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Abstract Thymidine kinase catalyzes the first step in the
nucleotide salvage pathway by transferring a phosphate
group to a thymidine molecule. In mammals thymidine
kinase supplies deoxyribonucleotides for DNA replication
and DNA repair, and the expression of the gene is tightly
regulated during the cell cycle. Although this gene is phylo-
genetically conserved in many taxa, its physiological func-
tion in plants remains unknown. The genome of the model
plant Arabidopsis thaliana has two thymidine kinase genes
(AtTKla and AfTKI1b) and microarray data suggest they
might have redundant roles. In this study we analyzed the
TKla function by evaluating its expression pattern during
development and in response to genotoxic stress. We also
studied its role in DNA repair by the characterization of a
mutant that contained the T-DNA insertion in the promoter
region of the 7K/a gene. We found that TK/a is expressed
in most tissues during plant development and it was differ-
entially induced by ultraviolet-C radiation because TKIb
expression was unaffected. In the mutant, the T-DNA inser-
tion caused a 40 % rise in transcript levels and enzyme activ-
ity in Arabidopsis seedlings compared to wild-type plants.
This elevation was enough to confer tolerance to ultravio-
let-C irradiation in dark conditions, as determined by root
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growth, and meristem length and structure. 7K/a overex-
pression also provided tolerance to genotoxins that induce
double-strand break. Our results suggest that thymidine
kinase contributes to several DNA repair pathways by pro-
viding deoxythymidine triphosphate that serve as precursors
for DNA repair and to balance deoxyribonucleotides pools.

Keywords Thymidine kinase - Nucleotide metabolism -
UVC tolerance - DNA damage - DNA repair

Introduction

The plant genome is constantly subjected to endogenous
and environmental genotoxic stress. Reactive oxygen spe-
cies (ROS) damage DNA through several mechanisms
and are generated by physiological events such as respira-
tion and photosynthesis. Besides ozone, low-level ionizing
radiation and ultraviolet (UV) light provide additional ROS
(Roldén-Arjona and Ariza 2009). Because of their sessile
lifestyle plants are continually exposed to the UV-B radia-
tion (290-320 nm) from sunlight that causes the formation
of cyclobutane pyrimidine dimers (CPDs) and pyrimidine
(6-4) pyrimidinone dimers (6-4PPs) in the DNA double
strand. Such modification inhibits DNA and RNA synthe-
sis and, if they go unrepaired, mutations occur (Tuteja et al.
2009). Therefore, several DNA repair mechanisms oper-
ate to contend with this and other types of genotoxic stress
(Britt 2002; Hays 2002).

Most DNA repair mechanisms include an excision step in
which the damaged DNA strand is removed and new DNA
fills the gap. The efficiency of these mechanisms depends
on DNA synthesis, thus the levels of its monomeric units
(deoxyribonucleotides; dNTPs) are crucial for adequate
repair and genome stability. When DNA is damaged, an
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increase in the levels of the four ANTPs occurs, indicating a
close relationship between the regulation of ANTP synthesis
and DNA repair response (Tuteja et al. 2009). Imbalances
in dNTPs pools facilitate nucleotide misincorporation dur-
ing the excision repair synthesis thus facilitating mutations
(Kunz et al. 1994). The dNTPs might derive from simple
molecules—via de novo pathway—or from preformed pre-
cursors through the salvage pathway (Kafer et al. 2004).
The synthesis of a pyrimidine deoxiribonucleotide requires
nine enzymatic steps, from glutamine and HCO;™ to yield
cytidine triphosphate (CTP). While the de novo pathway
involves multiple enzymatic steps to generate a dNTP, the
salvage pathway only needs three reactions to produce a
new dNTP; this pathway recycles the nucleosides and free
bases derived from the intracellular degradation of the DNA
and RNA nucleotides. For example, pyrimidine nucleo-
sides—uridine/cytidine and thymidine—are phosphorylated
by specific nucleoside kinases (Moffatt and Ashihara 2002;
Stasolla et al. 2003; Zrenner et al. 2006).

In the salvage pathway, thymidine kinase (TK) cata-
lyzes the first step by transferring a phosphate group to a
thymidine molecule. In mammals, TK contributes with
the dNTPs pools for DNA replication and DNA repair,
and the expression of the gene is tightly regulated during
the cell cycle (Gasparri et al. 2009). Although plant cells
also contain the gene for TK, its physiological function is
unknown. In Oryza sativa, TKI1 gene expression is inde-
pendent of cell-cycle regulation as the transcript is present
in all developmental stages, and it is even more abundant in
non-proliferating tissues (Ullah et al. 1999). In Hevea bra-
siliensis, the rubber tree, up-regulation of the 7K/ gene is
closely associated with resistance to mechanical wounding
(Venkatachalam et al. 2010). Arabidopsis thaliana genome
contains two genes—ArTKla and A:TKIb—that encode
for enzymes with TK activity and share a 63 % similarity.
While mutants for each 7K1 gene show normal growth, the
double mutant develops poorly and plantlets die at an early
stage, indicating that the function of TKI1 is essential for
plant development (Clausen et al. 2012).

Here, we aimed to study the function of AtTKla by
evaluating its expression pattern during development and in
response to UV radiation and other genotoxic agents. We
also characterized a T-DNA insertion mutant that overex-
presses the TKla gene and compare its response to geno-
toxic stress with wild-type plants.

Methods
Plant material and growth conditions

Arabidopsis thaliana ecotype Columbia (Col-0) was
used as the wild-type plant throughout this study. The
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SALK_037113 mutant was provided by the Arabidopsis
Biological Resource Center. Seeds were surface disinfected
with a solution containing 5 % sodium hypochlorite and
0.1 % Tween-20, for 15 min and rinsed four times with ster-
ile water and stratified at 4 °C for 2 days. Seeds were sown
on Petri plates containing GB-5 agar media (Gamborg’s
B-5 Basal Medium Sigma-Aldrich Co.) supplemented
with 2 % sucrose and transferred to a growth chamber at
22 £ 0.5 °C. Light was supplied by cool white fluorescent
bulbs in a photoperiod of 8 h light (125 jmol/m?%s), and
16 h dark. Plantlets were grown in a 3:1:1 mixture of Sun-
shine mix #3 (SunGro), agrolite and vermiculite.

Genotoxic treatments

Seeds were grown in vertically-oriented plates containing
GB-5 agar media. The position of the root tips of 4-day-
old seedlings were marked before the treatment with UV-C
irradiation. The seedlings were irradiated for 6 min with
10 J/m?%/s—determined with a IL1700 Research Radiom-
eter—(International Light Technologies) of UV-C light
(254 nm) using a UV lamp (Model UVGL-25, UVP),
and then the plates were incubated under dark conditions
for 3 days to prevent photoreactivation. New primary
root growth was measured. Furthermore, to measure the
length of root meristem, seedling roots were stained with
a lugol solution for 2 min, and then clarified with a chlo-
ral hydrate solution (80 % chloral hydrate and 10 % glyc-
erol). Roots were observed under Olympus CH30 optic
microscope in the 10x objective equipped with a Moticam
1000. Images were analyzed using the Moticam Images
Plus 2.0 software. Roots of untreated controls and UVC-
irradiated seedlings were also stained with a propidium
iodide (PI) solution (5 pg/mL) for 1 min before imaging
under an Olympus FV1000 confocal microscope. PI was
excited using a 543 nm laser and emission light was col-
lected through a long-pass 560 nm filter. Green fluorescent
protein (GFP) fluorescence was analyzed using 488 nm
and 505-545 nm as excitation and emission wavelengths
respectively. Images were captured with the 40x objective
and GFP/propidium iodide images were overlapped.

