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Abstract

Uracil DNA glycosylase (UDG) is a base excision repair enzyme responsible for the removal of uracil present in DNA after
cytosine deamination or misincorporation during replication. Inhibition of thymidylate synthase (TS), an important target for
cancer chemotherapy, leads to deoxythymidine triphosphate (dTTP) pool depletion and elevation of deoxyuridine monophosphate
(dUMP) pools which may also result in the accumulation of deoxyuridine triphosphate (dUTP). Large quantities of dUTP are
believed to overwhelm the pyrophosphatase dUTPase, leading to misincorporation of uracil into DNA. Uracil is removed from
DNA by uracil DNA glycosylase (UDG) resulting in an abasic site, but since the ratio dUTP:dTTP may remain high during con-
tinuing TS inhibition uracil can become re-incorporated into DNA causing a futile cycle eventually leading to DNA damage and
cell death. This study has used isogenic cell lines differing in their expression of UDG to investigate the role of this enzyme in
sensitivity to the specific TS inhibitors, ZD9331 and raltitrexed. The study showed that although increased expression and activity
of UDG may lead to increased cell growth inhibition after TS inhibition over the first 24 h of treatment (measured using 3-(4,5-
dimethyl (thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), probably due to increased damage to single-stranded DNA, the
level of enzyme expression does not affect cell viability or cell death (measured using clonogenic assay, cell counting of attached/
detached cells and cleavage of both poly ADP-ribose polymerase (PARP) and caspase 3). Increased expression and activity of UDG
did not affect sensitivity to TS inhibition at later time points (up to 72 h treatment). Therefore UDG does not appear to play a
major role in the response to TS inhibition, at least in the model used, and the results suggest that other determinants of response
previously investigated, such as TS and dUTPase, may be more important for the response to TS inhibition.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Thymidylate synthase (TS) catalyses the reductive
methylation  of  2’-deoxyuridine-5-monophosphate
(dUMP) to form 2'deoxythymidine-5monophosphate
(dTMP). TS is an important target for cancer chemo-
therapy as it provides the sole de novo source of
thymidylate ({TMP) which is essential for DNA synth-
esis and repair [1]. TS is an important target for cancer
chemotherapy.
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The importance of TS as a chemotherapeutic target is
now well established. 5-fluorouracil (5-FU), a fluoro-
pyrimidine drug, is widely used in the treatment of
breast, gastrointestinal, and head and neck cancers [1].
Several specific TS inhibitors have recently been clini-
cally evaluated. These include the quinazoline anti-
folates, raltitrexed (Tomudex, ZD1694 [2] and ZD9331
[3,4]).

However, the mechanisms of cell death following
inhibition of TS are not clearly defined. Following TS
inhibition, deoxythymidine triphosphate (dTTP) pools
become depleted and dUMP pools increase which may
also result in the accumulation of 2’-deoxyuridine-
S'triphosphate (dUTP) [5-7]. Since DNA polymerase
recognises dUTP and dTTP with equal efficiency [8],
uracil may become misincorporated into DNA during
periods of TS inhibition if the pyrophospatase dUTPase
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is overwhelmed, when the ratio of dUTP:dTTP is high
[6]. Uracil is not normally found in DNA due to the
activity of dUTPase and the base-excision repair
enzyme uracil DNA glycosylase (UDG) [9]. If incorpo-
rated into DNA, uracil is excised by UDG, but the
resulting abasic site is likely to be refilled by uracil due
to the continuing high dUTP:dTTP ratio. This may
cause a futile cycle of misincorporation, excision, repair
and further misincorporation resulting in DNA strand
breaks and cell death (reviewed in Ref. [10]).

Studies in prokaryotic and eukaryotic systems have
shown that uracil misincorporation may occur after
inhibition of TS (reviewed in Ref. [10]). In addition, the
extensive misincorporation of uracil into DNA is lethal
in bacteria [11] and yeast [12] and likely all cellular sys-
tems. Although the reason for this is not completely
known, it is thought that UDG-mediated DNA repair is
central to the process [13—18]. Ultimately these events
may inhibit daughter strand synthesis or result in the
induction of extensive single strand breaks leading to
hyper-recombination, DNA fragmentation and cell
death [15-17].

Several studies, using isogenic cell line models, have
shown that dUTPase plays an important role in the
sensitivity to TS inhibition [19-22] especially during the
first 24 h of treatment [6,22]. However, relatively little
attention has been paid to the role of UDG in deter-
mining response to TS inhibition. In addition, a recent
report showed high variability in tumour UDG, ele-
vated tumour: normal tissue ratio, and an association
with proliferation for UDG in human colorectal cancer
[23].

This study has used isogenic cell lines differing in their
expression of UDG to assess the role of UDG in deter-
mining response to the specific TS inhibitors ZD9331
and raltitrexed (ZD1694).

2. Materials and methods

All standard laboratory chemicals used in this study
were commercial products of AnalaR® grade purchased
from either British Drug Houses (BDH) (Poole, Dorset,
UK) or from Sigma (Poole, Dorset, UK). ZD9331 and
raltitrexed (ZD1694) were synthesised at Zeneca Phar-
maceuticals (Macclesfield, Cheshire, UK) and the pro-
cedures for their synthesis have been previously
described in Refs. [24,25], respectively. Both compounds
were dissolved at 10 mM in 0.1 M NaHCOj; (pH 8.3). The
dissolved compounds were then passed through a 0.22 pm
filter and stored at —20 °C for a maximum of 3 months.

