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Abstract

Deoxyuridine triphosphatase (dUTPase) catalyses the hydrolysis reaction of dUTP
to form dUMP and pyrophosphate. Accumulating evidence has shown the association of
dUTPase expression with tumor and chemotherapy resistance. The aim of my study is
to understand the regulation and the essential role of dUTPase in the cell cycle
progression.

I found that the expression of dUTPase is regulated in a cell cycle-dependent
manner, being maximal in the S phase. Depletion of dUTPase in 293T cells reduced the
cell growth rate slightly. By aphidicolin synchronization, I further found that depletion
of dUTPase not only affected cell cycle progression, but also induced DNA damage and
apoptosis when progression through S phase, indicating the importance of dUTPase in
response to replication stress.

Thymidylate metabolism is an important target for chemotherapeutic agents such
as fluoropyrimidines, and antifolates. Inhibition of de novo dTTP synthesis results in
dTTP pool depletion and a subsequent accumulation of dUMP, which may then be
phosphorylated to form dUTP, The ineréase in the dUTP/dTTP ratio induces dUTP
misincorporation, resulting in DNA"damage responses. Therefore, I addressed the
question whether the expression level of dli‘gf_l?__ése affects methotrexate sensitivity of
cells. The results showed that knockdown gf ;iUTPase sensitized 293T cells to
methotrexate, accompanied by an Je_nhancen-l:ént of DNA damage response. In addition,
enforced expression of dUTPase dimi_ﬁished methotrexate-induced damage signals.

Accordingly, these results elucidated the crucial role of dUTPase in cells resumed
from replication stress and in resistance to anti-cancer treatment by blocking de novo
dTTP synthesis.

Key words: deoxyuridine triphosphatase (dUTPase)  methotrexate ~ replication stress

v



Table of Contents

PR B B D e ,
e T PR PR PP PIIRS i
¢ < ;}%g ........................................................................ ii
ADSTFACT. ..o s v
Table of CoNtENTS.......ovvieie e, %
INErOdUCTION. .. oo e e e 1

Materials and Methods...... .. oo ................................. 9

RESUIS.......ooeeeieeee bl NN\ o S 17
Dlscussmnf ......... =7 ST 24
Figures and Legends...... . .......... AT 27
APPENAIX. Lt e e 47
REfEIENCES. ... e 48



Introduction

Part I: Overview of dUTPase

Deoxyuridine triphosphatase (dUTPase, EC 3.6.1.23), also named dUTP
pyrophosphatase or dUTP nucleotidohydrolase, is a ubiquitous enzyme that is responsible for
the hydrolysis of deoxyuridine triphosphate (dUTP) to deoxyuridine monophosphate (dUMP)
and inorganic pyrophosphate (PPi), using Mg”" as a cofactor (Bertani et al., 1961; Greenberg
and Somerville, 1962; Shlomai and Kornberg, 1978; Williams and Cheng, 1979)(figure I-1).
It has the exquisite specificity for dUTP because of the steric exclusion and hydrogen bonding

pattern specific only for uracil (Vertessy and Toth, 2009).
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Figure 1-1. dUTPase reaction mechaniém

dUTPase was first purified from E. coli, and the structures of the enzyme from various
sources such as virus, yeasts, plants and human have been well studied.
Amino acid sequence alignments have been identified with five conserved motifs(Harris et al.,
1999) (figure 1-2). Motif 3 is responsible for substrate binding and motifs 1, 2, and 4
coordinate the metal ion and the phosphate chain of the nucleotide (Harris et al., 1999).
Because dUTPase is essential for viability in both E coli (el-Hajj et al., 1988)and
Saccharomyces cerevisiae (Gadsden et al., 1993), its conservation in evolution revealed an

important role of dUTPase.



In humans, nuclear and mitochondrial isoforms of dUTPase have been identified to have
the same kinetic affinities for dUTP (Ladner et al., 1996). They share the same gene and are
generated by alternative splicing (Ladner and Caradonna, 1997)(Figure 1-3). The molecular
weight of the nuclear dUTPase is 18 kD and the mitochondrial form with an additional
mitochondria targeting presequence is 27kD (Ladner and Caradonna, 1997). Mitochondrial
dUTPase is constitutively expressed, whereas the expression of nuclear dUTPase is under cell

cycle control (Ladner et al., 2000).

mitochondrial import processing site
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Figure 1-3. Comparison of the amino acid sequences of DUT-N and DUT-M.

(Ladner and Caradonna, 1997)



Part I1: Role of dUTPase in thymidylate metabolism and genome integrity
1. Thymidylate metabolism

In cells, dUTPase is a member of nucleotide metabolism and is involved in dTTP
synthesis. Deoxyribonucleotide triphosphates (AINTPs) play important roles in all cells, and
maintenance of the adequate and balanced dNTP pools is required for DNA replication and
repair (Reichard, 1988). Among the four dNTPs, thymidine triphosphate (dTTP) is the most
stringently regulated. There’re two pathways responsible for dTTP synthesis (figure II-1), one

is the de novo pathway, and the other is the salvage pathway (Arner and Eriksson, 1995).
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Mature Reviews | Immunclogy

de novo pathway salvage pathway

Figure 11-1. Overview of dTTP synthesis pathway.

(Neuberger et al., 2005)

In the de novo pathway, dUMP, which was produced from dCMP deamination by
dCMP deaminase or dUTP hydrolysis by dUTPase, is the substrate for thymidylate synthase
(TS) (Gadsden et al., 1993; Zhang et al., 2007). For converting dUMP to dTMP, thymidylate
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synthase transferred a one-carbon unit from N°,N'%-methylenetetrahydrofolate to dUMP, and
reduced to a methyl group coupled with the oxidation of tetrahydrofolate to dihydrofolate
(Ladner, 2001; McIntosh and Haynes, 1997; Reichard, 1988).

In the salvage pathway, thymidine kinase (TK) transferred 7 -phosphate from ATP to
the 5° hydroxyl group of thymidine to form dTMP (Arner and Eriksson, 1995). dTMP from
both pathways can be further converted to dTDP by thymidylate monophosphate kinase
(TMPK), and followed by subsequent phosphorylation to dTTP by a ubiquitious nucleoside
diphosphate kinase (NDPK) for DNA synthesis (Reichard, 1988).

