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ABSTRACT: 5-Fluorouracil (5-FU), 5-fluorodeoxyuridine (5-dUrd), and raltitrixed (RTX) are anticancer
agents that target thymidylate synthase (TS), thereby blocking the conversion of dUMP into dTMP. In
budding yeast, 5-FU promotes a large increase in the dUMP/dTMP ratio leading to massive polymerase-
catalyzed incorporation of uracil (U) into genomic DNA, and to a lesser extent 5-FU, which are both excised
by yeast uracil DNA glycosylase (UNG), leading to DNA fragmentation and cell death. In contrast, the
toxicity of 5-FU and RTX in human and mouse cell lines does not involve UNG, but, instead, other DNA
glycosylases that can excise uracil derivatives. To elucidate the basis for these divergent findings in yeast and
human cells, we have investigated how these drugs perturb cellular dUTP and TTP pool levels and the relative
abilities of three human DNA glycosylases (1UNG2, hSMUGI, and hTDG) to excise various TS drug-
induced lesions in DNA. We found that 5-dUrd only modestly increases the dUTP and dTTP pool levels in
asynchronous MEF, HeLa, and HT-29 human cell lines when growth occurs in standard culture media. In
contrast, treatment of chicken DT40 B cells with 5-dUrd or RTX resulted in large increases in the dUTP/TTP
ratio. Surprisingly, even though UNG is the only DNA glycosylase in DT40 cells that can act on U-A base
pairs derived from dUTP incorporation, an isogenic ung '~ DT40 cell line showed little change in its
sensitivity to RTX as compared to control cells. In vitro kinetic analyses of the purified human enzymes show
that hUNG?2 is the most powerful catalyst for excision of 5-FU and U regardless of whether it is found in base
pairs with A or G or present in single-stranded DNA. Fully consistent with the in vitro activity assays, nuclear
extracts isolated from human and chicken cell cultures show that hUNG2 is the overwhelming activity for
removal of both U and 5-FU, despite its bystander status with respect to drug toxicity in these cell lines. The
diverse outcomes of TS inhibition with respect to nucleotide pool levels, the nature of the resulting DNA
lesion, and the DNA repair response are discussed.

The antimetabolites 5-fluorouracil (5-FU)," 5-fluorodeoxyur-
idine (5-dUrd), and raltiterxed (RTX) are widely used for the
treatment of colorectal, breast, and head and neck cancers (/—3).
Fluoropyrimidines are metabolized much like uracil and deox-
yuridine and can be enzymatically converted to the active
metabolite 5S-FAUMP (Figure 1). A binary complex between
5-FAUMP and 5,10-methylenetetrahydrofolate irreversibly inhibits
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thymidylate synthase (TS), blocking de novo production of
dTMP and also resulting in the accumulation of dUMP. The
resulting thymine nucleotide pool deficiency caused by fluoro-
pyrimidine drugs was originally thought to induce the therapeutic
effect by a process called “thymineless death”. However, an
additional hallmark of fluoropyrimidine treatment is the poly-
merase-catalyzed incorporation of dUMP and 5-F-dUMP into
DNA, resulting in U-A, 5-FU-A, and 5-FU-G base pairs that
are substrates for various uracil DNA repair glycosylases (1,4, 5).
Similarly, RTX is a TS-specific folate mimic that also prevents
TMP synthesis, but unlike fluoropyrimidines, RTX results in the
accumulation of only dUMP and U- A base pairs in DNA. Thus,
the toxicity mechanisms of these drugs will depend on the dUTP,
5-F-dUTP, and TTP pool levels, as well as the relative specifi-
cities of the cellular uracil DNA glycosylase activities toward
these uracil-containing base pairs.

Several previous studies have investigated which DNA glyco-
sylase enzymes are responsible for excising uracil and 5-FU bases
in the context of U+A, 5-FU-A, and 5-FU-G base pairs and
which are responsible for the toxic effects of the drug (6—11). Ina
study performed in budding yeast, Seiple and co-workers showed
that deletion of the base excision repair enzyme uracil DNA
glycosylase (UNG) resulted in a huge accumulation of U in the
yeast genome during treatment with 5-FU (~4% of genomic
thymidine levels), and that ung~ yeast were protected against the