2.1. Cell lines

HX147 human lung carcinoma and A549 human lung
carcinoma cell lines were obtained from ATCC (Amer-

ican Tissue Culture Collection, Manassas, VA, USA).
All adherent cell lines were maintained in Dulbeccos
Modified Eagle (DMEM) tissue culture medium (Gibco,
Paisley, Scotland, UK), supplemented with 10% heat
inactivated (56 °C, 30 min) dialysed fetal calf serum
(dFCS) (ICN Flow, Thames, Oxfordshire, UK), 2 mM
L-glutamine, 50 pg/ml gentamycin and 2.5 pg/ml fungi-
zone (all from Gibco). All cells were Mycoplasma-
negative, as tested using the polymerase chain reaction
(PCR) (Stratagene, UK) at the time of this study.

For determination of cell doubling times, 10° cells
were seeded in 25 cm? tissue culture flasks. Cells were
trypsinised off 24, 48, 72, 96 and 120 h following the
initial seeding and counted using a haemocytometer.
Doubling times were determined as the time taken for the
cell number to double over the linear range of growth.

2.2. Transfection

The cDNAs for the nuclear form of UDG were kindly
provided by Dr Rein Aasland (pUNGI15H) [26] and Dr
Robert Ladner (UDGI1A) [27]. pUNGI15H is a derivi-
tive of the original pUNGI15 cDNA from which the 3’
untranslated region has been removed by -cutting
pUNGI15 (in pGEM7ZF(+)) with HindIII and religat-
ing into pGEM7ZF(+). The pUNGI5H and UDGI1A
coding regions were obtained in  plasmids
pGEM7ZF(+) and pGEMS3Z, respectively, which are
designed for expression in bacteria. pUNGISH and
UDGIA c¢DNAs were therefore transferred into
pEFIRES-P (also known as F373) using standard tech-
niques. This is a plasmid vector designed for expression
of protein in eukaryotic cells in which the gene of inter-
est and the puromycin resistance gene (pac) and the
gene of interest are translated from a single bicistronic
message [28]. The final vectors containing pUNGI15H
and UDGIA ¢cDNA were designated F504 and F502,
respectively. HX147 cells were transfected using Lipo-
TAXI transfection reagents (Stratagene) according to
the manufacturer’s instructions.

2.3. Drug exposure

To measure the response of cells to ZD9331 and ral-
titrexed, cell lines were exposed to the drugs for 0, 24, 48
or 72 h at doses standardised to ICs, values. At the end
of drug exposure, cells were harvested using trypsinisa-
tion and washed with phosphate-buffered saline (PBS).
ICsq values (the concentration causing 50% cell growth
inhibition) were determined using 24 or 72 h 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assays as previously described in Ref. [6]. After
drug exposure for the required time, the medium of the
cells treated with raltitrexed was replaced every 48 h
with fresh DMEM containing 10 pM thymidine to pre-
vent further inhibition of TS.
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2.4. Cell viability (clonogenic) assays

Cells were plated at a density of 500-1000 cells/well in
six-well plates (Falcon) and allowed to adhere overnight.
Drugs were diluted in un-supplemented DMEM and
added at the required concentration to each well. DMEM
was added to control wells. Following exposure to drug for
24 or 72 h, the wells were washed three times with DMEM
then fresh DMEM was added and colonies were allowed
to form for 10-14 days. Colonies were then stained with
0.5% methylene blue and those of >50 cells counted.
Experiments were repeated three times, with six replicates
in each experiment. Plating efficiency was determined as
the percentage of untreated cells able to form colonies.

2.5. Measurement of UDG activity

UDG activity was measured as previously described
[7,29]. Briefly, 5x10° cells were lysed in 0.5 ml lysis
buffer (50 mM Tris—HCI (pH 7.4), 0.25 M NacCl, 0.1%
Nonidet P40 (NP40), 50 mM NaF and 5 mM ethylene
diamine tetra-acetic acid (EDTA) and were freeze/
thawed and sonicated twice (10 amplitude microns,
Soniprep 150 MSE). Supernatants were then collected
by centrifugation at 18 000 rpm for 10 min in a MSE
Microcentaur centrifuge at 4 °C.

To prepare *H-labelled uracil-containing DNA for
use as the substrate in the assay, 15 ul of 1 mg/ml calf
thymus DNA was labelled with H-dUTP (Amersham)
using random priming (Random Primers DNA Label-
ling System, Gibco). The percent incorporation of label
was determined using a glass fibre filter disk assay (as
described in the Random Primer DNA Labelling Kit).
The sample was then applied to a G-50 Sephadex spin
column to remove any unincorporated nucleotides.

The UDG assay was carried out at 37 °C in a volume
of 100 puL containing 45 ul 100 mM Tris—HCI pH 7.5, 4
mM dithiothreitol (DTT), 10 mM EDTA, 0.2 mg/ml
bovine serum albumin (BSA), 2 pl calf thymus [*H]
uracil-DNA substrate (8.35 nmol/ml) and 3 pl water.
The reaction was initiated by adding 50 pl of diluted cell
preparation (1:25 dilution in dH,O) and left to proceed
for 10 min. The reaction was terminated by adding 25 ul
salmon sperm DNA (1 mg/ml) (Sigma) and 25 pul 4M
perchloric acid. After 10 min on ice, samples were cen-
trifuged at 9000g for 10 min and the amount of radio-
activity in the supernatant was counted. Protein
concentrations in the extracts were determined using the
Pierce BCA assay kit (Pierce, UK). A unit of UDG activity
was expressed as the amount of glycosylase required to
release 1 pmol of uracil/min/mg protein at 37 °C.