In many cells, de novo pathway is the main source for dTTP synthesis, especially in the
absence of exogenous thymine or thymidine. In addition, it has been reported that 60% of
dUMP pool comes from the hydrolysis.of dUTP by dUTPase in S. cerevisiae (Gadsden et al.,
1993). Therefore, the reaction by dUTPase-is a major source providing dUMP as substrate for

N

thymidylate synthase. :f'
2. Genome integrity

Uracil, which is not a native component of DNA, can arise either by the spontaneous
deamination of cytosine residues (Pearl and Savva, 1996) or through dUTP utilization by
DNA polymerase during replication and repair (Bertani et al., 1963; Lindahl, 1993). There’re
two enzymes responsible for keeping uracil out of DNA, one is uracil-DNA glycosylae
(UDG), and the other is dUTPase(Caradonna and Muller-Weeks, 2001; Vertessy and Toth,
2009).

Because most DNA polymerases can’t distinguish dTTP from dUTP , deregulation of
dUTP/dTTP ratio will result in dUTP incorporation into DNA(Bessman et al., 1958; Brynolf
et al., 1978; Dube et al., 1979; Yoshida and Masaki, 1979). Thus, to keep dUTP out of DNA,
dUTP level should be highly regulated. When the incorporation of dUTP into DNA occurs,
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this misincorporation can be removed through base excision repair. At first, the bond between
uracil and deoxyribose is cleaved by uracil DNA N-glycosylase (Lindahl, 1993). After the
removal of uracil, the gap will be filled by DNA polymerase (Caradonna and Muller-Weeks,
2001). Nevertheless, the DNA polymerase can still incorporate dUTP instead of dTTP again if
the high ratio of dUTP/dTTP is present. Therefore, the cell engages in repeated cycles of
uracil misincorporation and UDG-mediated repair. This iterative process results in increased
recombination, DNA strand breaks, and ultimately cell death, which is called futile

cycle(el-Hajj et al., 1988; Goulian et al., 1986). (Figure 11-2)
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Figure 11-2. Futile cycle of uracil incorporation

(Vertessy and Toth, 2009)

Therefore, dUTPase cooperates with TS function to limit the expansion of dUTP pool,

avoiding the misincorporation of uracil into DNA as the guardian of DNA integrity.



Part I11: Targets in Chemotherapy

In many kinds of cancer therapy, dTTP metabolism has been an important target for a
long time because of the demand for ANTP supply for DNA synthesis in cancer cells
(Heidelberger et al., 1957; Longley et al., 2003; Moertel, 1994). The blockage of the de novo
pathway in dTTP synthesis resulting in the depletion of dTTP pool(Cohen, 1971; Goulian et
al., 1986), and the accumulation of dUMP, which will further be phosphorylated to dUTP. As
a result, the misincorporation of dUTP into DNA inhibits cancer cell growth and initiation of
apoptosis. These effects make tumor cells, which have higher proliferation rate than normal
cells, to be killed (Ladner et al., 2000; Wilson et al., 2008).

Antifolate compounds are used as anti-cancer agents. In clinical application,
methotrexate (MTX) is not only used in rheumatdid arthritis treatment at low dosage, but also
used as a thymidylate synthase inhibitor indirectly(Goulian et al., 1980a, b). The structure of
polyglutamate metabolite of methotrexatq i; s;rtfltlar to folic'acid. It can inhibit dihydrofolate
reductase (DHFR) by the competitib_p_of @ﬂe bi-r.\:l:ding. site(J .acobs et al., 1975; Whitehead,
1977). There’re two main biological function of dihyd:rofolate reductase. One converts dietary
folic acid to the coenzymatic form, tetrahydrofolate, via dihydrofolate. The other catalyses the
regeneration of tetrahydrofolate following the biosynthesis of thymidylate from
deoxyuridylate when tetrahydrofolate is oxidized to dihydrofolate, then catalyses the
regeneration of tetrahydrofolate. Tetrahydrofolate then is transferred to 5,10-Methylene
tetrahydrofolate(MTHF) by serine hydroxymethyl transferase. MTHF is a methyl donor in the
reaction that dUMP is catalyzed to dTMP by thymidylate synthase. (Schnell et al.,

2004)(Figure I1I-1)
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Figure I11-1. The mechanism of dihydrofolate reductase

It has been reported that the ¢linical utility ofES and DHFR as therapeutic targets is

hindered by the high incidence of résistanégbﬁseﬁéd in mény cancers (Ladner et al., 2000;

-
|
|

Mader et al., 1998). Moreover, ovérexpre_hTi(.)n__fé;d:,lljiTPase___is significantly associated with
poor prognosis in colorectal cancer p’éti_e_rit.s tréated 'Wlth SFU (Conley et al., 1998; Kawahara
et al., 2009). There’s also a similar phenbménoh in'.hepatocellular carcinoma tissue, and
considering that dUTPase is a potent biomarker for predicting prognosis in HCC patients
(Takatori et al., 2010). For the improvement of the therapeutic efficacy, dUTPase is a
potential chemotherapeutic target for monotherapy or the combination with thymidylate

synthase inhibition(McIntosh and Haynes, 1997).



Part IVV: Experimental rationale

Because the expression of dUTPase is up-regulated in many types of cancer, the role of
dUTPase in tumorigenesis is one of the exciting topics of tumor biology. In addition, it has
been reported that the drug resistance of chemotherapy and the poor prognosis are associated
with the expression level of dUTPase. In this study, I aim to understand the role of dUTPase
in the cell cycle and the relationship between the expression level of dUTPase and

methotrexate therapeutic potency.
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Materials and Methods

Plasmids
pGEX-2T-dUTPase and pCMV-Flag-dUTPase plasmids were obtained from Dr.
Chun-Mei Hu. dUTPase™™* and LacZ™™™* plasmids were from National RNAi Core

Facility, Academia Sinica.

Antibodies

Anti-TK1 polyclonal antibody was prepared as described previously (Chang et al.,
1994). Anti- 5 -tubulin, anti-B-actin, and anti-FLAG (M2) antibodies were obtained from
Sigma Chemicals Co., and anti-cyclin B1, anti-R2..'antibodies were from Santa Cruz
Biotechnology. Anti-TS antibody (clone 4H4B1),-and anti-p53 monoclonal antibody (ab-6)

were purchased from Zymed and Calbiochem;féépectively. Anti-dUTPase antibody was

prepared by immunizing rabbits with.purified GST-hdUTPase.

Database searching

The Oncomine Cancer Microarray database (http://www.oncomine.org) was used to
search the gene expression of DUT in 20 cancer types as compared with their normal
counterparts. All data were log transformed, median centered per array, and the standard

deviation was normalized to one per array.