©2010 American Chemical Society



Article

elimination

TDPDH DNA
5-FU

I duTP ok
5-FdUrd dUTPasq]
I dump o,

5-FAUMP — lrs
NMK

dTMP
NDK NMK
5-F¢1UTP NDK
dTTP
DNA &~

FiGure 1: Pathways of 5-FU metabolism and DNA toxicity. Meta-
bolites are shown in bold and enzymes in italics: 5-FU, 5-fluorouracil;
5-FdUrd, 5-fluorodeoxyuridine; 5-FAUMP, 5-fluorodeoxyuridine
monophosphate; 5-F-dUTP, S5-fluorodeoxyuridine triphosphate;
dUTP, deoxyuridine triphosphate; dUMP, deoxyuridine monophos-
phate; dTMP, deoxythymidine monophosphate; dTTP, deoxythy-
midine triphosphate; 7P, thymidine phosphorylase; NMK, nucleo-
tide monophosphate kinase; NDK, nucleotide diphosphate kinase;
TK, thymidine kinase; dUTPase, dUTP nucleotide hydrolase; 7'S,
thymidylate synthase; DPDH, dihydropyrimidine dehydrogenase.

cytotoxic effects of 5-FU (8). This study thus established two
mechanistic aspects of 5-FU toxicity in the yeast system: (i) 5-FU
treatment results in an elevated dUTP level and accumulation of
U in genomic DNA, and (ii) 5-FU toxicity is dependent on
excision of U by yeast UNG (UNG is the only enzyme in yeast
that removes uracil from DNA).

In contrast to the findings with yeast, 5-FU toxicity studies
using ung " /ung® and ung” Jung” mouse embryonic fibroblasts
(MEFs) indicated that UNG was not involved in the toxicity
mechanism (7, 9). Because there are four different DNA glyco-
sylases in both mice and humans capable of excising U and 5-FU
from DNA (UNG, SMUGI, TDG, and MBD4? /MEDI) (12), it
is perhaps not surprising that the role of yeast UNG could be
supplanted by the combined activities of SMUGT1 and TDG in
MEF cells (9, 10). From these combined studies, distinct roles for
UNG, TDG, and SMUG were suggested. UNG was thought to
have no role in preventing or precipitating the toxic effects of
5-FU in MEFs (7, 9), a conclusion also obtained in another study
using RTX and HEK293 cells (/3). In the MEF cell studies, the
glycosylase activity of TDG precipitated 5-FU toxicity in a
manner analogous to that of UNG in yeast, while excision of
5-FU and U by SMUGI was thought to protect cells against
5-FU toxicity.

To improve our understanding of these complex findings, we
now examine the extent to which fluoropyrimidines and RTX
alter the dUTP and TTP nucleotide pools in human, mouse, and
DT40 chicken cells, and we measure the specific activities of
DNA glycosylases htUNG2, hSMUGI, and hTDG against the
diverse lesions that are generated from these drugs. In human and
mouse cells, we find only small increases in the dUTP/TTP ratio
after drug treatment in standard medium, but much larger
increases using dialyzed medium that is depleted of folate and
thymidine. Thus, previous studies using standard media may not

>While the remaining 5-FU DNA glycosylase, MBD4, has been
shown to excise 5-FU opposite G in vitro (35, 36), it has yet to be
implicated in 5-FU excision in vivo in either mouse or human cell
lines (14, 27).
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have induced high dUTP levels, and consequently, incorporation
of genomic uracil during the S phase would have been limited. In
contrast, 5-FdUrd and RTX induce a large increase in the dUTP/
TTP ratio in DT40 chicken cells. Despite UNG being the only
U-A glycosylase activity in DT40 cells, the chicken UNG was
found to provide no protective effect against the toxic effects of
RTX, similar to results with human cells. Although UNG action
is curiously irrelevant to drug toxicity in both human and chicken
cells (vide supra), in vitro kinetic analyses of purified hUNG2,
hSMUGTH, and hTDG, as well as activity measurements using
nuclear extracts, established that hUNG?2 is paradoxically the
primary cellular activity that removes U and 5-FU from DNA.
We suggest that human and chicken cells are tolerant to U-A
base pairs at the density at which they are introduced during drug
treatment, and that the repair activity of UNG during the S phase
is masked by this tolerance. The UNG-independent toxicity of
the TS drugs with DT40 cells indicates that the killing mechanism
is independent of both uracil base excision repair and mismatch
repair (which acts on 5-FU -G base pairs).