To evaluate the tolerance to genotoxic agents, Arabidpo-
sis seeds were sown in GB-5 agar media supplemented with
10 uM zeocin (ZEO) or 15-25 wM mitomycin C(MMC)
and the plates were incubated for 5 days at 4 °C in dark. To
evaluate the effects of these genotoxins, we recorded the fresh
weight of 17-day-old plantlets exposed to ZEO and the root
length of 3-day-old seedlings growing in presence of MMC.

DNA damage analysis

The levels of pyrimidine dimers generated by UVC radia-
tion and the degree of repaired DNA was quantified by
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ELISA using the TDM-2 and 64M-2 monoclonal anti-
bodies (Cosmo Bio Co. LTD Japan), which recognize
CPDs and 6-4PPs, respectively. We followed the protocol
recommended by the manufacturer. Rosette leaves were
immersed in water through the peciole in 24-well plates
and irradiated with UV-C, and then incubated under dark
conditions. Samples were harvested at different time inter-
vals after irradiation. Genomic DNA was extracted using
the DNeasy plant mini kit (Qiagen). DNA concentration
was determined by measuring the absorbance at 260 nm
in a Nanodrop spectrophotometer. A 50 wL aliquot of the
extracted DNA sample (at a final concentration of 0.2 ng/uLL
for CPDs and 0.5 ng/uL for 6,4-PPs) was used in each well.
CPDs and 6-4PPs were detected at 492 nm in an Epoch,
Bio Tek ELISA plate reader. For each sample, the mean
value of four replica wells was calculated and the back-
ground was subtracted.

Promoter activity

A fragment of 1,080 bp from AtTKIa gene, compris-
ing nucleotides —1,077 to 43 with respect to the ATG
initiation codon, was amplified by PCR from genomic
DNA using specific primers (AtTK1aF/R, Supplemen-
tary Table 1), and cloned into the pGEM-T Easy (Pro-
mega Corp. WI). This plasmid was used as template for
amplification using a primer set with atfB extensions
(TK1a/attB1 and TKla/attB2, Suppl Table 1). After-
ward the atrB sequences were completed with a sec-
ond PCR with primers attB1 and attB2. The DNA frag-
ment flanked by the a#fB sequences was cloned in the
pDONR221 vector by BP-reaction according to manu-
facturer’s instructions to generate the entry clone (Inv-
itrogen). The promoter fragment from AtTKIa was sub-
sequently subcloned into the Gateway destination vector
pMDCI163 using a conventional LR clonase reaction to
yield the pMDCI163/promTKIa::GUS construct. This
vector was introduced into Agrobacterium tumefaciens
strain PGV2260/C58 and transformed bacteria were used
to obtain transgenic Arabidopsis plants by the floral-dip
method (Clough and Bent 1998). The same strategy was
employed to isolate and clone a 1,086-bp fragment of
the AfTK1b gene promoter using the AtTK1bF/R primers
(Suppl. Table 1).

To select promTKlIa/b::GUS transgenic plants, seeds
were grown on plates containing GB-5 agar media sup-
plemented with hygromycin (15 pg/mL). T2 seeds from
transgenic lines exhibiting 3:1 segregation for hygro-
mycin resistance were selected and T3-independent
homozygous lines exhibiting 100 % hygromycin resist-
ance were recovered. T3 and T4 plants were used to ana-
lyze B-glucuronidase (GUS) activity in three independ-
ent lines. A similar strategy was employed to obtain

promTKla::GFP transgenic plants but the pPGWB4 plasmid
was employed.

GUS activity was detected by histochemical staining
following the procedure of Jefferson et al. (1987). Tissues
were immersed in GUS staining buffer (100 mM sodium
phosphate, pH 7.0, Tween 20 0.1 %, and 0.5 mg/mL of
5-bromo-4-chloro-3-indolyl-B-p-glucuronide substrate pre-
dissolved in 0.5 % N-dimethylformamide), and incubated
for approximately 16 h at 37 °C. The staining solution was
removed and the samples were clarified in absolute ethanol
to remove chlorophyll.

TK1 activity measurement

Soluble proteins were extracted from 7-day-old seedlings.
Following grinding in liquid nitrogen, plant tissue samples
were homogenized in protein extraction buffer (70 mM Tris
pH 7.5, 1 mM MgCl,, 25 mM KCl, 5 mM Na,EDTA 2H,0
pH 8.0, 0.25 mM sucrose, 15 mM B-mercaptoethanol,
0.1 % Triton x-100, protease inhibitor cocktail, Complete
Mini, Roche). The homogenized tissue was kept on ice all
the time and centrifuged at 16,200x g for 30 min to obtain
the cytosolic soluble fraction. Total protein was quantified
according to Bradford (1976) using the Bio-Rad Protein
Assay reagent (Bio-Rad Laboratories, Inc.).

TK enzymatic activity was determined following the
protocol reported by Wolcott and Colacino (1989). The
reaction mixture for this assay was prepared with 500 pL
of reaction buffer (100 mM Tris, 10 mM MgCl,, 10 mM
NaF, 10 mM ATP, 2 mM B-mercaptoethanol), 2 pM thymi-
dine (0.75 pM of [methyl->H]-thymidine and 1.25 uM of
thymidine), 150 g of soluble protein extract, and deion-
ized water to complete 1,000 L. The reaction mixture was
incubated at 37 °C for 90 min. At the end of the incuba-
tion time, 200 wL of the reaction mixture was mixed with
I mL of precipitation solution (100 mM LaCl;; 5 mM
triethanolamine), and centrifuged for 10 min at 2,000x g;
this step was repeated twice. The precipitate was dissolved
in 300 pL of 0.05 N HCI and 3 mL of Bray scintillation
liquid. Total cpm were recorded in a Beckman LS 6000IC
scintillation counter and specific activity was calculated.

Semi-quantitative RT-PCR and RT-qPCR

Total RNA was isolated from approximately 200 mg of
7-day-old seedlings or adult rosette leaves using the TRI-
zol reagent (Invitrogen) according to the manufacturer’s
instructions. Quality and quantity of isolated RNA was
assessed by denaturing gel electrophoresis and spectro-
photometric analysis respectively. Reverse transcrip-
tion was performed with 1 pg of RNA in 25 pL using
ImProm-II reverse transcriptase (Promega) and 2.5 uM
oligo-dT. For each PCR 1 pL cDNA was used as template
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for the reaction with gene-specific primers of AtTKIa
(At3TK1F/R) and AtTKIb (AtSTKI1F/R). The AtAPTI
gene was used as control (primers AtAPTIF/R, Suppl.
table 1). To detect relative differences in transcript levels,
the number of cycles needed to reach an exponential accu-
mulation of the amplicon was determined for each gene.
PCR products were separated on 2 % (w/v) agarose gels
and the intensities of ethidium bromide-stained bands
were determined using Carestream 5.0 software. Band
intensities of TKIa and TK1b were corrected according to
the relative quantity of AtfAPT1 product.