Cell culture

293T, 293, and HeLa cells were cultured at 37°C in a humidified 5% CO, atmosphere in
Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies) supplemented with 10%
fetal bovine serum plus 100 pg/ml streptomycin and 100 U/ml penicillin (Life Technologies).

9



Synchronization and Fluorescence Activated Cell Sorting (FACS) Analysis

2.5x10° cells were plated onto 60-mm plates and allowed to grow for overnight prior to
synchronization. For G1/S block, aphidicolin (Sigma) at a final concentration of 2 pmol/L or
hydroxyurea (Sigma) at a final concentration of 10 mmol/L were added to 293 or 293T or
HeLa cells for 20 hours. After washing twice with phosphate-buffered saline (PBS), fresh
medium was added to release cells.

For FACS analysis, cells trypsinized with Tris-EDTA were fixed with 300 ul of ice
chilled PBS and 700 ul of 100% ethanol (final concentration 70% v/v)(Merck), and then
stored at -20°C for at least overnight. Fixed cells were harvested by centrifugation at 2.6k rpm
for 3 minutes, and washed with ice chilled PBS. 1 ml of PI staining solution [0.1%
Triton-X100(Serva), 0.2 mg/ml RNaseA, 20 ug/rhi propidium iodide (Sigma)] was added to
sample and suspended the cells gently: After.incubationat.room temperature for 30 minutes,
the cell cycle profile was examined by FACS%ﬁalysm using Becton Dickison FACScan flow

cytometer and CellQuest software, -

Immunoblot analysis

Cells were lysed by sonication in RIPA buffer [25 mM Tris pH7.4 (Merck), 150 mM
NaCl (Merck), 1% (w/v) sodium deoxycholate (Merck), 0.5 mM Dithiothreitol (DTT,
Promega), 1% protease inhibitor (Sigma) and 1% protein phosphatase inhibitor], and protein
concentration was determined by using the Bio-Rad protein assay system. 15 ug of protein
extracts were diluted with 5X sample loading buffer (175 mM Tris-HCI pH7.0, 5 mM EDTA,
10% SDS, 20% sucrose, 0.01% bromophenol blue, 28.8 mM /3 -mercaptoethanol) and heated
at 95°C for 5 minutes prior to loading. Samples were separated by 10% SDS-PAGE at 50
volts for staking gel and 80 volts for running gel in SDS-PAGE running buffer (50 mM Tris,
380 mM glycine, 0.1% SDS), and transferred to PVDF membranes (Millipore). The
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membranes were blocked in TBST [10 mM Tris (pHS8.0), 150 mM NacCl, and 0.1% Tween
20(Sigma)] containing 5% skim milk at room temperature for 1 hour. Western blots were
probed overnight at 4°C with primary antibodies. The membranes were washed for 3 times at
room temperature, and probed for 1 hour at room temperature with appropriate secondary
antibodies [goat-anti-mouse and goat-anti rabbit horseradish peroxidase (Santa Cruz)].
Visualization of the protein bands was performed using the ECL chemiluminescent western

blotting detection system.

Cell growth analysis

2x10° cells per well were seeded into 96-well plate. After incubation for the indicated
days, 100 pl of medium containing CellTiter 96 Adueous One Solution (Promega)(medium:
reagent=>5:1) was added to each well, then.incubated at 37°C " for 1.5 hours. The absorbance at

490 nm was then measured using an ELISA platereader (MTS assay).

Cytotoxicity assay

4x10° cells per well were seeded into 96-well plate and allowed to grow for overnight
prior to drug treatment. Cells were exposed to increasing concentrations (0, 0.05, 0.1, 0.2, 0.5,
1 uM) of methotrexate (Sigma) for 20 hours. Cells were incubated at 37°C for an additional
24 hours after removing drug by replacing fresh medium. Cell viability was then measured by

MTS assay according to the manufacturer's instruction.

Transfection

2.5x10° cells were plated onto 60-mm plates and allowed to grow for overnight prior to
transfection. After washing twice with PBS and adding adequate medium, cells were
transfected with a mixture containing 2 pg of DNA and 6.4 ul of nanofectin
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(PAA)(DNA:nanofectin=1:3.2). The mixture was mixed well and incubated for 25 minutes at

room temperature, and added into the dish.

Immunofluorescence

Cells seeded on coverslips were washed with PBS twice, and fixed in 3%
paraformaldehyde (Sigma) solution in PBS for 25 minutes at room temperature. Cells were
then washed twice with TBST [50 mM Tris-HCI, pH7.4, 150 mM NacCl, 0.1% Triton X-100]
and permeabilized with 0.3% Triton X-100/PBS for 5 minutes at room temperature. Samples
were blocked in 5.5% normal goat serum/TBST for 1 hour at room temperature and incubated
with antibody against YH2AX (Cell Signaling).[1:200 diluted in 3% BSA/TBST] at room
temperature for 4 hours. Cells were'washed for 3 ﬁmes with TBST, and then incubated with
TRITC-conjugated goat anti-mouse ( 1:200)(Sigma), and'Hochest 33342 (1:500) for 1 hour at
room temperature. After washing with TB ST :-%f.'-i.':hree times, cell-contained coverslips were
mounted on slides with mounting oil_; _Thq (izové.\:r:slips. were éxamined by a fluorescence
microscope (Carl Zeiss, AxioObserver Al). Tmages wlere captured using a cooled CDD

camera operated by AxioVision image software and arranged using Photoshop (Adobe)

software.