2.6. Immunoblotting

Western blotting was carried out as previously
described in Ref. [7]. Total cellular protein was isolated

from cells in lysis buffer containing proteinase inhibi-
tors, and equal amounts (50 pg) of protein were sepa-
rated by sodium dodecyl sulphate-polyacrylamide
(SDS-PAGE) (8-16% tris/glycine gels purchased from
Novex, Germany) and electroblotted onto nitrocellulose
membrane. Blots were probed with the following anti-
bodies: rabbit anti-TS (1:1000) [5]; rabbit anti dUTPase
(1:1000) [30]; rabbit anti-UDG (1:350) [31]; rabbit anti-
caspase 8 (1:2000, Pharmingen, San Diego, CA, USA);
mouse anti-poly ADP-ribose polymerase (PARP)
(1:10,000; Clontech, Palo Alto, CA, USA) and mouse
anti-actin (1:1000, Sigma).

2.7. Single-cell gel electrophoresis (the ‘Comet’ assay)

Glass slides were coated with 20 ul low gelling tem-
perature agarose (Sigma) in boiled PBS and were
allowed to dry for 1 h at 37 °C. A single-cell suspension
was prepared by gentle trypsinisation of appropriately
treated cells and dilution at 1.6x10° cells/ml. 200 ul of
cell suspension was mixed with an equal volume of
warmed agarose in a pre-warmed universal to give a
solution of 0.5% agarose with cells. 150 pl of this solu-
tion was layered onto a pre-warmed, pre-coated glass
slide (giving 12 000 cells per slide), creating a thin
monolayer. The agarose was allowed to set by placing
slides at 4 °C for 1 h in the dark. Cells were then lysed in
the dark in Ilysis buffer (2.5 M NaCl, 100 mM
Na,EDTA, 1% SDS, 1% Triton X-100, 10% dimethyl
sulphoxide (DMSO), 10 mM Tris, pH 10) for 1 h at
4 °C. Slides were rinsed in electrophoresis buffer (300 mM
NaOH, 1 mM Na,EDTA, pH 12) and incubated in the
same buffer for 20 min to allow unwinding of the DNA.

Electrophoresis was carried out for 25 min at 1 V/cm.
The ‘comets’ were then neutralised with 2 ml 0.4 M Tris
(pH 7.5) before staining with Spg/ml ethidium bromide.
The comets were viewed under green light (515-560 nm)
using a fluorescence microscope (Leica), and stored and
analysed using a Bioscan Optimas image analysis pro-
gram (Bioscan, Washington, USA). Twenty-five ran-
dom comets at each time point were analysed, avoiding
comets within 5 mm of the edge of the agar.

2.8. Statistical analysis

All statistical analysis was performed using Graphpad
Prism software. For statistical hypothesis testing, P
values were determined using an unpaired z-test (para-
metric) and the level of confidence was set at 95%.
3. Results

3.1. Characterisation of UDG-transfected cell lines

Human lung carcinoma HX147 cells possess low
levels of UDG activity (approximately 6-fold less
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activity than human lung carcinoma A549 cells) [7].
Fig. 1 confirms this finding as HX147 cells showed sig-
nificantly lower UDG activity than AS549 cells
(approximately 4-fold greater activity in A549 cells).
This value is slightly lower than that previously repor-
ted, but this may reflect differences in the cell lines
obtained from different sources and that a different
substrate was used in each of the studies. Since it has
been previously suggested that higher levels of UDG
activity may cause an increased sensitivity to TS inhibi-
tion [7,22] HX147 cells were transfected with nuclear
UDG to investigate the effect.

HX147 cells were transfected with two different
cDNAs encoding the nuclear form of UDG (UDGIA
and pUNGI1S5H in expression vectors F502 and F504,
respectively). Twelve clones were isolated following
transfection of HX147 cells with both the F502 and
F504 expression vectors. Six clones were isolated fol-
lowing transfection with the empty vector (F373). A
range of levels of expression of UDG protein was
observed between clones by immunoblotting (1- to 40-
fold increased compared with controls) (data not
shown). Three UDG over-expressing clones were selec-
ted for further characterisation (F502-10, F504-6 and
F504-10) and one empty-vector control clone (F373-A).
These clones were selected as F504-10 over-expressed
UDG protein to the highest extent (>40-fold compared
with the parental cell line) and F502-10 and F504-6
clones expressed an intermediate level of UDG protein
(5-fold compared with the parental cell line), measured
by western blotting. F373-A was used as a control cell
line since it expressed UDG protein at a similar level as
the parental cell line (data not shown).

The UDG enzyme activity of each of the selected
clones was also examined (Fig. 2). HX147 and F373-A
showed a similar level of UDG activity, as expected.
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Fig. 1. Uracil DNA glycosylase (UDG) activity in HX147 and A549
cells. Cells were grown to 60% confluency and the basal UDG activity
was measured by monitoring the release of *H-uracil from a *H-uracil-
containing DNA substrate. Data represent the meanz=standard
deviation S.D. of three experiments carried out in duplicate.

F502-10 and F504-6 show significantly greater UDG
activity than HX147 and F373-A (3.25+1.6 and
2.84+0.7-fold, respectively, (P<0.001). F504-10 cells
showed significantly greater UDG activity compared
with any of the other cell lines (17.543.8-fold)
(P<0.001). F502-10 and F504-6 cells expressed levels of
UDG within the physiological range observed in a panel
of cell lines previously examined. F504-10 cells express
higher levels of UDG than any of the cell lines examined
previously. These figures are less than those obtained
following quantitation of the data obtained using wes-
tern blotting. This finding may be due to regulation of
UDG activity within the cell, as previously described in
Ref. [32].