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of hUNG2,
hTDG, and hSMUGI. The gene for full-length hUNG2
(939 bp) was amplified from cDNA from the Invitrogen Ultimate
OREF collection (clone IOH43486). The gene for hASMUG] was
obtained from GenScript (813 bp). Both genes were ligated into a
pET-19b vector (Novagen), and sequences were confirmed by
sequencing both DNA strands. Both proteins were expressed as
N-terminal His;, fusions whose expression and purification
protocols were identical. Escherichia coli C41 cells (Lucigen)
were transformed with the pET-19b plasmid dsDNA and grown
in LB medium at 37 °C. Once ODg reached 0.6, the temperature
was lowered to 25 °C and expression was induced via addition of
1 mM IPTG. After expression at 25 °C for 5 h, cells were harves-
ted via centrifugation (4000g) and resuspended in lysis buffer
containing 50 mM NaH,PO, (pH 7.5), 500 mM NacCl, 0.1%
Triton X-100, and 20 mM imidazole. Cells were lysed with a
microfluidizer reaching ~20000 psi. The resulting cell lysate was
clarified via centrifugation (40000g) and the supernatant loaded
onto Ni-NTA resin (Qiagen) at 4 °C. The unbound protein was
washed away with lysis buffer, and bound protein was eluted with
lysis buffer containing 500 mM imidazole. Eluted protein was
dialyzed into 20 mM Hepes-OH (pH 8.0), 200 mM NaCl, 0.1 mM
EDTA, and 2 mM DTT, and the His;, tag was removed via
protease. Crude protein was then dialyzed against buffer A
[20 mM Hepes-OH (pH 8.0), 50 mM NaCl, I mM DTT, 0.1 mM
EDTA, and 5% glycerol] and loaded onto a SP-Sepharose FF
cation-exchange column (GE Healthcare). Bound protein was
eluted with a 0 to 100% linear gradient of buffer A with 1 M NaClL.
Fractions were analyzed via SDS—PAGE (Coomassie blue
staining) and judged to be ~99% pure for both hUNG2 and
hSMUGTI. Protein mass was verified using MALDI-TOF mass
spectrometry. Pure protein was dialyzed into storage buffer
[20 mM Hepes-OH (pH 7.5), 100 mM NaCl, 0.2 mM EDTA,
I mM DTT, and 10% glycerol], flash-frozen, and stored at —80 °C.
Purified recombinant human TDG was a gift of A. Drohat (14, 15).

DNA Substrates. All 5'-FAM-containing oligonucleotides
were synthesized on an Applied Biosystems 394 DNA synthesizer
using standard phosphoramidites and supports obtained from
Glen Research as previously described (/6). Unlabeled oligonu-
cleotides were obtained from Integrated DNA Technologies.
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Steady-State Kinetics. hUNG2 and hSMUGI kinetics
experiments were conducted at room temperature (~22 °C) in
HEMN buffer [20 mM Hepes-OH (pH 7.5), 100 mM NacCl,
2.5mM MgCl,, 0.2 mM EDTA, I mM DTT, and 0.1 mg/mL BSA]
under conditions where [E] < K, with titrated [S]. Reactions
were run for 5—30 min and were quenched by addition of an
equal volume of a 25/24/1 phenol/chloroform/isoamyl alcohol
mixture (PCA) and vortexing. To process the reaction mixtures,
an aliquot of the aqueous layer (containing the DNA) was then
extracted and the DNA backbone cleaved at abasic sites via
addition of 100 mM NaOH followed by heating at 95 °C for 10 min.
Formamide was added to a final concentration of >95%, and
the samples were subjected to 7 M urea—19% denaturing PAGE
to separate full-length substrate (19-mer) from cleaved product
(9-mer). The 5-FAM label of the substrate and product was
imaged in gel using a Typhoon imager (GE Healthcare) and
quantitated using Quantity One (Bio-Rad). The reaction rate
(kons) was plotted versus DNA substrate concentration, and
kinetic parameters were determined by fitting the data to eq 1,
where [S] is the substrate concentration, k., is the maximal
reaction rate, and K, is the substrate concentration at | ok cat-

keat[S]

kobs :Km+[S] (1)

Single-Turnover Kinetics. Single-turnover kinetic experi-
ments with hSMUG]1 were performed manually at room tem-
perature in HEMN buffer at [E] > [S]. For slower reactions,
experiments were performed by rapidly mixing equal volumes of
enzyme and substrate using a hand-held pipet, and reactions were
quenched via addition of an equal volume of 0.5 M HCl from a
second pipet. For more rapid time courses, a rapid chemical
quench-flow instrument was used (KinTek). An equal volume of
25/24/1 PCA was added to extract all the protein, and an aliquot
of the aqueous layer (containing DNA) was removed for further
processing. The DNA backbone was cleaved at abasic sites via
addition of NaOH to obtain a pH of > 10 followed by heating at
95 °C for 10 min. Substrate turnover was analyzed exactly as
described for the steady-state measurements. The maximal
single-turnover cleavage rate (k) Was determined by plotting
kobs Versus enzyme concentration ([E]) and fitting the data to
eq 2, where Kp is [E] at ' /okmax.