Apoptosis analysis

An Annexin V-FITC apoptosis kit (Oncogene Research Products) was used to detect
apoptosis. Cells were trypsinized and suspended in PBS at a final concentration of 1x10°
cells/mL prior to staining with Annexin V-FITC. After staining for 15 minutes, Annexin

V-FITC signals were detected by fluorescence microscopy.
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Expression and purification of recombinant human dUTPase proteins

pGEX-2T-dUTPase (wild type and mutant) vectors were transformed in to E. coli strain
JM109 using standard bacterial transformation procedures and a single amp' colony was
inoculated into 500 ml of LB containing 100 pg ml™ ampicillin. When culture grew to an Agp
0f 0.5, 0.2 mM isopropyl- 3 -D-thiogalactopyranoside (IPTG, Sigma) was added to induce
protein expression. After 3.5 hours of incubation, cells were harvested by centrifugation. 10
ml of lysis buffer [S0 mM Tris-HCI ,pH7.5, Triton X-100, 150 mM NaCl, 5 mM
MgCl,(Sigma) 1 mM DTT, 1 mM PMSF(Sigma) ,0.5 mM CHAPS(Sigma)] was added to
cells, and cell lysate was vortexed vigorously. After sonication on ice in short bursts for 4
cycles ,60 times/cycle, cell debris was removed by centrifugation at 10000xg for 15 minutes
and the supernatant was incubated with glutathioﬁé—4B sepharose (Amersham Pharmacia) at 4
C for 1.5 hours. The suspension was centrifuged-at 1200rpm for 5 minutes, and the
supernatant was removed. The beads were waé:?ed with 10X volumes of washing buffer [50
mM Tris-HCI, pH 7.5, 1% Triton X-100, :150 M NaCl,5 mM MgCL, 1 mM DTT, 1 mM
PMSF, 0.5 mM CHAPS, 30% glycerol(Metck)] for ﬁ;/e times. The beads were then

incubation with elution buffer [50 mM Tris-HCI, 10 mM glutathione] at 4°C for 30 minutes,

and the purified protein was stored at -80°C with 10% glycerol.

dUTPase activity assay

The EnzChek Pyrophosphate Assay kit was used for measuring the dUTPase activity
following the manufacturer’s instruction. In brief, the indicated amount of dUTPase was
added to 200 pl of the reaction buffer [34 mM Tris-HCI pH8.3, 10 mM MgCl,, 0.5 mM
EDTA, 0.25 mg/ml bovine serum albumin(BSA,Sigma)] containing 100 mM dUTP. Reaction
mixtures were incubated at 37°C for 3 minutes. Samples (15 ul each) were added to the
reaction mixtures [715 ul dH,O, 50 pl 20X reaction buffer, 200 ul MESG substrate, 1 U

13



purine nucleoside phophorylase, 0.03 U inorganic pyrophosphatase] and incubated at 22°C

for 45 minutes. The absorbance at 360nm was measured using an ELISA plate reader.

Construction of expression plasmids and site-directed mutagenesis

EGFP-dUTPase was generated by inserting the dUTPase cDNA fragment in-frame into
the EcoRI-BamHI (NEB) site of pEGFP-C. Mutant version of pPEGFP-dUTPase was derived
from pEGFP-dUTPase wild type plasmid by using the QuickChange XL site-directed
mutagenesis kit with specific designed primers. The primers were as follows:
Forward: 5> GTAGGAGCTGGTGTCATAAATGAAGATTATAGAGGAAAT
Reverse: S’ATTTCCTCTATAATCTTCATITATGACACCAGCTCCTAC

The cycling parameters of PCR were outlined in the table’as below:

Segment cycles Yz Temperature Time
1 1 ::" 95C 5 minutes
950 1 minute
2 18 &I Ao | minute
68°C 15 minutes
3 1 68°C 15 minutes

One point mutation was introduced as indicated. The mutated plasmids were confirmed by

DNA sequencing.

Preparation of competent cells
The E. coli strain of XL-1 blue was streaked on a Luria-Bertani (LB) agar plate and
incubated at 37°C overnight. On the following day, a single colony was inoculated into 20 ml

TYM broth [2% Bacto-Tryptone (Difco), 0.5% yeast extract (Merck), 0.1 M NaCl, 10 mM
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MgSQO, ¢ 7H,0] in a 250 ml flask and incubated at 37°C with vigorous shaking until O.Dggo
of 0.6. Then transferred the cells to 100 ml of TYM broth in a 2 L flask, and incubated at 37
‘C with vigorous shaking until O.Dgg of 0.6 again. The cells were then transferred to 500 ml
of TYM broth in a 2 L flask. After O.Dggo reached 0.55, cells were harvested by
centrifugation at 4000 r.p.m for 15 minutes at 4°C. The supernant was then removed and the
pellets were resuspended in 100 ml of cold T{BI buffer (30 mM KOAc (Merck), 50 mM
MnCl; (Sigma),100 mM KCI (Merck), 10 mM CaCl, (Merck) and 15% (v/v) glycerol). After
centrifugation at 4000 r.p.m for 10 minutes at 4°C, the pellets were resuspended in 20 ml of
cold TfBII (10 mM Na ¢ MOPS ,pH7.0, 75 mM CaCl,, 10 mM KCl, 15% glycerol) by gentle

shaking on ice. The cells were aliquot in 0.4 ml to pre-chilled tubes and stored at -80°C.

Transformation
For transformation, 200 pl of prepared &"ﬁﬁpetent cells were thawed at room
temperature. After adding desired DNA, the cells were placed on ice for 25 minutes, and

incubated at 37°C. The cells were then spread on EB [;Iate containing appropriate antibiotics

for selection, and incubated at 37°C overnight.

Small-scale isolation of plasmid DNA

Single colony of transformed cells was inoculated in 2 ml LB containing appropriate
antibiotics and incubated at 37°C overnight. The cells were harvested by centrifugation at
12K rpm for 30 seconds at 4°C, and the pellet was suspended with 100 ul of pre-chilled
Solution I [5S0 mM glucose, 25 mM Tris-HCI pH8.0, 10 mM EDTA (BDH)]. Then added 200
ul of fresh prepared solution II (0.2 N NaOH, 1% SDS), inverted the mix gently until it
became clear, and stored it on ice for 4 minutes. 150 pl of pre-chilled solution III [3 M
potassium acetate (Merck), 5 M glacial acetic acid (Merck), pH4.8] was added. After shaking
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it gently for 10 seconds, mix was stayed on ice for 4 minutes. The supernant was transferred
to a new tube after centrifugation at 12K rpm for 5 minutes at 4°C. An equal volume of
phenol:chloroform:IAA(25:24:1) was added and votexed vigorously, and then centrifuged at
12K rpm for 2 minutes. The aqueous layer was transferred to a new tube before adding 2
volumes of 100% ethanol, and then incubated at room temperature for 2 minutes. The DNA
pellet was precipitated by centrifugation at 12K rpm for 5 minutes at 4°C. The pellet was
washed by 200 pl of 70% ethanol, and dried by the vacuum desiccator, and then dissolved in
50 pl of TE buffer [10 mM Tris-HCIL, pH8.0 and 1 mM EDTA, pH 8.0] containing 20 pg/ml

DNase-free RNaseA.