Real time RT-PCR was carried out using the 7500
DNA analyzer (Applied Biosystems, Foster, CA). A spe-
cific primer set were designed to amplify a cDNA frag-
ment of AtTKIla and AtTK1b gene respectively (At3TKI1F/
At3TKIR and AtSTKI1Fq/At5TKIRq primers, Suppl.
table 1). Standard curves were generated from duplicated
series of five DNA template dilutions to test PCR efficien-
cies. To verify amplification specificity, melting curves
were determined and end-point PCR carried out. The PCR
was performed with 2 pL of cDNA, 0.15 pM of each
primer, 10 uL SYBR® Green PCR master mix (Applied
Biosystems) in 20 wL. The cycling parameters were as
follows: one cycle of 50 °C for 2 min, 95 °C for 10 min,
followed by 40 cycles at 95 °C for 15 s, and 60 °C for
1 min, The AtAPTI gene transcript was used as internal
control (Santiago et al. 2008), amplified with the primers
AtAPT1Fq and AtAPT1Rq. Transcript levels were quanti-
fied using the comparative method known as 2~44€ (Livak
and Schmittgen 2001). The software used for quantitative
RT-PCR analysis was ABI PRISM 7000SDS.

Statistical analysis

All experiments were repeated at least three times. Results
are shown as mean =+ standard deviation. Data were com-
pared by Student’s t test. P values of 0.05 or less were con-
sidered to be statistically significant.

Results
AtTK]1 is ubiquitously expressed during plant development

Arabidopsis thaliana contains two potential genes—
At3g07800 and At5g23070—coding TK, designated
AtTKla and AtTKI1b, respectively (Clausen et al. 2012).
According to Genevestigator (www.genevestigator.com/
gv/plant.jsp; Hruz et al. 2008) database, both genes have a
ubiquitous expression during plant development, from seed
germination to flower maturity (Suppl. Table 2). However,
in all tissues transcript levels of AtTKla are higher than
those of AtTKI1b. To corroborate this expression pattern

@ Springer

of TKla, we detected GUS activity in transgenic plants
containing the A¢tTKIa promoter—-GUS gene fusion. Dur-
ing normal conditions, we observed a strong staining at
the early stages of germination upon testa rupture (Fig. 1a)
and throughout seedling development; high GUS activ-
ity was detected in the cotyledons and foliar primordium
(Fig. 1b). In young leaves, foci of GUS activity were noted
in the trichomes (Fig. lc, e). In 2-day old seedlings GUS
activity was high in almost every organ except the root
meristem (Fig. 1f, h); this was also the case in the second-
ary root primordium (Fig. 1d, g). Stems showed low GUS
staining (Fig. 1i). In reproductive organs, intense GUS
was revealed in stigma, petals (Fig. 11) anthers and pollen
(Fig. 1m). In developing siliques, GUS activity was found
only in the pedicel (Fig. 1j) and the septum (Fig. 1n). The
AtTKI1a promoter also drove GUS expression in the vas-
culature of the rosette leaves (Fig. 1p) as well as in the
pedicel and base (Fig. 10). All together, these results point
out that AtTKlIa is expressed ubiquitously in Arabidopsis
and are consistent with Genevestigator database (Suppl.
Table 2).

AtTK1a and AfTK1b are differentially expressed
upon UV-C radiation treatment

Since UV radiation is the main genotoxin at which plants
are constantly exposed, we tested whether AfTKla and
AtTKI1b were induced by such insult and found that in
7-day-old seedlings irradiated with UV-C light, only
AtTKla expression was induced (Fig. 2a). Quantitative
RT-PCR analysis showed a three-fold induction of AtTKIa
at 3 h post-irradiation (hpi) and a 5.5-fold increase at
12 hpi. In contrast, transcript levels of AtTKIb remained
unchanged during this time course (Fig. 2b). Transgenic
plants expressing promoter—GUS fusions for both genes
confirmed these results; seedlings that contained the
AtTKla promoter displayed a strong induction of GUS
activity in the roots, also present in the root apical meris-
tem (Fig. 2c), whereas in AfTKIb remained unchanged
(Supplementary Figure 1).

T-DNA insertion in SALK 037113 line caused
overexpression of Ar7TK1a gene

To study the role of AtTKIa in the plant response to UV
radiation we searched the ABRC database and at the time
this study was performed only a few mutants containing a
T-DNA within an intron, were identified. A distinct type
of mutant, SALK_037113 line (Fig. 3a), that contains an
insertion in the 5’- region, 312-bp upstream of the start
codon (Fig. 3b), was available as well, so we decided to
further characterize it. The promoter region contains vari-
ous potential regulatory elements, among them a putative
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Fig. 1 Histochemical localization of GUS activity directed by the
AtTKIa promoter in transgenic A. thaliana. a Radicle protrusion at
48 h post-imbibition. b Cotyledons (ct) and leaf primordium (Ip)
in 7-day-old seedlings. ¢ Stipule (st) in leaf primordium. d Lateral
root primordium (Irp). e Leaf trichome (It). f Two-day old seedling.

E2F binding site (TTTGGCCC) in the reverse strand at
635-bp upstream of the ATG codon. We found that the
insertion affected gene expression, as AtTKla transcript
levels in 7-day old seedlings were 40 % higher than in
wild-type plantlets (Fig. 3c). Raise in gene expression was
also reflected in enzyme activity; the seedlings showed
65 % higher TK specific activity (Fig. 3d). In adult plants

g Lateral root. h Root vascular tissue (vt), and meristem (m) depicted
by arrows. i Stem. j Developing siliques. k Dry, empty siliques. 1
Anthers and gynoecium in mature flowers. m Anther full of pollen
(p)- n Siliques depicting the septum (se). o Caulinar leaf depicting the
hydathode (hy). p Rosette leaf

the difference in transcript level between this insertion
mutant and wild-type plants was exacerbated as the former
contained up to 2.5-fold higher levels than Col (Supple-
mentary Fig. 2). Because the T-DNA insertion in the pro-
moter region of the TK/a gene lead to higher transcript
levels, we named this line over-expression tkla (oetkla)
mutant.