No significant differences were observed in the dou-
bling times of each cell line (P=0.05) (2247.5,
28.6+£5.8, 244+9.5, 2248.2 and 224+9.0 h for HX147,
F373-A, F502-10, F504-6 and F504-10, respectively). In
addition, no significant differences were observed in
dTTP, ‘dUMP’ or dUTP pools following 0 or 24 h
treatment with 1 pM ZD9331 (Table 1), nor in the levels
of TS or dUTPase (data not shown) (P>0.05). A 17-
fold variation in dUTPase protein, correlating with
dUTPase activity, has previously been reported in a
lung tumour cell line panel [6]. HX147 cells showed the
lowest dUTPase activity and the second highest accu-
mulation of dUTP after exposure to 1 uM ZD9331 for
24 h in this cell line panel.

3.2. Effect of UDG on sensitivity to TS inhibitors

The specific TS inhibitors ZD9331 and raltitrexed
were used to investigate the effect of UDG on the sen-
sitivity to TS inhibition. F504-10 cells with a very high

expression of the UDG protein and activity) were sig-
nificantly more sensitive to ZD9331 and raltitrexed

30

20

Fold elevation of UDG activity
compared with HX147 cells

HX147 F373-A F502-10 F504-6 F504-10

Fig. 2. UDG activity in HX147 UDG transfected cell lines. Basal
UDG activity was measured in cell extracts from HX147, F373-A,
F502-10, F504-6 and F504-10 cells grown to 60% confluency. The
release of *H-uracil-from a 3H-uracil containing DNA substrate was
used to determine the activity of the extracts. Data represent the mean
+S.D. of three experiments carried out in duplicate.
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measured using growth inhibition (MTT) assays
(Table 2). However, this effect was only observed fol-
lowing 24 h treatment as no statistically significant dif-
ferences were observed between the cell lines following
72 h treatment with the inhibitors (Table 2).

In contrast to the results seen with growth inhibition
assays, no significant differences in cell survival were
seen after 24 h treatment between any of the cell lines
with either ZD9331 or raltitrexed (1, 4, 7, or 10x24 h
1C5) using clonogenic assays (Figs. 3a and b, respec-
tively). No cell survival was observed in any cell line
after 72 h treatment with ZD9331 or raltitrexed (10x72
h 1Cs) (data not shown).

3.3. Effect of UDG on cell death kinetics of TS inhibited
cells

The cell death kinetics of each of the cell lines was
initially investigated by counting the numbers of cells
detaching from the substratum over 72 h treatment with
7ZD9331 (10xICsp). In agreement with the results from
the clonogenic assays, no significant differences were
observed between the cell lines at any time point after
treatment with ZD9331 (Fig. 4).

Table 1

3.4. Cleavage of PARP and caspase-3 following
treatment with ZD9331

Complete cleavage of PARP was observed after 72 h
treatment with ZD9331 in all cell lines (Fig. 5). How-
ever, cleavage of caspase-3 was not seen at any point up
to 72 h in any of the cell lines (data not shown).

3.5. Nuclear morphology of UDG over-expressing clones

following treatment with ZD9331

Fig. 6 shows the nuclear morphology, visualised by
confocal microscopy following PI staining, in F504-10
cells and F373-A cells remaining attached to the flasks
after treatment with ZD9331 for up to 72 h (10x72 h
1ICsg). Only F373-A cells are shown since they were
representative of the parental, F502-10 and F504-6 cell
lines in other assays and an identical response was also
observed in this assay. No differences between the cell
lines were observed in the nuclear morphology over the
time course. Increased condensation of DNA was
observed over the course of treatment in both cell lines.
Confocal microscopy of detached cells (data not shown)
confirmed that the cells were dying via apoptosis since

dTTP, immunoreactive ‘dUMP’ and dUTP pools in HX147 UDG transfected cells®

Deoxynucleotide pools

dTTP (pmol dTTP/10° cells)

“dUMP” (pmol dUMP/10%ells)

dUTP (pmol dUTP/10° cells)

HX147 2.0+1.0 1987+£299 20.1£4.0
F373-A 28+14 1788+310 22.3+£3.0
F502-10 2.0+0.5 1988 £401 19.6+2.2
F504-6 2.1£0.8 1823+311 21.6+£3.1
F504-10 3.1+0.8 1901£250 21.6+2.2

S.D., standard deviation; dTTP, deoxythymidine triphosphate; dUTP, deoxyuridine triphosphate; dUMP, deoxyuridine monophosphate.

4 Cells were treated with 1 pM ZD9331 for 24 h and cell extracts were prepared for measurements of deoxynucleotide pools using radio-
immunoassays. Data represent the mean +S.D. of three experiments carried out in duplicate. The mean untreated values were not significantly
different between cell lines. The mean untreated values (of all cell lines) were 30.1, 54.2 and 2.1 pmol dTTP, dUMP or dUTP, respectively/10° cells.

Table 2
Summary of growth inhibition assays for HX 147 UDG-transfected cell lines*

ICsp (M)

ZD9331 24 h ZD9331 72 h Raltitrexed 24 h Raltitrexed 72 h
HX147 0.25+0.10 0.014+0.01 0.095+0.03 0.008£0.002
F373-A 0.27+0.09 0.019+0.01 0.097+0.03 0.007+0.002
F504-6 0.20+£0.04 0.016+0.01 0.078 £0.04 0.010+£0.004
F504-10 0.06+£0.02° 0.015+0.01 0.01£0.007° 0.009+0.003

MTT, 3-(4,5-dimethythazd-2-yl)-2,5-diphanyltetrazolium bromide ICsg, concentration causing 50% inhibition.
4 HX147 UDG-transfected cells were assayed for growth inhibition using MTT assays after treatment for 24 h and 72 h with ZD9331. Data

represent the mean £S.D. of three experiments carried out in quadruplicate.