Enzyme digestion and agarose gel electrophorééis

One pg of plasmid DNA was:digested-with 4yl of BamHI and EcoRI. The mixture was
incubated at 37°C for 1.5 hours. The produac;:-%'é.i's:’ analyzed by 1% agarose gel (Promega)
containing ethidium bromide (E‘[Blr;Sfigm:?l)j in 0089 M Tris.-Borate-EDTA (TBE) buffer at
room temperature, and detected by UV P bioimage sys.:tem. Linear molecular weight standards

were A/Hindlll fragments and commercial 100 bp DNA ladders.
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Results

The association of dUTPase levels with tumors

By searching publicly available gene expression database, ONCOMINE cancer
microarray database, a cell line based study showed that DUT is highly expressed in leukemia
(P=1.06E-6) by comparing 6 tumor types, corresponding to 2 hematological malignancies and
4 solid tumors (Fig.1A). Next, the database for the expression of DUT RNA in clinical
samples was searched and showed that overexpression of DUT RNA in hepatocellular
carcinoma compared to normal liver tissue (P=6.29E-9) (Fig.1B); in cervical cancer
compared to cervix uteri, oral cavity, palate, and tonsil (P=3.95E-9) (Fig.1C); in cutaneous
melanoma compared to melanoma precursor (P=6:O3E-14) (Fig.1D). In sum, among 20 types
of cancer in the database, up-regulation of-BDUT is-statistically significant in 4 types of tumors,
including leukemia, hepatocellular carcingr;lé%‘.e'l.*vical cancer, and cutaneous melanoma.

Next, [ compared expression i;y_els :oif d[ﬁ“Pa_sé protéin in different cell lines to analyze
the endogenous level of dUTPase. Cell exttacts, were éollected from different human cell lines
and then subjected to Western blot analysis. As shown in Figure 2, I found that dUTPase is
highly expressed in 293T and HeLa cells. In contrast, the expression of dUTPase is relatively
low in 293, LoVo and U20S cells. It is interesting that cell lines from hematological
malignancies, such as K562, U937, and THP1, have high expression level of dUTPase.

To further investigate the functional significance of dUTPase in cells, I chose 293 and
293T cells as the materials because of the differential expression levels of dUTPase. It was
reported that nuclear dUTPase is under cell cycle control (Ladner and Caradonna, 1997,
Strahler et al., 1993). To confirm this observation, I examined the cell cycle oscillation of
dUTPase levels in 293T and 293 cells, which were synchronized by aphidicolin treatment and

then released from G1/S block at indicated time intervals by Western blot analysis. As shown
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in Figure 3, the protein expression level of dUTPase was up-regulated in S phase, and reached

maximum at G2/M phase.

Effect of silencing of dUTPase expression on cell growth rate and cell cycle progression.
It was reported that overexpression of thymidylate synthase results in a substantial
increase in the growth rate of cells(Rahman et al., 2004). I raised the question whether the
amount of dUTPase, which supplies substrate, dUMP, for thymidylate synthase, would affect
cell growth. To address the question, dUTPase in 293T cells was depleted by transfection
with dUTPase shRNA plasmid and LacZ shRNA vector as the control. Cell viability was
measured by MTS assay after 72 hours of transfection. As shown in Figure 4A, silencing of
dUTPase slightly reduced the growth rate. The efﬁ'ciency of dUTPase depletion in three
independent experiments analyzed:by Western blot-analysis was shown in Figure 4B,

i W g

respectively. :f'

As the expression of dUTPasé 1s inqréasézi in tﬁe S pﬁase progression, I then tested the
effect of dUTPase depletion in cells synchronized-at dl/ S phase by aphidicolin treatment.
After releasing from G1/S block by replacing fresh medium, cells were fixed at the indicated
time intervals for FACS analysis. As shown in figure5A, a large sub G1 population was seen
in cells depleted of dUTPase after 10 hours releasing from G1/S block in either 293T or HeLa
cells. The induction of sub-G1 can be rescued by the addition of 10 pM thymidine, but not
adenine, indicating that dUTPase depletion may result in the high dUTP/dTTP ratio to cause
cell death during release from G1/S block. Figure 5C showed that the expression levels of TS,
TK1 and R2 were not affected by this treatment.

In addition, I also measured the cell survival of dUTPase-depleted cells releasing from
G1/S block by MTS assay. As shown in figure 6, cell survival in G1/S block by aphidicolin

treatment required dUTPase. However, the effect was not so significant by hydroxyurea
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treatment, indicating that ribonucleotide reductase may play a role in the effect. (Figure 7).

Effect of dUTPase depletion on DNA damage and apoptotic induction in cells S phase
progression.

Next, I investigated whether the reduction of viability in cells depleted of dUTPase is
associated with DNA damage. The 293T cells transfected with dUTPase shRNA or LacZ
shRNA were synchronized by aphidicolin treatment, and released from G1/S block for 10
hours. Cells were then fixed for immunofluorescence staining with antibody of yYH2AX.
YH2AX staining is a marker for DNA double-strand breaks(Lowndes and Toh, 2005; Paull et
al., 2000). As shown in Figure 8, strong YH2AX staining was detected in cells depleted of
dUTPase after 10 hours releasing from G1/S block (lower panel).The treatment of aphidicolin
(2 umole/L) was unable to cause YH2AX foermation.both in:dUTPase depleted or control cells.
Because dUTPase depletion by itself did nottéﬁuce yH2AX formation in 293T cells (upper
panel), these results suggest that dU"_[l_)ase: jdepi.\ic:tion .will céuse severe DNA damage when
cells progressed from G1/S phase to G2 phase. In add{tion, the accumulation of yYH2AX
staining can be diminished by the addition of thymidine. This indicates that DNA damage
signal results from the imbalanced dUTP/dTTP pool, and can be rescued by the supply of
dTTP from the salvage pathway. These results demonstrate the essential role of dUTPase in
prevention of dUTP misincorporation into DNA during S phase progression. Nevertheless, it
was noted that the addition of 10 uM thymidine by itself also induce certain level of DNA
damage signal as indicated by y-H2AX staining. It was reported that the elevated level of
dTTP allosterically stimulates the substrate specificity of ribonucleotide reductase (RNR) for
rGDP, and produces more dGDP, which can further be converted to dGTP, resulting in
imbalanced dNTP pool and replication stress (Chimploy and Mathews, 2001).