@ Springer
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Fig. 2 Differential response of AtTKla and AtTKI1b genes to UV-C
radiation. a AfTKIa and AtTK1b transcript levels evaluated by end-
point RT-PCR in Arabidopsis seedlings before and 3, 6 and 12 after
UV-C radiation. b AtTK1a and AtTK1b transcript levels evaluated by
real-time RT-PCR in Arabidopsis seedlings before and after UV-C
radiation. ¢ GUS activity in the root of prom7K/a::GUS seedlings
before and after UV-C radiation. In all cases, 7-day-old seedlings
were irradiated for 6 min with UV-C light (10 J/m?/s) and sampled at
several time points post-irradiation

AtTK1a overexpression confers tolerance to genotoxic
stress in Arabidopsis seedlings

In order to study the role of TK during DNA repair events,

we submitted wild-type and oetkla plants to various types
of genotoxic stress. Four-days-old seedlings were irradiated
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with UV-C light and incubated under dark conditions to
prevent photoreactivation for 3 days. A 70 % inhibition
in root length was recorded in the wild-type genotype but
only a 40 % reduction was observed in the oetk/a mutant
plants (Fig. 4a, b). When plantlets were grown under a pho-
toperiod regime after UV treatment, improved recovery
was observed due to photolyase activity in both genotypes
but still the oetk/a mutant showed increased tolerance as
only 20 % inhibition occurred in contrast to 50 % reduction
in wild-type seedlings (Supplementary Fig. 3).

Inhibition of root growth by genotoxic stress is asso-
ciated with reduction of meristem length (Adachi et al.
2011). When we analyzed the meristematic zone of the pri-
mary root, we observed a reduction in the length of root
meristem only in wild-type plants irradiated with UV-C
light (Fig. 4c). In fact, wild-type plants showed a 40 %
drop in the meristem length whereas in oetk/a mutants a
minor reduction was recorded (Fig. 4d).

Furthermore, seedling roots were stained with propid-
ium iodide and observed with confocal microscopy. Fig-
ure 4e shows representative images of the roots of irradi-
ated and non-irradiated wild-type and oetkla seedlings. We
observed that the number of cells in the cortex (16 & 2.5
in Col vs. 19 & 4 in oetkla) and the length (Fig. 4d) of the
area of the meristem of oetkla did not differ in comparison
to its non-irradiated control. In contrast, in the wild-type
roots a reduction of the meristem was observed in irradi-
ated seedlings (Fig. 4d) that correlated with a decrease
in the number of cells in the cortex (9.5 £ 2.3 in Col vs.
14 + 5.6 in oetkla; P < 0.01). Although the T-DNA inser-
tion in the promoter region caused a slight increase in tran-
script level and enzyme activity, it was sufficient to provide
tolerance to UV-C radiation.

Thymidine kinase is readily induced in oetk/a mutant
plants by UV-C

We evaluated whether TKI/a gene was induced by UV-C
in the oetkla mutant in a similar manner as in wild-type
plants. UV-C-irradiated seedlings were kept in the dark and
sampled for RNA extraction. In intact oetkla seedlings,
TKla transcript levels were 35 % higher than in wild-type
seedlings. At 1 hpi, a 100 % elevation of transcript levels
occurred in oetkla seedlings while a 40 % induction was
registered in the wild-type. However, by 3, 6 and 12 hpi
both genotypes showed similar TK/a transcript augmenta-
tion pattern (Fig. 5a). In mutant plants enzymatic activity
was 40 % higher than in wild-type seedlings and upon UV
treatment, a small but significant induction was observed
in both genotypes at 3 hpi. The oerkla seedlings showed
higher enzymatic activity at all times measured (Fig. 5b).
To associate the increase in gene expression and enzyme
activity with DNA repair capacity we irradiated wild-type
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TATCTTTGACARATCTTCTCCAGCAATTTTCTTCCTTGTTCAACTTCTGG
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Fig. 3 T-DNA insertion in the promoter region of the AtTK/a gene
causes overexpression. a Scheme of AtTKla gene. The predicted
AtTK1a open reading frame contains four exons (black bar) and three
introns (zig-zag lines). The T-DNA insert in SALK_037113 (black
triangle) is located in the promoter region of the gene. b T-DNA
insert is positioned 312-bp upstream of the start codon ATG in the
AtTKIa gene. The 5’-UTR is depicted in bold letters. ¢ TKla tran-

and oetkla plants with UV-C light and measured the repair
rates of two photoproducts (CPDs and 6-4PPs). Plant tis-
sue was incubated under dark conditions post-irradiation to
prevent photorepair and evaluate exclusively repair mecha-
nisms that require DNA synthesis. Repair of both photo-
products showed a similar pattern, and the oetk/a mutants
exhibited higher levels of repair than wild-type at each time
point for CPDs reaching up to a 60 % reduction (Fig. 5c).
Dark repair of 6-4 PPs was more efficient in wild-type
plants at 30 min post-irradiation (52 vs. 65 % remaining)
but in oetkla plants a meaningful decline of photoproducts
was recorded at later time-points (Fig. 5d).

AtTK]la is also induced in response to various types
of genotoxic stress

To study the expression and role of AtTKla in response
to other type of genotoxic stress that also require DNA
synthesis, we treated the Arabidopsis genotypes with
MMC, a DNA crosslinker, and ZEO a DNA intercalator.
As it occurred with UV-C radiation, oetk/a mutants were

script levels, quantified by real-time RT-PCR, in wild-type and oetkla
mutant plants. d Thymidine kinase total activity in wild-type and
oetkla mutant plants. For transcript and activity analyses, 7-day-old
seedlings were used. Three independent pools of seedlings for each
genotype were used and the asterisk denotes significant difference
(Student ¢ test; P < 0.05)

more tolerant to these agents. Figure 6a shows Arabidop-
sis seedlings growing in presence of 10 uM ZEO that
caused an important reduction in root growth of the wild-
type plants, whereas growth of the oetkla plants was
barely affected. The genotoxic agent caused a 40 % reduc-
tion in plant biomass, determined by fresh weight, in the
wild-type genotype while only a 14 % decrease occurred
in oetkla mutants (Fig. 6b). Similar to what we observed
with UV-C treatments, transgenic plants expressing the
AtTK1a promoter—GUS fusion revealed that the ArTKIa
gene was strongly induced upon ZEO treatment (Fig. 6c¢).
Likewise, increased tolerance to MMC was observed by
the root length assay; while wild-type seedlings treated
15 wuM MMC showed a 50 % inhibition in root elongation,
oetkla seedlings displayed a 36 % inhibition (P < 0.05).
The oetkla plants grow more vigorously than wild type
plants and the prom7K/a::GUS seedlings showed that a
strong gene induction occurred upon MMC treatment (Sup-
plementary Fig. 4). To study TKIa expression at cell level
we generated transgenic plants expressing the GFP under
TK1a promoter control (promTK1a::GFP) and examine the
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ference (Student ¢ test; P < 0.05;
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roots by confocal microscopy after exposure to genotoxic
stress. Supplementary Figure 5 shows representative confo-
cal images and the propidium iodide overlap of the same
tissue. In the root apex of unexposed control plants, GFP
levels are very low and a slight induction is observed 6 hpi,
but only in the endodermis cell layer. In contrast, treatment
with MMC and ZEO strongly induced TK1a gene expres-
sion as GFP was observed in different cell layers, mainly in
the epidermis layer and the root vascular zone.