® Denotes significant sensitivity compared with other cell lines at that time point (P<0.001).
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all the cell lines showed characteristic condensation and
fragmentation of DNA associated with apoptosis. This
observation is in agreement with data from a previous
study showing that cells die via an apoptotic pathway
after inhibition of TS [33].

3.6. DNA damage following inhibition of TS

TS inhibition has previously been shown to cause
single-strand DNA damage [6,7,34]. Single-strand DNA
damage was investigated using single-cell gel electro-
phoresis (the Comet assay) under alkaline conditions.
Table 3 shows significantly greater single-strand DNA
damage in F504-10 cells compared with parental, F373-
A, F502-10 or F504-6 cells following 16, 20 and 24 h
exposure to 1 uM ZD9331 (P<0.001). However, no
significant differences were observed between F504-10
cells and the other cells following 0 or 12 h treatment
(P=0.05). Significantly greater DNA damage was also
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Fig. 3. Survival following treatment of HX147 UDG-transfected cells
with TS inhibitors. HX147 UDG-transfected cells were treated with
ZD9331 (a) or raltitrexed (b) (1, 4, 7 or 10x24 h ICsg) for 24 h then
survival was measured using clonogenic assays. Survival was assayed
in the presence of 10 uM thymidine after treatment with raltitrexed to
ensure rescue from TS inhibition caused by the retention of highly
polyglutamated drug. Data represent the mean =+S.D. of three
experiments carried out in triplicate. Significant loss of clonogenicity
compared with untreated control cells was seen in all cell lines after
treatment with 4, 7 or 10x24 h ICsy doses of either drug.

observed in F504-6 and F504-10 cells after 24 h treat-
ment, as well as after 16 h and 20 h in F504-10 cells,
compared with that observed at 0 h in the same cells
(P<0.001). No significant differences were observed
between different time points in the other cell lines.
However, the errors for this assay were large as a dif-
ferential response was observed between individual cells
within the same population. This effect has been pre-
viously noted in Ref. [35]. Individual cells may be affec-
ted differently within the population depending on their
position in the cell cycle. Since TS inhibitors cause
DNA damage in S phase, some cells may be spared
damage until they reach S phase (up to a doubling
time). However, a broad trend was observed in all cell
lines showing an increase in damage over the time
course of treatment, but this was not statistically sig-
nificant.

4. Discussion

Uracil-DNA glycosylase (UDQG) is the base-excision
repair enzyme responsible for removing uracil from
DNA [36]. TS inhibition has been shown to cause an
elevation in dUTP:dTTP ratios which may lead to the
misincorporation of uracil into DNA
[15,16,18,34,37,38]. In addition to studies in yeast and
bacteria showing dUTPase mutants are only lethal in
the presence of UDG, several authors have suggested
that both UDG and dUTPase may influence the sensi-
tivity of mammalian cells to TS inhibition [7,23,39]. The
latter study showed that human lung carcinoma A549
cells were significantly more sensitive to ZD9331 than
another cell line with approximately 6-fold less UDG
activity (HX147) despite large expansions in dUTP

100
75
50

25

% of total cell population

Time of exposure to ZD9331 (h)

—{— F373 A (attached) = 0= F373 A (detached)
—&— F504 6 (attached) - A— F504 6 (detached)
—O— F504 10 (attached) = 0= F504 10 (detached)

Fig. 4. Cell death kinetics of HX147 UDG-transfected cells following
treatment with ZD9331. The numbers of cells attached/detached from
the flasks were counted over 72 h treatment with ZD9331 (10x72 h
1Csp). Data represent the mean +S.D. of three experiments carried
out in duplicate.
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pools in both cell lines [7]. In addition, HX147 cells
sustained significantly less damage to mature DNA than
AS549 cells over 24 h treatment with 1 uM ZD9331 and
only showed slightly more mature DNA damage than
MOR cells (a cell line which does not accumulate dUTP
following 24 h exposure to 1 uM ZD9331). However,
since these cell lines were not isogenic pairs, the role of
UDG was uncertain and the possibility remained that
the observed differences in DNA damage were due to
factors other than UDG. Dusseau and colleagues [23]
also recently reported a high tumour:normal tissue ratio
of UDG in colorectal tumours and cell lines.

Isogenic cell lines were therefore produced and char-
acterised as described in this study to determine the
importance of UDG expression in determining the sen-

sitivity of cells to TS inhibition. However, UDG
appears to only effect drug sensitivity if measured using
growth inhibition assays. F504-10 cells with a high
expression of the UDG protein and activity compared
with control cell lines) were significantly more sensitive
over the first 24 h of treatment with ZD9331 and ralti-
trexed compared with control cells, although no differ-
ences were observed after 72 h treatment. Clonogenic
and cell counting assays as well as measurements of cell
death showed no differences between the cell lines at any
time point up to 72 h.

The data observed using growth inhibition (MTT)
assays are in agreement with previous studies showing
that the effects of dUTP accumulation on the sensitivity
of cells to TS inhibitors is most significant during the
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Fig. 5. Cleavage of poly ADP-ribose polymerase (PARP) in HX147 UDG-transfected cell lines following treatment with ZD9331. All selected
HX147 UDG-transfected cells were treated for 0, 24, 48 or 72 h with ZD9331 (10x72 h ICs,) and were then harvested and lysed. Western blotting
was performed to examine the cleavage of PARP (116 kDa) to its 85 kDa cleavage product. The location of the 50 kDa band shows the position of

a-tubulin (loading control). Blots are representative of two experiments.