I also examined whether the DNA damage induced by dUTPase depletion will result in
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cell apoptosis. By FITC-labeled Annexin V staining, neither the aphidicolin treatment nor did
the dUTPase depletion cause cell apoptosis. As shown in figure 9, only dUTPase-depleted
cells during S phase progression revealed Annexin V positive staining, indicating that
dUTPase plays an important role in preventing apoptosis when cells progress through S

phase.

Role of dUTPase in methotrexate sensitivity

Previous study in our laboratory demonstrated that the depletion of thymidylate synthase
expression results in DNA damage. Given that inhibitors of thymidylate biosynthesis, such as
5-Florouracil (5-FU) and methotrexate, have been used in anti-cancers treatment, I raised the
question whether dUTPase plays a crucial tole-in .r.nodulating sensitivity to thymidylate
synthase inhibition. Firstly, I tested the relationship.between the expression level of dUTPase
and inhibition of thymidylate synthase by. n;é:t%ffexate. HCT116, 293T, MDA-MB231, and
293 cells were treated with 10 uM of methé)treiélte _flor 20 Hours and subjected to Western blot
analysis. In figure 10, we observed that the exp_ressior; level of dUTPase in 293T cells was
increased when treated with methotrexate. TS and TK1 were up-regulated after methotrexate
treatment in four different cell lines.

We compared methotrexate sensitivity in 293 and 293T cells. These cells were treated
with methotrexate at various concentrations, from 0.05 to I ¢ mol/L for 20 hours, and cell

viability was measured by MTS assay. As shown in Figure 11, the IC50 of methotrexate was

0.3 and 0.6 y mol/L in 293 and 293T cells, respectively.

Sensitization of 293T cells to methotrexate by dUTPase depletion
To assess the importance of dUTPase in methotrexate killing, 293T cells transfected
with dUTPase shRNA or LacZ shRNA were treated with various concentrations of
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methotrexate for 20 hours, and cell viability was detected by MTS assay. As shown in Figure
12A, dUTPase-depleted cells were more sensitive to the methotrexate treatment, and the IC50
for methotrexate was 0.075 and 0.35 ¢ mol/L in dUTPase-depleted and control cells,
respectively. The efficiency of dUTPase depletion in three independent experiments was

demonstrated in Figure 12B.

Enhancement of methotrexate-induced DNA damage response by dUTPase depletion
To further examine the role of dUTPase in the methotrexate-induced DNA damage
response, 293T cells transfected with dUTPase shRNA or LacZ shRNA were treated with or
without 10 4 M methotrexate for 20 hours. By examining histone YH2AX foci formation, I
found that the depletion of dUTPase by-itself didﬁ;t induce DNA damage (Figure 13; upper
panel). In contrast, under methotrexate treatment, cells displayed strong YH2AX foci
accumulation, and the intensity of damagg ag%iﬁlls higher in dUTPase depleted cells. The

result suggests that dUTPase depletion en_h'anc-e:-s methotrexate-induced DNA damage lesions.

Validation of the enzyme activity of wild type and mutant recombinant human dUTPase

In order to elucidate whether the catalytic activity of dUTPase is essential for the
resistance to methotrexate, I generated the catalytic-dead mutant plasmid by site directed
mutagenesis. Because the carboxylate side-chain of Aspartate 84 is absolutely required for
dUTP hydrolysis, the catalytic function of dUTPase was abolished by substituting aspartate
84 to asparagine, without the disruption of dUTP binding (Harris et al., 1999).

Then, I expressed the recombinant human GST-dUTPase fusion protein in E coli to
confirm the loss of the catalytic ability of this mutant. As shown in figure14, after induction
with 0.1mM of IPTG at 37°C for 3.5 hours, the recombinant human GST-dUTPase was
purified by using affinity chromatography. The purified proteins were separated by
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SDS-PAGE and detected by Coomassie blue staining. Because dUTPase is a pyrophosphatase,
I used a pyrophosphate assay kit to detect the dUTPase activity of those samples. By detecting
the absorbance at 360 nm, we can calculate the concentration of PPi by comparing to the
standard curve to check the enzyme activity of the recombinant dUTPase. In figure 15A, there
is a linear relationship between the absorbance at 360 nm and the volume of wild type
dUTPase. To calculate the enzyme specific activity, 0.25 pg wild type and mutant form
dUTPase were used in the reaction. As shown in figure 15B, the specific activity of the wild
type dUTPase is about 90 U (mM/mg/min) while mutant form dUTPase has no activity. The
recombination proteins eluted from glutathione—sepharose were further detected by

Coomassie blue staining (Figure 15C). The molecular weight of recombination proteins is

about 49K Da.

Construction of EGFP-dUTPase

S Al

After confirming the loss of tflg _catqléltic-;ctivi.ty of tfle mutant, [ generated the
EGFP-tagged mammalian expression plasmids of dU"i"Pase by inserting the dUTPase cDNA
fragments from CMV2-Flag-dUTPase into BamHI and EcoRI sites of the pEGFP plasmid
(Figure 16). The pEGFP-dUTPase plasmids were checked by EcoRI and BamHI digestion
and then analyzed by agarose gel electrophoresis. The size of EGFP vector is about 4.7 Kb,

and dUTPase cDNA fragment is about 495 bp.

Expression of dUTPase diminishes the damage signal resulted from methotrexate
treatment
Finally, I asked that whether overexpression of dUTPase reduces the methotrexate
induced DNA damage in 293 cells. Cells transfected with wild type or mutant
GFP-dUTPase were treated with 0.1 pM methotrexate for 20 hours. The expression of
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GFP-dUTPase and DNA damage signal were detected by fluorescence microscopy. As
shown in figure 17A, the cell expressing wild type GFP-dUTPase has no YH2AX foci
formation. Apparent damage signals can be detected in cells which didn’t express
GFP-dUTPase. As expected, cells expressing mutant form of GFP-dUTPase did not reduce
methotrexate induced DNA damage. Figure 17B showed the percentage of ¥ H2AX positive
cells without or with methotrexate treatment after GFP-dUTPase (wild type or mutant form)
transfection. These results indicate that the amount and the catalytic activity of dUTPase are

crucial for protecting cells from methotrexate-induced DNA damage.

“ AT
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Discussion

In this study, the importance of dUTPase is particularly emphasized in 293T and HeLa
cells released from the replication stress, since knockdown of dUTPase causes severe DNA
damage and apoptosis in cells with aphidicolin synchronization. The biochemical function of
dUTPase is to convert dUTP to dUMP, thus preventing uracil misincorporation into DNA.
Therefore, it is logical to assume that DNA replication stress induced by aphidicolin leads to
the accumulation of dUTP when dUTPase is deficient. Once the DNA replication is resumed
from G1/S blockage, dUTP is misincorporated, triggering DNA damaging signal.

