured the levels of four
dNTP pools in cells after serum deprivation and found
that the level of dTTP in serum-deprived 2-, 4- and 10-
day cells was dropped to 9, 3 and 0.2% of that in asyn-
chronous cells, respectively (Table 1). The reduction in
dCTP, dATP and dGTP pools in serum-deprived cells
were also reduced but to lesser extent as compared with
the dTTP pool. Western blot analyses showed severe re-
duction of R2, TS and TK1 proteins from 2 to 10 days of
serum deprivation, while the levels of TMPK and R1 were
moderately decreased and pS53R2 remained unchanged
(Figure 1C). The lack of TS and TK1 in serum-deprived
cells most likely accounts for the drastic reduction in
dTTP pool, while R1 and R2 down-regulations are re-
sponsible for the decreases in the other three dNTPs
pools during serum deprivation. Therefore, deficiency of
dNTP supply in quiescent fibroblasts is probably the cause
of prolonged gap-filling step in NER, thereby sustained
PCNA foci. To verify this, we then treated asynchronous
cells with hydroxyurea, which reduces dNTP supply by
blocking RNR, and found that these treated cells also
displayed sustained PCNA foci after UV micro-irradi-
ation (Figure 1D), suggesting that the shortage of ANTP
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Figure. 1. Serum deprivation and dNTP supply affects the gap-filling step in NER. IMR-90 fibroblasts were incubated in medium containing 10%
serum (asynchronous), serum-free for 2 and 4 days or 0.1% serum for 10 days. Asynchronous and serum-deprived cells were irradiated with 120 J/M?
UVC through micropore membrane (pore, 3 um) and were recovered, after which cells on coverslips were subjected to (A) (6-4) photoproduct and
(B) PCNA IF staining (Scale bar, 10 pm). The percentages of (6-4) photoproduct foci positive cell were counted. More than 100 cells were counted
for each experiment (n = 3). PCNA fluorescence intensity was expressed relative to that in asynchronous cells recovered at 0.5h. Fifty cells were
analysed for each experiment (n = 3). (C) Western blot analysis of cell lysates. (D) Asynchronous cells were pretreated with or without 2mM
hydroxyurea for 3h before local UV irradiation and during recovery. Cells were fixed for PCNA IF staining (Scale bar, 10 um). Fluorescence
intensity was expressed relative to that in cells recovered at 0.5h without hydroxyurea treatment. Fifty cells were analysed for each experiment. Insets
show Hoechst33342 staining in the corresponding cells. (n = 3). *P <0.05, **P <0.01, ***P <0.001 based on Student’s r-test.
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Table 1. dNTP pools in asynchronous and serum-deprived IMR-90 cells

day=N{NTP dTTP dcTtp dATP dGTP

Asyn. 64.1 + 3.08 15.3 + 0.46 3.5+ 0.13 5.5+ 021

2 5.6 +3.20 (8.8%) 3.2 4 0.82 (20.9%) 2.5+ 0.50 (71.4%) 0.9 + 0.29 (16.4%)
4 2.1 £ 0.50 (3.3%) 2.1 £ 1.20 (13.7%) 2.0 £ 0.50 (57.1%) 0.7 % 0.37.(12.7%)
10 0.1 %+ 0.06 (0.2%) 0.6 + 0.29 (3.9%) 0.1 + 0.01 (2.9%) 0.1 + 0.02 (1.8%)

dNTP, pmole/10° cells.
%, percentage of asynchronous cells.

IMR-90 cells were incubated in medium containing 10% serum (Asyn.), serum free for 2 and 4 days or 0.1% serum for 10 days.
Asynchronous and serum-deprived cells were harvested for cellular ANTP determination. The number in parentheses indicates

the percentage of pool in that of asynchronous cells.

supply in quiescent cells prolongs the gap-filling step.
Thus, serum deprivation causes dNTPs depletion, which
delays the gap-filling step in NER.