kmax [E]
[E] + Kp

kobs = (2)

Preparation of Nuclear and Total Cell Extracts. Mouse
embryonic fibroblasts (MEF), HeLa cells, and HT-29 colon
cancer cells were grown adherently at 37 °C in 5% CO, in either
DMEM (MEF and HeLa) or RPMI (HT-29) medium supple-
mented with 10% fetal bovine serum and a 1% streptomycin/
penicillin mixture. Cells were plated at ~20% confluence and
allowed to grow for 48 h in the absence and presence of 1 uM
5-FU. Cells were then harvested by trypsinization and counted
using a hemocytometer. Nuclear extracts were prepared from
cells treated with 5-FU and untreated cells as previously de-
scribed with slight modifications (/7). Trypsinized cells were
harvested via centrifugation at 200g and 4 °C and washed twice
with 50 cell volumes of ice-cold PBS. All subsequent steps were
performed at 4 °C. Pelleted cells were resuspended in 1 packed cell
volume of buffer consisting of 10 mM Hepes-OH (pH 7.5),
10 mM NaCl, 1.5 mM MgCl,, 0.5 mM PMSF, and 1| mM DTT,
and cells were allowed to swell on ice for 15 min. Swollen cells
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were lysed by rapidly forcing them through a 25 5/8-gauge needle.
Five passes were sufficient to obtain >95% cell lysis as judged via
trypan blue staining under a light microscope. Crude nuclei were
pelleted from the cell lysate via centrifugation at 800g for 5 min.
This crude nucleus pellet was resuspended in /3 packed cell volume
(previously determined from the whole cell pellet) of buffer
consisting of 20 mM Hepes-OH, 420 mM NaCl, 25% glycerol,
1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM PMSF, and | mM DTT
followed by incubation on ice for 30 min with gentle agitation.
Insoluble debris was pelleted via centrifugation at 16000g for 5 min.
The nuclear extract (supernatant) was dialyzed against 1000
volumes of buffer Z [20 mM Hepes-OH (pH 7.5), 100 mM NaCl,
2mM EDTA, 1 mM DTT, 0.5 mM PMSF, and 5% glycerol] for
4 h at 4 °C using a 3500 Da molecular mass cutoff membrane
(Pierce). Dialyzed extracts were flash-frozen and stored at —80 °C
until they were used. Protein concentrations were determined using
the Bradford assay (Bio-Rad) with BSA as the standard.

Cell extracts of DT40 AID™/~ and UNG/~AID '~ chicken
cells (a gift from P. J. Gearhart, National Institute of Aging,
Bethesda, MD) were prepared from cells grown in suspension at
37°Cin 5% CO; in chicken cell medium [RPMI 1640, 10% fetal
bovine serum (FBS), 1% chicken serum, 50 uM S-mercaptoetha-
nol, and a 1% penicillin/streptomycin mixture]. Cells were plated
at ~25% confluence and allowed to grow for 24 h in the absence
and presence of either 7.5 uM 5-fluorodeoxyuridine (5-FdUrd) or
0.5 uM raltiterxed (RTX) in the presence of either chicken cell
medium or folate-free chicken cell medium (folate-free RPMI
1640, 10% dialyzed FBS, 1% dialyzed chicken serum, 50 uM
p-mercaptoethanol, 80 nM 5-methyl tetrahydrofolate, and a 1%
penicillin/streptomycin mixture). After being incubated, cells
were transferred to 15 mL Falcon tubes and spun down for
5 min at 1500 rpm and 4 °C. The supernatant was discarded, and
the cells were washed with 1x PBS. Again, the supernatant was
discarded, and the cells were resuspended in 125 uL of CelLytic
M (Sigma). Cells were incubated, while being rocked, for 15 min
at room temperature. Immediately following incubation, the cells
were centrifuged for 15 min at 14000 rpm and 4 °C. The
supernatant containing the soluble protein fraction was trans-
ferred to a prechilled Eppendorf tube. The concentration of each
extract was determined by a Bradford assay (Bio-Rad) using BSA
as a standard. Extracts were frozen and stored at —80 °C.