The expression level of dUTPase is low during G1, and is progressively increased
through S and G2. Likely, the functional role of dUTPase is important in the S phase. Of note,
depletion of dUTPase did not cause @ significant éffect on cell survival in asynchronous
population. Thus, dUTPase is more important in cells that have been stressed by stalled DNA
replication by treatment of aphidicolin. Tlllea é;;%fgSsion levels of TS and TK1 were not
affected by this treatment (Figure SC)? su:g;gesffﬁg th.at the &TTP supply should maintain intact.
So, the question is how dUTP accumulationi takes plaée in the cells after aphidicolin
treatment.

Since most of the DNA polymerases can’t distinguish dUTP from dTTP during DNA
replication(Bessman et al., 1958; Brynolf et al., 1978; Dube et al., 1979; Yoshida and Masaki,
1979), it is possible that the expansion of dUTP pool let DNA polymerase took dUTP instead
of dTTP for DNA polymerization. Although I do not have direct evidence that dUTP gets
accumulated, exogenous addition of thymidine, which increased dTTP supply, reduced the
extent of DNA damage signal induced by dUTPase depletion. This result support the
hypothesis the high dUTP/dTTP ration contributes to the DNA damage signal induced by
dUTPase knockdown.

Up-regulation of DUT is statistically significant in some types of tumors such as
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hepatocellular carcinoma, cervical, melanoma, and leukemia. Earlier studies demonstrated
that DUT indeed overexpressed in hepatocellular carcinoma (Takatori et al., 2010) and
cervical cancer (Pyeon et al., 2007). Because of the high proliferation rate of tumor cells, a
larger population of S phase cells is usually found in tumor cells than in normal cells.
Therefore, higher level of dUTPase gives tumor growth advantage by preventing uracil
misincorporation. Relevantly, there are reports that some rapidly proliferating tumors exhibit
very low levels of dCMP deaminase, which is responsible for dCMP conversion to dUMP
(Blocker and Roth, 1977; Sneider et al., 1969). Thus, dUTPase avoids dUTP formation while
providing dUMP to cooperate with TS to form dTTP in these tumor cells for fidelity of DNA
replication.

Nucleotide analogs such as 5-fluorouracil (5.—.FU) or 5-fluorodeoxyuridine (FdUrd), or
Capecitabine, a novel 5-FU pro-drug are used for treatment of colon, breast, head, neck, and
skin cancers (Heidelberger et al., 1957; lea;“é‘tal, 1998). By forming a ternary complex
with the methyl donor (MTHF) and tfh_e TS enz-;.me, ;[hese dmgs can inhibit TS action (Wilson
et al., 2008). A retrospective clinical study ‘showed:a ﬁ:egative correlation between the
expression level of dUTPase and the response to 5-FU therapy in colorectal cancer patient
(Kawahara et al., 2009; Ladner et al., 2000). In this study, I examined the effect of dUTPase
on methotrexate sensitivity. In 293T cells, depletion of dUTPase enhances susceptibility to
methotrexate-induced DNA damage and cell death. On the other hand, enforced expression of
dUTPase indeed diminishes methotrexate-induced DNA damage in 293 cells. Thus, higher
level of dUTPase also renders tumor more resistant to genotoxic insults by anti-cancer
treatment using methotrexate or 5-FU.

In conclusion, I demonstrated the crucial role of dUTPase in cells resumed from
replication stress and in resistance to anti-cancer treatment by blocking de novo dTTP
synthesis. Therefore, my results suggest that dUTPase inhibitor in conjunction with blockers
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of dTTP synthesis has a therapeutic potential in treating cancer cells, and supports the notion

that dUTPase can be a biomarker to predict 5-FU and methotrexate therapeutic response.
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Figure 1 The relative expression levels of dUTPase RNA in various cancers.
Gene expression studies comparing normal and cancer tissues were analyzed for DUT using
the Oncomine database. DUT was found to be overexpressed in Leukemia (A),

Hepatocellular Carcinoma (B), Cervical Cancer (C), and Cutaneous Melanoma (D).
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Figure 2 Endogenous expressions of cf@i&mm@ﬁﬁferent human cell lines.

Cell extracts (25 pg) from different cell lines were separated by 10% SDS-PAGE, and
dUTPase and 5 -actin were detected with dUTPase and [ -actin antibodies by Western blot
analysis.
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Figure 3 Cell-cycle dependent oscillation of endogenous dUTPase expression in 293 and

293T cells

293 and 293T cells synchronized with aphidicolin for 20 hours were released from G1/S
block. (A) Cells were then harvested at the indicated time points for Western blotting with
anti-dUTPase, TK1, TS, cyclin B1, and /3 -actin antibodies. (B) A parallel set of cells was

fixed and stained with propium iodide for flow cytometric analysis.
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Figure 4 Effect of depletion of dUTPase by dUTPase"*™* on growth rate in 293T cells.
293T cells were transfected with dUTPase™™ ™ or LacZ*™™*. (A) After 3 days, cells were
plated into a 96-well at 2X10° cells per well. Following overnight culture, the growth of cells
at each day was measured by MTS assay. Values are the average of three independent
determinations. The error bars represent standard deviations. (B) A parallel set of cells was
subjected to Western blot analysis with anti-dUTPase, and B-tubulin antibodies.
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Figure 5 Effect of depletion of dUTPase by dUTPase™™™ on cell cycle progression in
293T and Hela cells.

293T and HeLa cells were transfected with dUTPase ™™ or LacZ™NA, After 52 hours,
cells were synchronized by aphidicolin for 20 hours, followed by replenishment of fresh
medium to release cells from the G1/S block in the presence or absence of thymidine (10
uM) or adenine (10 uM) for 10 hours. (A) The cell cycle profile of corresponding cells was
analyzed by flow cytometry. (B) Cell extracts from HeLa and 293T cells at the time point Oh
were subjected to western blot analysis. (C) Total lysates from the HeLa cells with or
without synchronization were subjected to Western blot analysis with anti-dUTPase, TK1,
TS, R2 and B-tubulin antibodies.
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Figure 6 Effect of depletion of dUTPase by dUTPase®""" on cell viability in 293T and
HeLa cells.