The increase in dTTP synthesis via TK2 facilitates the
gap-filling step of NER in quiescent cells

Despite limiting level of dNTP pools after 10 days of
serum deprivation, these quiescent fibroblasts are still
capable of completing the NER process under the
micro-irradiated condition. To assess the role of mito-
chondrial TK2 in repairing UV damage in the nuclear
genome of quiescent cells, we silenced TK2 expression
by lentivirus-based shRNA infection. After serum depriv-
ation for 2 and 10 days, we found that TK2 knock-down
did not affect the levels of R1, R2, TS, TK1, TMPK or
p53R2 as compared with control cells (Figure 2A). Due to
the limitation of TK2 antibody in western blot, TK
activity was measured in total cell lysates. For cells with
serum deprivation for 2 days, an appreciated level of TK
activity was detected in control cells, and TK2 knock-
down reduced 30% of TK activity (Figure 2B). By BrdU
incorporation experiment, it was found that ~1.5% of
cells were still in S phase after 2 days of serum deprivation
(data not shown). Because of the high catalytic efficiency
of TK1 protein (19), the presence of TKI in this small
fraction of S phase cells may account for 70% of the
TK activity measured in the 2-day serum-deprived cell
lysates. After 10-day serum deprivation, the S phase
fraction was reduced to <0.4% (data not shown). In
these cells, >60% of cellular TK activity was decreased
by TK2 knock-down (Figure 2B). We then performed
micro-irradiation experiments in 10-day—serum-deprived
cells. Following irradiation, (6—4) photoproduct foci
were removed within 1h in both control and TK2
knock-down cells (Figure 2C). The removal of CPD foci
was slow and sustained at 16 h after recovery. The decayed
rate of CPD foci was also similar in control and TK2
knock-down cells (Figure 2D). However, the intensity of
PCNA foci was significantly higher and prolonged in TK2
knock-down cells than those in control cells during 0.5-3 h
post-recovery period (Figure 2E). We also compared the
role of TK2 in repairing UV-induced nuclear DNA lesions
in asynchronous cells. It appeared that asynchronous
LacZ and TK2 knock-down cells were similar in the
changes of the fluorescence intensity of PCNA foci,
which reached maximum at 0.5h and declined at 1h
after recovery (Supplementary Figure SI), suggesting

that TK2 is dispensable for repairing UV-induced
genomic lesions in asynchronous cells that have higher
level of dTTP. Therefore, it is in the quiescent cells that
TK2 is important in the gap-filling step of NER.

Under the physiological condition, low level of thymi-
dine is supplied by the extracellular fluid and intracellular
degradation of DNA. We then incubated serum-deprived
cells with 5uM thymidine. This treatment effectively
decreased the fluorescence intensity of PCNA foci at 1h
post-recovery in LacZ control but not TK2 knock-down
cells (Figure 2F). Addition of thymidine led to signifi-
cantly elevated dTTP level in control but not in TK2
knock-down cells (Figure 2G). Thus, TK2-mediated
salvage synthesis of dTTP is sufficient and necessary for
facilitating DNA repair in quiescent cells. The effect of
addition of four doxynucleosides was similar to thymidine
addition alone. Therefore, dTTP is the major limiting
factor for the repair process under this cellular condition.
These results are consistent with a previous study report-
ing that thymidine supplement during recovery from UV
irradiation promotes DNA repair in quiescent lympho-
cytes (31).