HX147 F373-A

HX147 F504-10

Oh

Fig. 6. Effect of UDG on nuclear morphology of HX147 cells transfected with UDG. HX147 F373-A and HX147 F504-10 cells were treated for up
to 72 h with ZD9331 (10x72 h ICsg). Nuclear morphology in cells remaining attached to the flasks was examined using confocal microscopy fol-
lowing staining with propidium iodide. Photos are representative of three separate experiments.
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Table 3

Single-strand DNA damage following treatment with ZD9331. HX 147
UDG-transfected cells were treated for 0, 12, 16, 20 or 24 h with 1 pM
ZD9331 after which the single strand DNA damage was measured
using the Comet assay*

Comet moment £+S.D.

0h 12h 16 h 20 h 24 h
HX147 0.454+0.1 0.63£0.5 091£0.7 0.70+£0.7 1.87%+1.3
F373-A° 0.72+0.5 0.64+£0.8 1.18+£1.1 1.0£0.5 1.22+2.7
F502-10 0.294+0.3 1.63+1.2 13+0.6 2.09+1.2 1.06+1.2
F504-6  0.37+0.1 0.87+0.7 1.45+£09 133£1.0 1.9340.6°

F504-10 0.574+0.3 1.564+1.4 3.82+£1.4% 4.4940.7° 4.02540.6

2 The Comet moment was calculated using the Optimas data ana-
lysis program. Data represent the mean +S.D. of three experiments.

® Denotes significantly greater DNA damage compared with other
cell lines (P<00.001).

¢ Denotes significantly greater DNA damage compared with Oh
sample of the same cell line (P<0.001).

first 24 h of treatment [6,7,21]. UDG would only be
expected to have an effect when dUTP accumulation
and uracil misincorporation are relevant. Thus it is not
surprising that UDG expression affected sensitivity only
during the first 24 h of TS inhibition and as previously
shown HX147 cells express low levels of dUTPase and
accumulate high levels of dUTP compared with other
lung tumour cell lines [6]. UDG would not be expected
to play a role in the sensitivity of cells to TS inhibition
in the absence of dUTP accumulation since no uracil
would be incorporated into DNA and UDG would not
be required to maintain DNA integrity, although this
has not been addressed in this study.

However, results obtained using growth inhibition
assays were not confirmed using clonogenic or cell
counting assays, nor the cell death assays. Interestingly,
significantly more single-strand breaks were observed in
F504-10 cells compared with the other cell lines
(P<0.05). This result may explain the discrepancies
observed between the assays since single-strand DNA
damage is not thought to result in the death of cells
unless the single strand breaks are converted to double-
strand breaks leading to genome fragmentation and cell
death [39]. Therefore, although a greater amount of
damage was observed in the cells over-expressing UDG
it seems likely that the single-strand breaks were not
converted to double-strand breaks and the cells were able
to repair this damage causing no loss of viability com-
pared with the cell lines expressing lower levels of UDG.

The results presented in this study do not support
studies carried out in Escherichia Coli [12,40,41]. These
studies showed that mutations in the ung gene could
suppress dut-I1-induced lethality and in dut ung™ double
mutants of E. coli, up to 20% of the DNA thymine can
be replaced by uracil. Therefore, any increase in UDG
activity would be expected to cause sensitisation of the

cells to TS inhibition as observed in the present study.
Although it is important to note that all ung™ suppres-
sible dut alleles of E. Coli have been proposed to be
leaky since complete inactivation of dUTPase was
shown to be lethal even in ung™ strains [11].

Analyses with isogenic UDG (UNGI) deficient or
proficient strains of Saccharomyces cerevisiae indicate
that in the absence of dUTPase, cell death results from
the incorporation of uracil into DNA and the attempted
repair of this damage by UNGI-mediated excision
repair [12]. However, in dutl ungl double mutants,
starvation for dTMP caused dividing cells to arrest and
die in all phases of the cell cycle. The authors suggested
that the extensive stable substitution of uracil for thy-
mine in DNA leads to a general failure in macro-
molecular synthesis. The present study did not address
the last point since although HX147 cells accumulate
high levels of dUTP following TS inhibition, a previous
study has shown that these cells are not null for
dUTPase (hydrolyse 1.240.15 nmol dUTP/min/mg
protein) [6]. A genetic approach would be required to
determine if this effect was also seen in mammalian cells.

An alternative explanation for the lack of an increase
in sensitivity of HX147 cells transfected with UDG may
be that these particular cells have developed an addi-
tional pathway for the removal of uracil from U:A
mismatches. Several enzymes have been reported to
potentially provide back-up activity for UDG. These
include SMUGT [42], T(U):G mismatch DNA glycosy-
lase; TDG [43], MBD4 [44] and a cyclin-like enzyme
[45]. The role of these enzymes requires further investi-
gation.

An additional important point is that although the
elevation of UDG protein and activity to high levels
(>40-fold compared with controls) resulted in an
increase in sensitivity to ZD9331 and raltitrexed over
the first 24 h of treatment, no differences were observed
in cell lines over-expressing lower levels of UDG (5-
fold). No previous studies have recorded any cells with
such high levels of UDG protein or activity which
implies that this level of UDG may not exist physiolo-
gically, hence UDG may not be expected to contribute
towards response to TS inhibitors within the clinical
setting.

In summary, the results presented in this study have
shown that although cells over-expressing very high
levels of the base excision repair enzyme UDG (> 40-
fold compared with control cells) show significantly
increased growth inhibition on treatment with ZD9331
and raltitrexed over the first 24 h of treatment, UDG
does not play a major role in determining sensitivity to
these drugs, at least in the HX147 UDG-transfected cell
line model. It therefore seems more likely that sensitivity
to TS inhibition is determined by the expression of other
factors such as TS, dUTPase as well as proteins
involved in the cell death response.



386

S.J. Welsh et al. | European Journal of Cancer 39 (2003) 378-387

References

10.

11.

12.

14.

15.

17.

19.

20.