293T and HeLa cells were transfected with dUTPase"™  or LacZ ™™, After 52 hours, cells
were synchronized by aphidicolin for 20 hours, followed by replenishment of fresh medium to
release cells from the G1/S block. (A)293T cells or (B)HeLa cells with or without
synchronization were subjected to MTS assay to measure the cell viability. Values are the

average of three independent determinations. The error bars represent standard deviations.
**% P <0.0005 based on a two-tailed Student’s t test.
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Figure 7 Effect of depletion of dUTPase by dUTPase®""" on cell viability in 293T and
HeLa cells.

293T and HeLa cells were transfected with dUTPase"™  or LacZ ™™, After 52 hours, cells
were synchronized by hydroxyurea for 20 hours, followed by replenishment of fresh medium
to release cells from the G1/S block. (A) 293T cells and (B) HeLa cells with or without
synchronization were subjected to MTS assay to measure the cell viability. Values are the
average of three independent determinations. The error bars represent standard deviations. *,
P <0.05; ** P <0.01; *** P <0.001 based on a two-tailed Student’s t test.
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Figure 8 DNA damage results from dUTPase depletion can be rescued by the thymidine
treatment.

293T cells were transfected with dUTPase ™™ or LacZ""™™A, After 52 hours, cells were
synchronized by aphidicolin for 20 hours, followed by replenishment of fresh medium to
release cells from the G1/S block in the presence or absence of thymidine (10 uM) for 10

hours. Cells were then fixed with 3% paraformaldehyde at the time point as indicated, and
immunostained with anti- ¥ H2AX antibody (1:200), Hoechst (1:500) and anti-mouse

TRITC (1:200). The formation of 7 H2AX foci was observed by fluorescent microscopy.
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Figure 9 dUTPase depletion induced apoptosis in 293T cells progressed through S

phase.

293T cells were transfected with dUTPase ™™ or LacZ""™™A, After 52 hours, cells were
synchronized by aphidicolin for 20 hours, followed by replenishment of fresh medium to
release cells from the G1/S block in the presence or absence of thymidine (10 uM) for 10

hours. Cells were then subjected to FITC-labeled Annexin V apoptosis assay.
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Figure 10 Effect of the methotrexate treatment in different cell lines.
HCT116, 293T, MDA-MB231, and 293 cells treated with or without 10 uM methotrexate

for 20 hours were harvested and subjected to Western blot analysis with anti-dUTPase, TS,
TK, p53, cyclin-B1 and B-actin antibodies.
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Figure 11 Methotrexate sensitivities 0f293:and293T cells.

293 and 293T cells were plated into a 96-well plate. (A) On the following day the growth of
cells at each day was measured by MTS assay. (B) For the measurement of methotrexate
sensitivity, cells were treated with various concentration of methotrexate as indicated for 20
hours, and the cell viability was then measured by MTS assay. Values are the average of
three independent determinations. The error bars represent standard deviations.
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Figure 12 Depletion of dUTPase enhances susceptibility to methotrexate-induced cell
death in 293T cells.

293T cells were transfected with dUTPase™™ ™ or LacZ*™™*. (A) After 48 hours, cells were
plated into a 96-well plate at 4X10° cells per well. Following overnight culture, cells were
treated with various concentrations of methotrexate as indicated for 20 hours, and cell
viability was measured by MTS assay. Values are the average of three independent
determinations. The error bars represent standard deviations. (B) After 72 hours, cell

extracts were subjected to Western blot analysis with anti-dUTPase, and B-tubulin
antibodies.

40



y-H2AX Hoechst

shLacZ

shDUT

shLacZ
+

10uM MTX

shDUT
+

10uM MTX

Figure 13 Depletion of dUTPase enhances methotrexate-induced DNA damage.

293T cells were transfected with dUTPase ™™ or LacZ""™™A, After 72 hours, cells were
treated with or without 10 1 M methotrexate for 20 hours. Cells were then fixed with 3%
paraformaldehyde at the time point as indicated, and immunostained with anti- y H2AX
antibody (1:200), Hoechst (1:500) and anti-mouse TRITC (1:200). The formation of

H2AX foci was observed by fluorescent microscopy.
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Figure 14 Purification of recombinant human dUTPase protein.

Wild type (left panel) or mutant from (right panel) of recombinant human GST-dUTPase

protein was purified by affinity chromatography on glutathione—sepharose from E. coli after
induction with 0.1 mM of IPTG at 37°C for 3.5 hours. Proteins were separated on a 10%
SDS PAGE and stained with coomassie blue.
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Figure 15 Measurement of recombinant human dUTPase activity.

(A) Measurement of dUTPase activity. Reaction products from different amounts of
dUTPase were subjected to phosphate assay as substrates, and the accompanying change in
the absorbance at 360 nm was recorded. (B) The enzyme specific activity was calculated by
measuring the concentration of PPi when the enzyme reaction containing 0.25 g dUTPase.
Values are the average of three independent determinations. The error bars represent
standard deviations. (C) Recombinant human GST-dUTPase fusion protein was eluted from
glutathione—sepharose with glutathione after affinity chromatography. Proteins were

separated on a 10% SDS PAGE and stained with coomassie blue.
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Figure 16 Construction of pEGFP-dUTPase.

The fragment of dUTPase cDNA was obtained from CMV2-Flag-dUTPase plasmid digested
with EcoRI and BamHI and then inserted in-frame into BamHI and EcoRI sites of
pEGFP-C1. (A) The map of pEGFP-dUTPase. (B) pEGFP-dUTPase plasmid was checked

by BamHI-EcoRI digestion. pPEGFP-dUTPase plasmid (1pg) was digested with BamHI and
EcoRI enzyme at 37°C for 1 hour. The products were then analyzed on a 1% agarose gel

and visualized by ethidium bromide staining.
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Figure 17 Ectopic expression of dUTPase diminishes methotrexate-induced DNA

damage. YA

293 cells expressing wild type (upper panel)l;":_&'.mutant (lower panel) GFP-dUTPase were
treated with 0.1 1 M methotrexate-for 20 hours. (A) Cells;were then fixed with 3%
paraformaldehyde , and immunostained with anti-/3 H2AX antibody (1:200), Hoechst
(1:500) and anti-mouse TRITC (1:200). The formation of 7 H2AX staining was observed
by fluorescent microscopy. (B) The graph repfesents percentage of ¥ H2AX positive cells

with GFP-dUTPase (wild type or mutant form) expression (n=100).
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Appendix
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Figure S1 Multiple alignment of sequences from viral and non-viral dUTPase.
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