TK2 deficiency increases DNA double-strand breaks in
quiescent cells during recovery from UV damage

It has been reported that following UV exposure, histone
H2AX phosphorylation at Ser-139 (y-H2AX) takes place
in quiescent fibroblasts due to the delayed gap-filling at
the single-strand break (SSB) site after removal of the
DNA lesions (30). In micropore-UV-irradiated lesions,
we were unable to detect y-H2AX foci; probably, the
amounts of dNTPs are still sufficient for repairing few
localized lesions (each pore, 3 um). Therefore, we then
directly applied UV irradiation to the quiescent cells and
found that whole-cell irradiation also caused y-H2AX foci
formation, with intensities reached maximum at 4h and
declined thereafter (Figure 3A). In TK2 knock-down cells,
the intensity of y-H2AX foci was higher during recovery
from irradiation. Expression of shRNA-resistant TK2r-
GFP into TK2 knock-down cells restored the repair
efficiency of UV irradiation (Supplementary Figure S2),
confirming the role of TK2 in repair. In control cells,
addition of thymidine (5puM) to the culture medium sig-
nificantly decreased the fluorescence intensity of y-H2AX
foci, and the reduction in y-H2AX foci intensity by thy-
midine addition was similar to that in cells supplied with
all four deoxynucleosides. However, In TK2 knock-down
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Figure 2. The contribution of TK2-mediated synthesis of dTTP to the rate of the gap-filling step in quiescent cells. IMR-90 cells were infected by
LacZ or TK2 shRNA lentivirus. These cells were incubated in 10% serum containing or serum-deprived condition for (A) western blot and (B)
thymidine kinase activity assay. (C) 10-day serum-deprived control and TK2 knock-down cells were irradiated by 120J/M? UVC through micropore
membrane. After recovery with 0.1% serum at indicated time, cells were fixed for (6-4) photoproduct, (D) CPD and (E) PCNA IF staining (Scale
bar, 10 um). The quantification of (6-4) photoproduct and PCNA IF staining was as described in the legend to Figure 1. CPD fluorescence intensity
was expressed relative to that in control cells recovered at 0h. Fifty cells were analysed in each experiment (n = 3). (F) Cells were supplemented with
5uM thymidine or four deoxynucleosides in 0.1% dialysed serum for 8 h before UV micro-irradiation. Cells were recovered in the same medium for
1 h, and fixed for PCNA IF staining analysis (Scale bar, 10 um). Fluorescence intensity was expressed relative to that in LacZ control cells recovered
at 1 h without thymidine supplement. Fifty cells were analysed for each experiment (n = 3). Insets show Hoechst33342 staining of the corresponding
cells. (G) After thymidine incubation for 8 h, cells were harvested for dTTP pool analysis. Reverse transcriptase-PCR (RT-PCR) of RNA extracted
from indicated cells were shown. *P <0.05, **P <0.01 based on Student’s z-test.
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Figure 3. The effect of TK2 knock-down on DNA damage response after whole-cell UV irradiation. LacZ control and TK2 knock-down cells were
serum deprived for 10 days and exposed to 10J/M> whole-cell UV irradiation. (A) After recovery with 0.1% serum at the indicated time, cells were
fixed for y-H2AX IF staining analysis (Scale bar, 10 pm). Fluorescence intensity was expressed relative to that in LacZ control cells recovered at 2 h.
Fifty cells were analysed for each experiment (n = 3). (B) Before UV irradiation, cells were preincubated with 5pM thymidine or four
deoxynucleosides in 0.1% dialysed serum for 8 h. After recovery with or without 5uM deoxynucleosides, cells were fixed for y-H2AX IF staining
analysis (Scale bar, 10 pm). Fluorescence intensity was expressed relative to that in LacZ control cells recovered without thymidine supplement. Fifty
cells were analysed for each experiment (n = 3). Insets indicate Hoechst33342 staining of the corresponding cells. (C) At 2-h recovery, cells recovered
with or without thymidine were subjected to alkaline comet assay. Fifty cells were analysed for each experiment (n = 3). RT-PCR of RNA extracted
from indicated cells were shown. *P <0.05, **P <0.01, ***P <0.001 based on Student’s z-test.