. Grem JL. Fluorinated pyrimidines. In Chabner BA, Collins JM,

eds. Cancer Chemotherapy, Principles and Practice. Philadelphia,
JB Lippincott Co, 1990, 180-224.

Gunasekara NS, Faulds T. Raltitrexed— a review of its phar-
macological properties and clinical efficacy in the management of
advanced colorectal cancer. Drugs 1998, 55, 423-435.

Jackman AL, Kimbell R, Aherne GW, et al. Cellular pharma-
cology and in vivo activity of a new anticancer agent, ZD9331: a
water-soluble, nonpolyglutamatable, quinazoline-based inhibitor
of thymidylate synthase. Clin Cancer Res 1997, 3, 911-921.

Rees C, Beale P, Plummer R, ef al. Phase I trial of ZD9331 given
as a 30 minute infusion on days 1 and 8 with cycles repeated
every 3 weeks. Ann Oncol 1998, S4, 628.

. Aherne W, Hardcastle A, Ward E, Brown SD, Jackman A. In

vitro and in vivo pharmacology of the non-polyglutamated qui-
nazoline antifolate thymidylate synthase (TS) inhibitor, ZD9331.
Ann Oncol 1996, 7, 89.

Webley SD, Hardcastle A, Ladner RD, Jackman AL, Aherne
GW. Deoxyuridine triphosphatase (dUTPase) expression and
sensitivity to the thymidylate synthase (TS) inhibitor ZD9331. Br
J Cancer 2000, 83, 792-799.

Webley SD, Hardcastle A, Ladner RD, Jackman AC, Aherne
GW. The ability to accumulate deoxyuridine triphosphate and
cellular response to thymidylate synthase (TS) inhibition. Br J
Cancer 2001, 85, 446-452.

. Richardson CC, Schildkraut CL, Kornberg A. Studies on the

replication of DNA by DNA polymerases. Cold Spring Harbor
Symp Quant Biol 1963, 28, 9-19.

Dianov G, Price A, Lindahl T. Generation of single-nucleotide
repair patches following excision of uracil residues from DNA.
Mol Cell Biol 1992, 12, 1605-1612.

Aherne GW, Brown SD. The role of uracil misincorporation in
thymineless death. In Jackman AL, ed. Antifolate Drugs in Can-
cer Therapy. Totowa NJ, USA, Humana Press, 1999, 409-422.
El-Hajj HH, Zhang H, Weiss B. Lethality of a dut (deoxyuridine
triphosphatase) mutation in Escherichia coli. J Bacteriol 1988,
170, 1069-1075.

Gadsden MH, Mclntosh EM, Game JC, Wilson PJ, Haynes RH.
dUTP pyrophosphatase is an essential enzyme in Saccharomyces
cerevisiae. EMBO J 1993, 12, 4425-4431.

. Tye BK, Nyman PO, Lehman IR, Hochhauser S, Weiss B.

Transient accumulation of Okazaki fragments as a result of uracil
incorporation into nascent DNA. Proc Natl Acad Sci 1977, 74,
154-157.

Hochhauser SJ, Weiss B. Escherichia coli mutants deficient in
deoxyuridine triphosphatase. J Bacteriol 1978, 134, 157-166.
Goulian M, Bleile B, Tseng BY. The effect of methotrexate on
levels of dUTP in animal cells. J Biol Chem 1980, 255, 10630—
10637.

. Goulian M, Bleile B, Tseng BY. Methotrexate induced mis-

incorporation of uracil in DNA. Proc Natl Acad Sci USA 1980,
77, 1956-1960.

Barclay BJ, Kunz BA, Little JG, Hayes RH. Genetic and bio-
chemical consequences of thymidylate stress. Can J Biochem
1982, 60, 172—-194.

. Richards RG, Sowers LC, Laszlo J, Sedwick WD. The occur-

rence and consequence of deoxyuridine in DNA. Adv Enzyme
Reg 1986, 22, 157-185.

Canman CE, Lawrence TS, Shewach DS, Tang HY, Maybaum J.
Resistance to fluorodeoxyuridine induced DNA damage and
cytotoxicity correlates with an elevation of deoxyuridine tripho-
sphatase activity and failure to accumulate deoxyuridine tripho-
sphate. Cancer Res 1993, 53, 1-6.

Canman CE, Radany EH, Parsels LA, Davis MA, Lawrence TS,

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Maybaum J. Induction of resistance to fluorodeoxyuridine cyto-
toxicity and DNA damage in human tumour cells by expression
of Escherichia-coli deoxyuridine triphosphatase. Cancer Res 1994,
54, 2296-2298.

Parsels LA, Loney TL, Maybaum J. Expression of E-coli dUT-
Pase partially protects HT29 cells from DNA fragmentation and
cytotoxicity induced by CB3717 or methotrexate. Proc Am Assoc
Cancer Res 1995, 36, 406.

Parsels LA, Parsels JD, Wagner LM, Loney TL, Radany EH,
Maybaum J. Mechanism and pharmacological specificity of
dUTPase-mediated protection from DNA damage and cytotoxi-
city in human tumour cells. Cancer Chemother Pharmacol 1998,
42, 357-362.

Dusseau C, Murray GI, Keenan RA, O’Kelly T, Krokan HE,
McLeod HL. Analysis of uracil DNA glycosylase in human
colorectal cancer. Int J Oncol 2001, 18, 393-399.

Wardleworth JM, Boyle FT, Barker RJ, e al. ZD9331, the design
and syntheses of a novel non-polyglutamatable thymidylate syn-
thase inhibitor. Ann Oncol 1994, 5(Suppl. 5), 247.