Discussion

We found that the TK/a gene is constitutively expressed
during A. thaliana development, and it is induced upon
UV radiation and contributes to DNA repair of pyrimidine
dimers. The T-DNA insertion in the promoter of 7K/a gene
in SALK_037113 caused increased transcription, probably
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by interrupting one or a string of negative regulatory ele-
ments. Elevation in TK activity was associated to increased
tolerance to genotoxic stress, compared to wild-type plants.
TKlIa gene was strongly induced by ZEO—a DNA inter-
calating agent that induces double-strand breaks—, by
MMC—a DNA crosslinker—and by UV-C radiation—
a thymine dimer inducer. Although the lesions caused by
the three agents are repaired by distinct mechanisms, all
require DNA polymerization thus adequate nucleotide lev-
els are needed for accurate DNA synthesis.

Most studies aimed to determine the function of eukar-
yotic TK have been carried out in cultured cells and cell
lines (McKenna and Hickey 1981; Chen et al. 2010) so it
is relevant to explore it in a full organism. In mammals, the
only study with such characteristics was performed with
homozygous knockout (TK1~/7) mice that showed the
enzyme is required for development, as KO animals display
sclerosis of kidney glomeruli and spleen abnormalities.
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Fig. 5 oetkla mutants have a heightened and early response to UV-C
light that contributes to DNA photoproduct repair. a TK/a transcript
levels evaluated by quantitative real-time RT-PCR in wild-type and
oetkla mutant Arabidopsis seedlings before and after UV-C exposure.
b Total TK enzymatic activity determined in wild-type and oetkla
mutant Arabidopsis seedlings before and after UV-C exposure. ¢ CPD

Mice die before 1 year of age (Dobrovolsky et al. 2003).
Arabidopsis insertion mutants for each TK/ gene are unaf-
fected during development. However, the double mutant
seeds germinate and elongate but die at the seedling stage
(Clausen et al. 2012). These results suggest that both pro-
teins catalyze the same reaction and that TK/ is essential
for development.

TKa is ubiquitously expressed during plant development

TK1a promoter—GUS fusions showed that the gene is ubiq-
uitously expressed during plant development and our data
are consistent with the microarray database. We observed
intense GUS staining during the first 24 h post-imbibition
after dormancy break-up, just before radicle protrusion.
This implies high TK/a promoter activity and suggests a
relevant role of the salvage pathway during germination.
During seed germination, nucleotides are required as car-
riers of chemical energy, as components of some enzyme
cofactors and as precursors of nucleic acids synthesis.
This fact implies a strict coordination between the de novo
and salvage pathways to establish the ribonucleotide and
deoxynucleotides pools during seed imbibiton (Stasolla
et al. 2003). During germination, the free bases and nucleo-
sides, released from storage tissues, are transformed into

(B)
2500 - 0Col moetkia
*
2000 1 *
£5 =5 *
T E 1500 4
<L~
&=
23 1000 A
&S 500
0 r . v v
0 1 3 6 12
Time after UV (h)
(D)
100 —e— Col —0—oetkla

[2]

o

o g0 4

3

o 60 1

£

£ 40 4

£

20 -
«
SE) : : : |
0 30 60 90 120

Time {min)

photoproduct repair in wild-type and oetk/a mutant plants after UV-C
irradiation. d Pyrimidine (6-4) dimer photoproduct repair in wild-
type and oetkla mutant plants after UV-C irradiation. For C and D,
data are shown as mean % photoproduct remaining + SD (n = 4).
For each time point the asterisk denotes significant difference (Stu-
dent 7 test; P < 0.05)

nucleotides through the salvage pathway (Moffatt and
Ashihara 2002). For pyrimidine nucleotides, the salvage
pathway contributes during early development before the
de novo pathway takes over (Stasolla et al. 2003).

In dry wheat embryos dNTPs are undetected and dCTP
and TTP levels reach a plateau after 16-20 h of germina-
tion. Likewise, TK activity shows a ten-fold increase at
20 h after water imbibition from the dry embryos (Castro-
viejo et al. 1979). Moreover, in Arabidopsis, the uridine
salvage pathway is required during early plant develop-
ment as uracil phosphoribosyltransferases mutants exhibit
growth retardation, a pale-green to albino phenotype and
flimsy roots with poor branching (Mainguet et al. 2009).
TKIa was also expressed in the root primordium that leads
to lateral root formation. Pyrimidine salvage is required for
primordium formation and in general for organogenesis
(Stasolla et al. 2003).

TKla promoter was also active in reproductive tis-
sues such as anthers and pollen; we found several cis ele-
ments localized in the promoter regions that specifically
regulate gene expression in these tissues. For example
the CArG (AP1) box that is involved in APETALA3 gene
expression in Arabidopsis flowers (Hill et al. 1998), and it
also correlates with an active nucleotide synthesis (Kafer
et al. 2004). TKla promoter activity was also high in
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Fig. 6 Overexpression of TKla also improves tolerance to DNA
intercalating agents. a Zeocin sensitivity of wild-type (Col) and
oetkla mutants. Seeds were sown on GB-5 agar media supplemented
with 10 uM zeocin. b Fresh weight of seedling was determined after
17 days. Results are expressed as the ratio (%) of the fresh weight to
the non-treated wild-type plants. The asterisk denotes significant dif-
ference between the wild-type and the oetk/a mutant (Student ¢ test;
P < 0.05; n = 16). ¢ GUS activity in the root of prom7K/a::GUS
seedlings before and after zeocin exposure. Four-day-old seedlings
were transferred to media containing the genotoxin and sampled for
GUS staining
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trichomes-specialized cells that go through several rounds
of endoreduplication—that have a high nucleotide demand
(Bramsiepe et al. 2010). TK/a promoter activity was absent
during embryogenesis and data are lacking about the role
of the salvage pathway at this stage in other species. During
somatic embryogenesis of Picea glauca, about 80 % of the
nucleotides are synthesized through the de novo pathway
(Stasolla et al. 2003).

TK1a overexpression confers tolerance to genotoxic stress

Since TK1a was induced by UV-C light radiation and by
genotoxins, we examined the phenotype of oetkla seed-
lings subjected to genotoxic stress. We found that the
mutant plants containing the T-DNA insertion in the pro-
moter region were more tolerant to UV-C light under dark
conditions, assessed by root growth, meristem length and
meristem integrity, than the wild-type genotype. By allow-
ing photoreactivation, both genotypes coped better with
stress but still the oetkla line was superior. Likewise,
growth in presence of genotoxins that induce double-
strand breaks was barely affected in the mutant plants.
Although TK!a transcripts increased and TK total activity
was elevated, these parameters were unequal in their mag-
nitude. Such differences between RNA and activity levels
might be due to post-translation regulatory mechanism.
The homodimer of human TK1 has low activity while the
tetramer has high activity. The conversion between these
two forms is reversible and depends on ATP concentration
(Munch-Petersen 2009). Such transition does not occur in
the tomato TK1, (Mutahir et al. 2011), so far the only plant
enzyme studied in this respect. However, other unknown
mechanisms might operate in the regulation of plant TK1
activity.