cells, either addition of four deoxynucleosides or thymi-
dine alone had any rescue effect (Figure 3B). The comet
tail moment analysis also showed that addition of thymi-
dine diminished DNA breaks in the nuclear genome of
control cells, while TK2 knock-down cells had higher
tail moment value regardless of exogenous addition of
thymidine (Figure 3C). Thus, in case of whole-cell UV
irradiation, thymidylate synthesis via TK2 also enhances
the repair, thereby decreasing y-H2AX foci formation.
Despite the differences in repair efficiency, we noticed
that y-H2AX foci eventually disappeared after recovery
for 24h in TK2 knock-down cells (Figure 3A). Given
the low dNTP levels in quiescent cells, we speculated
that gaps generated from DNA lesion excision during
NER might be converted to double-strand breaks
(DSBs), which can be repaired by non-homologous end
joining (NHEJ) (32), a DSB repair process requires much
less ANTP incorporation and mainly takes place in G1 and

GO phase (32). Therefore, we then measured DNA DSBs
by assessing foci formation of 53BP1, which binds histone
H4 with Lys20 dimethylation at the DSB site to promote
NHEJ (33,34), and neutral comet assay (35,36). After
whole-cell irradiation, 53BP1 foci were increased and
reached maximum at 12h in both control and TK2
knock-down cells; however, a significant increase in the
number of 53BP1 foci in TK2 knock-down cells was
observed during recovery (Figure 4A). Neutral comet
assay showed higher tail moment value in TK2 knock-
down cells as compared with the controls after 12h of
recovery, indicating the presence of higher levels of
DSBs in TK2 knock-down cells (Figure 4B). It is note-
worthy that the timing for maximum levels of y-H2AX
and 53BPI1 foci was different, highest at 4 and 12h, re-
spectively, in TK2 knock-down cells (Figure 4C). At 4h,
most of y-H2AX foci were not colocalized with 53BP1
foci. At 12h, the intensity and size of y-H2AX foci
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Figure 4. Analysis of DNA DSBs during recovery from UV irradiation in quiescent control and TK2 knock-down cells. LacZ control and TK2
knock-down cells were serum deprived for 10 days. After 10J/M?* whole-cell UV irradiation and recovery at the indicated time, cells were (A) fixed
for 53BP1 IF staining (Scale bar, 10 um) and (B) analysed by neutral comet assay. Each cell containing 53BP1 foci > 30 was counted and expressed as
percentage. More than 100 cells were analysed for each 53BP1 foci experiment (7 = 3) and 50 cells for each comet assay (n = 3). (C) Co-IF staining
of 53BPl and y-H2AX was performed at the indicated recovery time in TK2 knock-down cells (Scale bar, 10pum). (D) At 12-h recovery, 5pM
NU7441 was added in the culture medium. Cells were fixed for 53BP1 IF staining at indicated time and analysed as described in (A) (Scale bar,
10 pm). RT-PCR of RNA extracted from indicated cells was shown. *P <0.05, **P <0.01, ***P <0.001 based on Student’s ¢-test.

became much weaker and smaller, but colocalized with
prominent 53BP1 foci (Figure 4C). It is possible that
certain amounts of early-induced SSB gaps due to ineffi-
cient gap-filling were turned to secondary DSBs later
during the recovery process and these lesions signaled
53BP1 recruitment. Nevertheless, both y-H2AX and
53BP1 foci eventually diminished after 24 h of recovery.
To investigate whether NHEJ process is involved in the
repair of these DSBs, cells at 12 h after recovery from UV