Marsham PR, Hughes LR, Jackman AL, et al. Quinazoline anti-
folate thymidylate synthase inhibitors: heterocyclic benzoyl ring
modifications. J Med Chem 1991, 34, 1594-1605.

Olsen LC, Aasland R, Whittwer CU, Kroken HE, Helland DE.
Molecular cloning of human uracil-DNA glcosylase, a highly
conserved DNA repair enzyme. EMBO J 1989, 8, 3121-3125.
Muller-Weeks S, Mastran B, Caradonna S. The nuclear form of
the highly conserved human uracil-DNA glcosylase is an Mr
36,000 phosphoprotein. J Biol Chem 1998, 273, 21909-21917.
Hobbs S, Jitrapakdee S, Wallace JC. Development of a bicis-
tronic vector driven by the human polypeptide chain elongation
factor lalpha promoter for creation of stable mammalian cell
lines that express very high levels of recombinant proteins. Bio-
chem Biophys Res Commun 1998, 252, 368-372.

Caradonna SJ, Cheng Y. Uracil DNA-glycosylase: purification
and properties of this enzyme isolated from blast cells of acute
myelocytic leukemia patients. J Biol Chem 1980, 255, 2293-2300.
Ladner RD, McNulty DE, Carr SA, Roberts GD, Caradonna SJ.
Characterisation of distinct nuclear and mitochondrial forms of
human deoxyuridine triphosphate nucleotidohydrolase. J Biol
Chem 1996, 271, 7745-7751.

Slupphaug G, Markusson FH, Olsen LC, ef al. Nuclear and
mitochondrial forms of human uracil-DNA glycosylase are
encoded by the same gene. Nucleic Acids Res 1993, 21, 2579—
2584.

Walsh MJ, Shue G, Spidoni K, Kapoor A. E2F - | and a cyclin-
like DNA repair enzyme, uracil-DNA glycosylase provide evi-
dence for an autoregulatory mechanism for transcription. J Biol
Chem 1995, 270, 5289-5298.

Houghton JA, Harwood FG, Tilman DM. Thymineless death in
colon carcinoma cells is mediated via Fas signalling. Proc Natl
Acad Sci USA 1997, 94, 8144-8149.

Curtin NJ, Harris AL, Aherne GW. Mechanisms of cell death
following thymidylate synthase inhibition: 2 deoxyuridine 5 tri-
phosphate accumulation, DNA damage, and growth inhibition
following exposure to CB3717 and dipyridamole. Cancer Res
1991, 51, 2346-2352.

Matsui S, Arredondo MA, Wrzosek C, Rustum YM. DNA
damage and p53 induction do not cause ZD1694-induced cell
cycle arrest in human colon carcinoma cells. Cancer Res 1996, 56,
4712-4723.

Nicholl ID, Nealon K, Kenny MK. Reconstitution of human
base excision repair with purified proteins. Biochemistry 1997, 36,
7557-7566.

Sedwick WD, Kurtler M, Brown OE. Antifolate induced mis-
incorporation of deoxyuridine monophosphate into DNA: inhi-
bition of high molecular weight DNA synthesis in human
lymphoblastoid cells. Proc Natl Acad Sci USA 1981, 78, 917-921.



38.

39.

40.

41.

42.

S.J. Welsh et al. | European Journal of Cancer 39 (2003) 378-387 387

Ingraham HA, Dickey L, Goulian M. DNA fragmentation and
cytotoxicity from increased cellular deoxyuridylate. Biochemistry
1986, 25, 3225-3230.

MclIntosh EM, Haynes RH. dUTP pyrophosphatase as a poten-
tial target for chemotherapeutic drug development. Acta Biochim
Pol 1997, 44, 159-172.

Taylor AF, Weiss B. Role of exonuclease III in the base excision
repair of uracil-containing DNA. J Bacteriol 1982, 151, 351-357.
Warner HR, Duncan BK, Garret C, Neuhard J. Synthesis and
metabolism of uracil-containing deoxyribonucleic acid in Escher-
ichia coli. J Bacteriol 1981, 145, 687-695.

Nilsen H, Haushalter KA, Robins P, Barnes DE, Verdine GL,

43.

44.

45.

Lindahl T. Excision of deaminated cytosine from the vertebrate
genome : role of the SMUGT] uracil-DNA glycosylase. EMBO J
2001, 20, 4278-4286.

Neddermann P, Jiricny J. Efficient removal of uracil from G.U.
mispairs by the mismatch-specific thymine DNA glycosylase from
HeLa cells. Proc Natl Acad Sci USA 1994, 91, 1642-1646.
Hendrich B, Hardelande U, Ng HH, Jiricny J, Bird A. The thy-
mine glycosylase MBD4 can bind to the product of deamination
at methylated CpG sites. Nature 1999, 401, 301-304.

Muller S, Caradonna S. Isolation and characterisation of a
human cDNA encoding uracil-DNA glycosylase. Biochim Bio-
phys Acta 1991, 1088, 197-207.



	Expression of uracil DNA glycosylase (UDG) does not affect cellular sensitivity to thymidylate synthase (TS) inhibition
	Introduction
	Materials and methods
	Cell lines
	Transfection
	Drug exposure
	Cell viability (clonogenic) assays
	Measurement of UDG activity
	Immunoblotting
	Single-cell gel electrophoresis (the ‘Comet’ assay)
	Statistical analysis

	Results
	Characterisation of UDG-transfected cell lines
	Effect of UDG on sensitivity to TS inhibitors
	Effect of UDG on cell death kinetics of TS inhibited cells
	Cleavage of PARP and caspase-3 following treatment with ZD9331
	Nuclear morphology of UDG over-expressing clones following treatment with ZD9331
	DNA damage following inhibition of TS

	Discussion
	References