A rapid increase in dTTP levels in response to DNA
damage must contribute to several DNA repair pathways
that require DNA polymerization and to correct imbalances
in dNTP pools. Mammalian cells lines lacking this enzyme
are hypersensitive to genotoxic stress. Mouse erythroleu-
kaemia cells—TK minus—show heightened sensitivity to
UV radiation (McKenna and Hickey 1981), to genotoxins
(ethyl methane sulfonate, N-methyl-N’-nitrosoguanidine,
MMC, and to gamma irradiation; McKenna et al. 1988)
than wild-type cells. In general, the mutant cells showed
less survival and higher cytogenetic aberrations. Likewise,
rat glioma cells that lack 7K are more sensitive to ioniz-
ing radiation than the wild-type cells. The ability to repair
sublethal DNA damage was associated with TK expression
as introduction of the herpes virus 7K partially restored
tolerance in the mutant cells (Al-Nabulsi et al. 1994).
Because TK1 in humans was characterized as an enzyme
of the G1 and S phases of the cell cycle i.e. proliferative
cells it has been proposed as a biomarker for cancer cells
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that proliferate very rapidly (O’Neill et al. 2001). Indeed,
increased TK1 activity has been found in the serum of
patients with lung cancer (Holdenrieder et al. 2010), and
breast cancer (Nisman et al. 2010). The levels of TK1 activ-
ity in serum has been proposed as a diagnosis and prog-
nosis marker, and the recent discovery of its role in DNA
repair (Chen et al. 2010) suggests that it might be worth
exploring its usefulness as a marker for resistance to radio-
and chemo-therapy. Since TK activity is tightly regulated
it is unlikely that 7K1a overexpression could skew dNTPs
ratios. In fact, the experimental strategies to skew distort
pool ratios by excess of dTTP consist in the exogenous
application of thymidine (10 mM) at high concentrations
(Goncalves et al. 1984).

While photoreactivation contributes in non-proliferative
tissues, NER is the main DNA repair mechanism in meris-
tems (Kimura et al. 2004). Although TK/a showed low lev-
els in the meristem, it was strongly induced when exposed
to genotoxic agents, suggesting a role in DNA repair in
these tissues. In situ expression of 7K/a was analyzed in
promTKla::GFP transformed plants. A weak GFP signal
was recorded in intact plants, but the genotoxins ZEO and
MMC induced a raise of GFP in all cell layers. When the
plants were treated with UV-C, GFP was detected only in
the endodermis. Such differences in expression site and
levels might be due to the levels of damaged DNA caused
by each agent. Transcription profiles show that root mer-
istem and bud are enriched in transcripts from genes of
DNA repair proteins, thus might be specialized organs for
these events (Yadav et al. 2009). Arabidopsis lines with
mutations in the translesion DNA polymerase genes show
highly disorganized cell layers below the quiescent center
(QC) when exposed to UV-B radiation, suggesting the rel-
evance of NER on keeping the integrity of the cell layers
adjacent to the QC (Curtis and Hays 2007). Response to the
genotoxic stress in QC includes a higher rate of cell divi-
sion to replace the damaged and dead cells (Jiang and Feld-
man 2005).

ATTKI genes are differentially expressed in response
to UV-C

We showed a differential transcriptional response of the
two AfTK1 genes when Arabidopsis seedlings were irradi-
ated with UV-C as only TK/a was induced by this repli-
cative stress that causes thymine dimer formation. Because
TKla gene was induced under other types of stress we
hypothesized that it would play a role in providing dTTPs
for DNA excision repair.

In our search for T-DNA insertion mutants to study TK1
function we came across with SALK_037113 line, and
found that the insertion within the first 300 bp upstream of
the start codon lead to the overexpression of the TK/a gene.

This mechanism could be explained either by disruption of
a negatively regulated element or by the introduction of an
element present in the T-DNA sequence that responds posi-
tively (Halliday et al. 1999). In any case, the promoter kept
the functional elements as mutant oetkl/a seedlings pre-
sented a faster response to UV-C than wild-type plants; at 1
hpr, a three-fold increase was observed and it took 3 hpr for
the wild-type genotype to reach comparable mRNA levels.

The TKIa promoter contains a canonical E2F-conserved
element that is also present in several other genes involved
in DNA replication, DNA repair, cell cycle regulation, tran-
scription and stress response (Ramirez-Parra et al. 2003).
This appears to be a functional element as TK/a is induced
15-fold in transgenic Arabidopsis overexpressing the E2Fa
and DPa transcription factors (Vandepoele et al. 2005). The
E2F element in the HsTK1 gene regulates transcription dur-
ing the G1-S transition (Rotheneder et al. 1999), but in plant
cells its function might be wider. In Nicotiana tabacum
E2F participates in the control of ribonucleotide reductase
subunit 1b (RNRI1b), a key enzyme in the de novo synthe-
sis of nucleotides. Through this control, RNRIb is specifi-
cally expressed during the S phase of the cell cycle in mer-
istematic tissue (Chabouté et al. 2002). Other DNA repair
genes such as uracil DNA glycosylase, DNA mismatch
repair protein (MSH6-1) and RADS contain conserved E2F
motifs in their promoters (Vandepoele et al. 2005).

AtTK]Ia is also strongly induced (ten-fold) by treatment
with bleomycin plus MMC, two agents that also induce
double strand breaks (Chen et al. 2003). Mechanisms to per-
ceive damaged DNA are highly conserved in eukaryotic cells
through the ATM and ATR proteins. Both are phosphati-
dylinositol kinase-related proteins that regulate cell response
to a variety of DNA-damaging agents. ATM is activated by
double-strand breaks, while the ATR pathway is triggered by
the presence of single-stranded DNA. Upon y-irradiation,
hundreds of genes are induced and most are dependent on
ATM. AfTKIa belongs to this group as it is strongly induced
(46-fold increase) 1.5 h post-irraditaion in wild-type Arabi-
dopsis plants irradiated with 100 Gy, and the induction
drops to a 2.3-fold in atm mutants. In contrast, the gene is
still induced at similar levels in afr mutant plants (Culligan
et al. 2006). Similar results were obtained by Ricaud et al.
(2007) at 5 h post-irradiation. One of the downstream targets
of ATM is SOG1, a plant-specific transcription factor, whose
pathway and regulation is analogous to the human p53
(Yoshiyama et al. 2014). ATM but not ATR mediates hyper-
phosporylation of SOG1 during the DNA damage response
to y-irradiation (Yoshiyama et al. 2013). Most (88 %) of the
genes induced by y-irradiation depend on SOG1 as in sogl-1
mutant plants are not induced. In these experiments, AtTKIa
gene expression is induced 20-fold in the wild-type plants
while its expression is curbed in the sog/-1 mutant (Yoshiy-
ama et al. 2009). In none of the conditions described in these
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microarray experiments AfTK1b is induced significantly, thus
supporting a selective role of AsTKIa in the DNA damage
response. Finally, our results are in agreement, and provide
functional evidence, with the recent inclusion of AtTKIa as
one of the core of genes induced by multiple DNA-damag-
ing agents (Yi et al. 2014).