irradiation were treated with NU7441, an inhibitor of
DNA-dependent protein kinase (DNA-PK) that is
required for NHEJ (Figure 4D). The results showed that
inhibition of NHEJ sustained 53BP1 foci in TK2 knock-
down cells at 24h of recovery. In conclusion, in TK2
knock-down cells, DSBs are generated in the late stage
during recovery from UV damage and NHEJ is involved
in the repair of nuclear genome.
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Figure. 5. The correlation of the efficiency of NER during the quiescent state with the occurrence of genome stress through re-entry of cell cycle
progression. Control and TK2 knock-down cells were serum deprived for 2 days before 10J/M?> UV irradiation. After 24-h recovery without serum,
fresh medium containing 10% serum was added to stimulate the cell cycle entry. (A) S phase cell percentage at indicated time was analysed by EAU
incorporation. The percentages of EAdU positive cells were determined by counting >200 cells in each experiment (n = 3). (B) After 48-h serum
stimulation, cell growth was determined by WST1 reagent. (C) These cells were fixed for 53BP1 and cyclin A IF staining (Scale bar, 10 pm). Each cell
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experiment (n = 3) (D) Cells serum-deprived for 2 days were supplemented with 5puM thymidine for 8 h and during recovery from UV-irradiation.
After 24 h, cells were serum stimulated for 48 h and fixed for 53BP1 and cyclin A IF staining analysis for quantification as described above (Scale bar,
10 um). RT-PCR of RNA extracted from indicated cells were shown. *P <0.05, **P <0.01, ***P <0.001 based on Student’s t-test.

Cell cycle progression significantly increases S3BP1
nuclear bodies in TK2-deficient cells that have recovered
from UV damage in the quiescent state

Next, we asked the question whether the alteration of
DNA repair by TK2 deficiency in the quiescent state
could affect cell cycle progression. As 2 days of serum

deprivation already affected NER efficiency, we refreshed
these cells with medium containing 10% serum to stimu-
late cell cycle progression. S phase entry was revealed by
EdU (5-ethynyl-2’-deoxyuridine) incorporation.
Regardless of UV irradiation in the quiescent state,
control and TK2 knock-down cells were similar in the
percentage of S phase cells, reaching maximum at 24h
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after serum stimulation (Figure 5A). This indicates that
the repair of nuclear genome in these quiescent cells
permitted normal re-entry of cell cycle progression.
Control and TK2 knock-down cells that had not been
UV-irradiated in quiescent state showed no difference in
cell growth following serum stimulation for 2 days.
However, for those cells that had experienced UV
damage in quiescent state, TK2 knock-down caused
40% reduction in growth as compared with the control
cells (Figure 5B). This reduction did not seem to result
from apoptosis because both control and TK2 knock-
down cells were negative in annexin-V staining regardless
of UV irradiation (Supplementary Figure S3A), nor did
these cells have difference in mitochondrial membrane po-
tential as revealed by similar intensity of red fluorescence
of aggregated JC1 dye in mitochondria (Supplementary
Figure S3B).

It has been reported that low dose of aphidicolin treat-
ment causes replication stress, which leads to the forma-
tion of 53BP1 nuclear bodies in the G1 phase cells in the
successive cell cycle (37,38). It was proposed that DNA
lesions, such as fragile sites originated from replication
stress, are transmitted through M phase, and 53BP1
nuclear body has a function in shielding these DNA
lesions from resection. Along this line of replication
stress evidence, we then measured the formation of
53BP1 nuclear body formation in serum-stimulated cells
that had UV damage and repair in the quiescent state.
After 48h of serum stimulation, cells presumably
completed at least one turn of cell cycle progression. The
number of 53BP1 nuclear bodies in G1 cells, which were
indicated by negative in cyclin A IF staining, was signifi-
cantly increased (Figure 5C). We observed that there were
only a few 53BPI nuclear bodies present in these cells
before serum stimulation and therefore, the increase in
53BP1 nuclear body was a result of the cell cycle progres-
sion. In TK2 knock-down cells, the number of 53BP1
nuclear bodies was two times higher than that in control
cells that had been UV-irradiated in the quiescent state
(Figure 5C). Similar results were also obtained in cells
with 10 days of serum deprivation (Supplementary
Figure S4). Addition of thymidine in the culture medium
during recovery from damage before serum stimulation
consistently decreased 53BP1 nuclear bodies formation
after cell cycle re-entry in control but not TK2 knock-
down cells (Figure 5D). Thus, mitochondrial thymidylate
synthesis via TK2 has a profound influence on the quality
of repairing UV damage in the nuclear genome of the
quiescent cells. The alteration of DNA repair in quiescent
state due to TK?2 deficiency confers nuclear genome stress
during re-stimulation of cell cycle progression.

DISCUSSION

The importance of TK2 in life has been highlighted by the
association of TK2 mutations with mtDNA depletion in
humans (20) and in either TK2 knockout or mutated TK2
knock-in mice (39,40). In this study, our result adds
another potential role of TK2-mediated dTTP formation
in facilitating NER in nuclear genome of the cells in the
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quiescent state. Despite the delayed repair by TK2 defi-
ciency, these quiescent cells are capable of recovering from
UV damage to re-enter the cell cycle in response to serum
stimulation. However, after the subsequent cell-cycle pro-
gression, cells deficient of TK2 exhibit the nuclear genome
stress. Thus, salvage synthesis of thymidylate in the mito-
chondrial compartment of the quiescent fibroblast has a
functional contribution to protect the integrity of nuclear
genome from UV damage.

Among four dNTP pools, the size of dTTP pool is
reduced the most during serum deprivation. Possibly,
this is because quiescent cells still contain RNR
composed of p53R2 and R1 for the other three dNTPs
formation, while the lack of TS in the quiescent state limits
dTTP formation via the de novo pathway. Hakansson
et al. have shown that inhibition of RNR in elutriated
GO0/G1-synchronized Balb/3T3 cells dramatically reduces
levels of dATP and dGTP pools, but not dTTP or dCTP
(15). Pontarin et al. also found the level of dTTP pool
unchanged in quiescent human lung fibroblast with
hydroxyurea treatment (13). A recent study has further
shown similar dTTP pool in wild type and p53R2
misssense mutant quiescent fibroblasts (16,41). These
reports consistently indicate that the de novo pathway
via RNR does not contribute to the major dTTP supply
in the quiescent cells and suggest the importance of the
salvage synthesis via TK2. In accordance, we showed that
exogenous addition of thymidine increased the cellular
level of dTTP in quiescent cells dependent on TK2.

It has been demonstrated that the amount of excised
(64) photoproduct oligomer released from genome after
UV irradiation in human cells was rapidly increased in
30 min and reached maximum in 1h post-UV irradiation
followed by abrupt decline in 4h, while the amount of
excised CPD was slowly increased in 4h and stayed
steadily in 8 h post-UV irradiation (42,43). Consistently,
we observed that the rate of (6-4) photoproduct removal
was much faster than that of CPD removal during
recovery. Accordingly, the prominent PCNA staining at
the micro-irradiated site in 1h post-UV indicates DNA
polymerization in the gap resulting from (6-4) photoprod-
uct excision. The slower CPD removal might limit the gap
generation for observing such PCNA foci. NER demands
24-32 dNTPs incorporation for filling each DNA repair
patch. Therefore, this gap-filling process in quiescent cells
needs dTTP supplied from TK2 reaction. In this study, we
compared the effect of adding four deoxynucleosides and
thymidine alone in the medium of quiescent cells on the
gap-filling step. The rescue effects appeared to be similar,
indicating that dTTP formation is the limiting factor for
the gap-filling step in quiescent cells. The lack of rescue
effect by thymidine supplement in TK2 knock-down cells
confirmed the functional contribution of TK2 in the mito-
chondrial compartment to facilitating NER in nuclear
genome of resting cells. It has been reported that thymi-
dine mono-, di- and tri-phosphate are exported from
mitochondria in in vitro experiments, and dTDP was
indicated as the main phosphorylation state of thymidine
for export (44). Therefore, dTTP in the mitochondrial and
nuclear compartments are exchangeable (45). Our findings
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suggest that this exchangeable process benefits nuclear
genome repair in the quiescent state.