Acknowledgments This study was funded by the project IN220010
from the Direccién General de Asuntos de Personal Académico, Pro-
grama Apoyo a Proyectos de Investigacion e Innovacién Tecnoldgica
(DGAPA-PAPIIT), from Universidad Nacional Auténoma de México.
The authors gratefully acknowledge the technical assistance of Lau-
rel Fabila-Ibarra for greenhouse work and from Dr. Carolina Pefia-
Montes for her help in setting-up qRT-PCR experiments. We thank
Dr. A. C. Chavez-Mejia (Instituto de Ingenieria, UNAM) for the use
of the UV-radiometer. JAPG received a fellowship (#323244) to pur-
sue a M.Sc. degree from Consejo Nacional de Ciencia y Tecnologia
(CONACYT).

References

Adachi S, Minamisawa K, Okushima Y, Inagaki S, Yoshiyama K,
Kondou Y, Kaminuma E, Kawashima M, Toyoda T, Matsui M,
Kurihara D, Matsunaga S, Umeda M (2011) Programmed induc-
tion of endoreduplication by DNA double-strand breaks in Arabi-
dopsis. Proc Natl Acad Sci USA 108:10004-10009

Al-Nabulsi I, Takamiya Y, Voloshin Y, Dritschilo A, Martuza RL, Jor-
gensen TJ (1994) Expression of thymidine kinase 1 is essential
to low dose radiation resistance of rat glioma cells. Cancer Res
54:5614-5617

Bradford MM (1976) A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle of
protein dye binding. Anal Biochem 72:248-254

Bramsiepe J, Wester K, Weinl C, Roodbarkelari F, Kasili R, Larkin J,
Hulskamp M, Schnittger A (2010) Endoreplication controls cell
fate maintenance. PLoS Genet 6(6):e1000996

Britt A (2002) Repair of damaged bases. The Arabidopsis Book
1:e0005. doi:10.1199/tab.0005

Castroviejo M, Tharaud D, Mocquot B, Litvak S (1979) Factors
affecting the onset of deoxyribonucleic acid synthesis during
wheat embryo germination. Biochem J 181:193-199

Chabouté ME, Clément B, Philipps G (2002) S phase and meristem-
specific expression of the tobacco RNRIb gene is mediated by
an E2F element located in the 5’ leader sequence. J Biol Chem
277:17845-17851

Chen I-P, Haehnel U, Altschmied L, Schubert I, Puchta H (2003) The
transcriptional response of Arabidopsis to genotoxic stress—a
high-density colony array study (HDCA). Plant J 35:771-786

Chen Y-L, Eriksson S, Chang Z (2010) Regulation and functional
contribution of thymidine kinase 1 repair of DNA damage. J Biol
Chem 285:27327-27335

Clausen AR, Girandon L, Ali A, Knecht W, Rozpedowska E, Sad-
rini M, Andreasson E, Munch-Petersen B, Piskur J (2012) Two
thymidine kinases and one multisubstrate deoxyribonucleoside
kinase salvage DNA precursors in Arabidopsis thaliana. FEBS J
279:3889-3896

Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agro-
bacterium-mediated transformation of Arabidopsis thaliana.
Plant J 16:735-743

Culligan KM, Robertson CE, Foreman J, Doerner P, Britt AB (2006)
ATR and ATM play both distinct and additive roles in response to
ionizing radiation. Plant J 48:947-961

@ Springer

Curtis MJ, Hays JB (2007) Tolerance of dividing cells to repli-
cation stress in UVB-irradiated Arabidopsis roots: require-
ments for DNA translesion polymerases 1 and . DNA Repair
6:1341-1358

Dobrovolsky VN, Bucci T, Heflich RH, Desjardins J, Richardson
FC (2003) Mice deficient for cytosolic thymidine kinase gene
develop fatal kidney disease. Mol Gen Metabol 78:1-10

Gasparri F, Wang N, Skog S, Galvani A, Eriksson S (2009) Thymidine
kinase 1 expression defines an activated G1 state of the cell cycle
as revealed with site-specific antibodies and ArrayScan™ assays.
Eur J Cell Biol 88:779-785

Goncalves O, Drobetsky E, Meuth M (1984) Structural alteration
of the aprt locus induced by deoxyribonucleoside triphosphate
pool imbalances in Chinese hamster ovary cells. Mol Cell Biol
4:1792-1799

Halliday KJ, Hudson M, Ni M, Qin M, Quail PH (1999) pocl: an
Arabidopsis mutant perturbed in phytochrome signaling because
of a T-DNA insertion in the promoter of PIF3, a gene encoding
phytochrome-interacting bHLH protein. Proc Natl Acad Sci USA
96:5832-5837

Hays JB (2002) Arabidopsis thaliana, a versatile model system for
study of eukaryotic genome-maintenance functions. DNA Repair
1:579-600

Hill TA, Day CD, Zondlo SC, Thackeray AG, Irish VF (1998) Dis-
crete spatial and temporal cis-acting elements regulate transcrip-
tion of the Arabidopsis floral homeotic gen APETALA3. Develop-
ment 125:1711-1721

Holdenrieder S, Von Pawel J, Duell T, Feldmann K, Raith H, Schol-
len A, Nagel D, Stieber P (2010) Diagnosis, therapy monitor-
ing and prognosis of non-operable lung cancer. Anticancer Res
30:1855-1862

Hruz T, Laule O, Szabo G, Wessendorp F, Bleuler S, Oertle L, Wid-
mayer P, Gruissem W, Zimmermann P (2008) Genevestigator V3:
a reference expression database for the meta-analysis of tran-
scriptomes. Adv Bioinform 1-5. Article ID 420747

Jefferson RA, Kavanagh TA, Bevan MW (1987) GUS fusions:
B-glucuronidase as a sensitive and versatile gene fusion marker in
higher plants. EMBO J 6:3901-3907

Jiang K, Feldman LJ (2005) Regulation of root apical meristem devel-
opment. Annu Rev Cell Dev Biol 21:485-509

Kafer C, Zhou L, Santoso D, Guirgis A, Weers B, Park S, Thornburg
R (2004) Regulation of pyrimidine metabolism in plants. Front
Biosci 9:1611-1625

Kimura S, Tahira Y, Ishibashi T, Mori Y, Mori T, Hashimoto J, Sak-
aguchi K (2004) DNA repair in higher plants; photoreactiva-
tion is the major DNA repair pathway in non-proliferating cells
while excision repair (nucleotide excision repair and base exci-
sion repair) is active in proliferating cells. Nucleic Acid Res
32:2760-2767

Kunz BA, Kohalmi SE, Kunkel TA, Mathews CK, McIntosh EM,
Reidy JA (1994) Deoxyribonucleotides triphosphate levels: a
critical factor in the maintenance of genetic stability. Mutat Res
Rev 318:1-64

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the 272 method.
Methods 25:402—408

Mainguet S, Gakiere B, Majira A, Pelletier S, Bringel F, Guerard F,
Caboche M, Berthomé R, Renou JP (2009) Uracil salvage is nec-
essary for early Arabidopsis development. Plant J 60:280-291

McKenna PG, Hickey I (1981) UV sensitivity in thymidine kinase
deficient mouse erythroleukaemia cells. Cell Biol Int Rep
5:555-561

McKenna PG, McKelvey VJ, Frew TL (1988) Sensitivity to cell kill-
ing and the induction of cytogenetic damage following gamma
irradiation in wild-type and thymidine kinase-deficient Friend
mouse erythroleukaemia cells. Mutat Res 200:231-242


http://dx.doi.org/10.1199/tab.0005

Plant Mol Biol (2015) 87:303-315

315

Moffatt BA, Ashihara H (2002) Purine and pyrimidine nucleotide
synthesis and metabolism. The Arabidopsis Book 1:€0018.
doi:10.1199/tab.0018

Munch-Petersen B (2009) Reversible tetramerization of human TK1
to the high catalytic efficient form is induced by pyrophosphate,
in addition to tripolyphosphates, or high enzyme concentration.
FEBS J 276:571-580

Mutahir Z, Balle Larsen N, Slot Christiansen L, Andersson K-M, Rico
R, Mebrahtu Wisen S, Clausen AR, Munch-Petersen B, Piskur J
(2011) Characterization of oligomeric and kinetic properties of
tomato thymidine kinase 1. Nucleosides Nucleotides Nucleic
Acids 30:1223-1226

Nisman B, Allweis T, Kaduri L, Maly B, Gronowitz S, Hamburger T,
Peretz T (2010) Serum thymidine kinase 1 activity in breast can-
cer. Cancer Biomark 7:65-72

O’Neill KL, Buckwalter MR, Murray BK (2001) Thymidine kinase:
diagnostic and prognostic potential. Expert Rev Mol Diagn
1:428-433

Ramirez-Parra E, Frundt C, Gutierrez C (2003) A genome-wide
identification of E2F-regulated genes in Arabidopsis. Plant J
33:801-811

Ricaud L, Proux C, Renou J-P, Pichon O, Fochesato S, Ortet P, Mon-
tané M-H (2007) ATM-mediated transcriptional and developmen-
tal response to X-rays in Arabidopsis. PLoS One 2:e430

Rolddn-Arjona T, Ariza RR (2009) Repair and tolerance of oxidative
DNA damage in plants. Mutation Res 681:169—179

Rotheneder H, Geymayer S, Haidweger E (1999) Transcription fac-
tors of the Spl family: interaction with E2F and regulation of the
murine thymidine kinase promoter. J] Mol Biol 293:1005-1015

Santiago MJ, Ruiz Rubio M, Di Dio L, Gonzélez-Reyes JA, Ale-
jandre-Durdan E (2008) Ubiquitous expression of two transle-
sion synthesis DNA polymerase genes in Arabidopsis. Planta
227:1277-1285

Stasolla C, Katahira R, Thorpe TA, Ashihara H (2003) Purine and
pyrimidine nucleotide metabolism in higher plants. J Plant Phys-
iol 160:1271-1295

Tuteja N, Ahmad P, Panda BB, Tuteja R (2009) Genotoxic stress in
plants: shedding light on DNA damage, repair and DNA repair
helicases. Mutat Res Rev 681:134-149

Ullah HM, Robertson D, Fites RC (1999) A gene for thymidine kinase
in plants. Plant Physiol 119:1567-1568

Vandepoele K, Vlieghe K, Florquin K, Henning L, Beemster GTS,
Gruissem W, Van de Peer Y, Inze D, De Veylder L (2005)
Genome-wide identification of potential plant E2F target genes.
Plant Physiol 139:316-328

Venkatachalam P, Geetha N, Priya P (2010) Identification of a differ-
entially expressed thymidine kinase gene related to tapping panel
dryness syndrome in the rubber tree (Hevea brasiliensis Muell.
Arg.) by random amplified polymorphic DNA screening. Int. J
Plant Biol 1(e7):33-39

Wolcott RM, Colacino JM (1989) Detection of thymidine kinase
activity using an assay based on the precipitation of nucleo-
side monophosphates with lanthanum chloride. Anal Biochem
178:38-40

Yadav RK, Girke T, Pasala S, Xie M, Reddy GV (2009) Gene expres-
sion map of the Arabidopsis shoot apical meristem stem cell
niche. Proc Natl Acad Sci USA 106:4941-4946

Yi D, Kamei CLA, Cools T, Vanderauwera S, Takahashi N, Okushima
Y, Eekhout T, Yoshiyama KO, Larkin J, Van den Daele H, Conk-
lin P, Britt A, Umeda M, De Veylder L (2014) The Arabidopsis
SIAMESE-RELATED cyclin-dependent kinase inhibitors SMR5
and SMR7 regulate the DNA damage checkpoint in response to
oxygen species. Plant Cell 26:296-309

Yoshiyama K, Conklin PA, Huefner ND, Britt AB (2009) Suppressor
of gamma response 1 (SOGI) encodes a putative transcription
factor governing multiple responses to DNA damage. Proc Natl
Acad Sci USA 106:12843-12848

Yoshiyama KO, Kobayashi J, Ogita N, Ueda M, Kimura S, Maki H,
Umeda M (2013) ATM-mediated phosphorylation of SOGI is
essential for the DNA damage response in Arabidopsis. EMBO
Rep 14:817-822

Yoshiyama KO, Kimura S, Maki H, Britt AB, Umeda M (2014) The
role of SOGI, a plant-specific transcriptional regulator, in the
DNA damage response. Plant Signal Behav 9:¢28889

Zrenner R, Stitt M, Sonnewald U, Boldt R (2006) Pyrimidine and
purine biosynthesis and degradation in plants. Annu Rev Plant
Biol 57:805-836

@ Springer


http://dx.doi.org/10.1199/tab.0018

	Arabidopsis thaliana thymidine kinase 1a is ubiquitously expressed during development and contributes to confer tolerance to genotoxic stress
	Abstract 
	Introduction
	Methods
	Plant material and growth conditions
	Genotoxic treatments
	DNA damage analysis
	Promoter activity
	TK1 activity measurement
	Semi-quantitative RT-PCR and RT-qPCR
	Statistical analysis

	Results
	AtTK1 is ubiquitously expressed during plant development
	AtTK1a and AtTK1b are differentially expressed upon UV-C radiation treatment
	T-DNA insertion in SALK_037113 line caused overexpression of AtTK1a gene
	AtTK1a overexpression confers tolerance to genotoxic stress in Arabidopsis seedlings
	Thymidine kinase is readily induced in oetk1a mutant plants by UV-C
	AtTK1a is also induced in response to various types of genotoxic stress

	Discussion
	TK1a is ubiquitously expressed during plant development
	TK1a overexpression confers tolerance to genotoxic stress
	ATTK1 genes are differentially expressed in response to UV-C

	Acknowledgments 
	References