It has been shown that the reduction in the levels of
PCNA and DNA polymerase 6 and ¢ in quiescent cells
delays the gap-filling step, in turn initiating ATR-depend-
ent y-H2AX formation (30). In this study, we found that
the exogenous addition of thymidine significantly
promoted the repair and decreased y-H2AX foci after
whole-cell UV irradiation. Considering that addition of
thymidine should not affect the expression level of these
proteins in the gap-filling step, our data clearly indicate
that the increase in dTTP supply via TK2 in quiescent cells
is sufficient to enhance the rate of gap-filling step in NER,
thereby reducing SSB-induced vy-H2AX formation.
However, it should be emphasized that TK2 deficiency
did increase DSBs formation as revealed by the appear-
ance of prominent 53BP1 foci and the increase in the
comet tail moment by the neutral comet assay during
the late stage of recovery from UV damage. Herein, we
proposed that lack of dTTP supply in quiescent TK2
knock-down cells leads to incomplete gap-filling in SSBs,
which could be converted to secondary DSBs.

The fact that the prominent 53BP1 foci induced by UV
damage disappeared after 24 h of recovery indicates that
these TK2 knock-down cells are capable of eliminating the
DNA damage response (DDR) signals. Two possible
mechanisms might be involved. One is the NER with
dNTP misincoporation in the place of dTTP. Three
DNA polymerases Pole, Pold and Polk were reported to
participate in DNA gap-filling process of NER. Of note,
DNA Polk, with low fidelity and processivity, is the poly-
merase for NER in quiescent cells with low dNTP pools
(8,9). If so, the probability of misincorporation in NER in
TK2 knock-down cells is higher. Alternatively, the unfilled
gaps are turned to DSBs that are repaired by NHEJ, a
process that requires few deoxynucleotides but is error-
prone (46). Our data showing that NHEJ inhibition sus-
tained 53BP1 foci in quiescent TK2-deficient cells support
this possibility. Therefore, the lack of dTTP supply via
TK2 in quiescent cells causes inefficient gap-filling in
SSB patches, resulting in DSBs that are repaired
through NHEJ.

Finally, we addressed the question whether either erro-
neous NER or NHEJ repair in quiescent TK2-deficient
cells could lead to generation of nuclear genome scars.
After stimulation of cell cycle re-entry, we found that
53BPI1 nuclear body was significantly increased in the
TK2-deficient cells in the next G1 phase of the cell cycle
progression. Given that 53BP1 nuclear bodies in the Gl
phase cells have been considered as markers of genome
aberration resulting from replication stress, our results
implied that the nuclear genome stress has been induced
due to aberrant repair of UV damage in the quiescence
state. A previous report has demonstrated that depletion
of mtDNA decreases dTTP pool accompanied by chromo-
some instability in human cell lines (47). Given the central
role of mitochondria in energy metabolism and cellular
fate, it was unclear whether chromosome stability in the
long-term culture of mitochondria-deficient cells is solely
due to the decrease in the dTTP pool. Our findings in this
study provide a more specific evidence for the contribution

of dTTP synthesis via mitochondrial TK?2 in the quiescent
state to the quality repair of NER, thus reducing the
genome scars transmitted through the cell cycle progres-
sion. Several recent reports have shown that ANTP defi-
ciency leads to replication stress and chromosome
instability by oncogene expression, which can be rescued
by addition of four deoxynucleosides in proliferating cells,
indicating that the dNTPs from salvage pathway prevents
genome stress (48,49). Our findings, on the other hand,
illuminate the role of mitochondrial thymidylate synthesis
via TK2 in the quiescent state for the maintenance of
nuclear genome integrity, and suggest the importance of
keeping optimal supply of thymidine in the cells that are
temporally arrested in the quiescent state to ensure the
quality of gap-filling step in NER.
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