Base Excision Activity of Cell Extracts. For nuclear
extracts prepared from human or mouse cells, activity assays
were performed at 37 °C in nuclear extract buffer containing
20 mM Hepes-OH (pH 7.5), 100 mM NaCl,2mM EDTA, 1 mM
DTT, and 0.1 mg/mL BSA. Nuclear extracts from untreated or
5-FU-treated cells (final concentration of 0.2 ug/uL in 20 uL)
were preincubated at room temperature in the presence or
absence of UGI (final concentration of 1 M) for 20 min before
initiation of the reaction by addition of the DNA substrate (final
concentration of 1 uM). Aliquots of the reactions were quenched
at 3 h by addition of an equal volume of 25/24/1 PCA and
vortexing. Samples were processed and analyzed exactly as
described for the steady-state experiments. For DT40 cell ex-
tracts, an extract volume containing 5 ug of total protein was
added to TEN-X buffer [10 mM Tris-HCI (pH 7.5), 100 mM
NaCl, I mM EDTA, and 0.2% Triton X-100], in the absence or
presence of 1 uM UGI, and the reaction was initiated by the
addition of 15 uL of fluorescent hairpin DNA substrate (300 nM,
final volume of 150 uL): 5-FAM-GsCsAUUAAGAAG-
(PEG)s-CUUCUUAATSsGsCs-DAB-3'. This sequence contains
a polyethylene glycol linker, phosphorothioate linkages to block
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exonuclease activities present in cell extracts, and a fluorescein
(FAM) and dabcyl (DAB) fluorophore-quench pair. The removal
of multiple uracils from U-A base pairs by UNG results in
separation of the DNA strands and an increase in fluorescence
due to the separation of the fluorophore-quench pair (16). After
being mixed, the reaction solution was immediately placed in a
fluorescence cuvette, and time-based acquisition of the fluorescence
intensity at 520 nm was performed for 600 s with readings taken
every 10 s (FluoroMax 3 fluorimeter) using an excitation wavelength
of 494 nm (integration time of 2.5 s, excitation slit of 1 nm, and
emission slit of 4 nm). The time courses were fitted using Prism, and
the velocities (FU/s) were taken from the linear slopes after the initial
lag phase that results from distributive cleavage of the uracil sites.
Single-Nucleotide Extension (SNE) Experiment for
Measurement of Intracellular dUTP, 5-F-dUTP, and
TTP Levels. MEF, HeLa, HT-29 colon cancer, DT40 AID /™,
and DT40 AID”/"UNG /™ colon cancer cells were grown as
described above. dNTPs were prepared as previously described
with some modifications (/8). Prior to drug treatment, ~10° cells
were plated in a final volume of 3 mL. After 72 h (HT-29 and
HeLa cells) or 42 h (MEF and DT40 cells), the medium was
changed. In half of the samples, the medium remained the same;
in the other half, the medium was changed to folate-free DMEM
(MEF and HeLa) or RPMI (HT-29) with 10% dialyzed FBS and
a 1% penicillin/streptomycin mixture and supplemented with
80 nM S-methyl tetrahydrofolate or folate-free chicken medium
(DT40). Cells in each type of medium were left untreated or
treated with 7.5 uM 5-FdUrd or 0.5 uM RTX. After incubation
for 24 h, drug-containing medium was removed and cells were
washed with their corresponding, drug-free medium and then
allowed to incubate for an additional 2 h under the same
incubation conditions. Following the second incubation, the
medium was removed and 400 uL of cold 60% methanol was
incubated in the wells for 1 h at 4 °C to extract the dNTPs from
adherent cell lines. Suspension cell lines were first washed with 1x
PBS, counted using a Scepter automated cell counter (Millipore),
centrifuged at 1500 rpm for 5 min, and then resuspended in
400 uL of cold methanol to extract dNTPs. Following incubation,
the liquid in the wells was removed and applied to a Microcon
microcentrifuge filter with a molecular mass cutoff of 10 kDa and
allowed to centrifuge at 14000 rpm for 15 min. dNTPs were
stored at —20 °C and were stable for no more than 1 week. Two
75 uL aliquots of each dNTP extraction were evaporated to
dryness. To one aliquot was added 40 uL of dUTPase buffer
(34 mM Tris-HCI, pH 8.0; 10 mM MgCl,; 0.5 mM EDTA; 0.25
mg/mL BSA) containing 20 ng of dUTPase. To the second
aliquot was added 40 uL of dUTPase buffer without dUTPase.
The samples were allowed to incubate at 37 °C for 20 min. Then,
60 uL of 100% methanol was added, and the samples were again
evaporated to dyness under vacuum. To the dried down dNTPs
was added 100 4L of SNE buffer [34 mM Tris-HCI (pH 8.0),
10 mM MgCl,, 0.2 mM EDTA, and 0.25 mg/mL BSA] contain-
ing 32 nM FAM-labeled primer/template and 50 units of
Moloney murine leukemia virus reverse transcriptase (NEB),
and the mixture was allowed to incubate for 45 min at 42 °C. To
specifically assess dUTP and TTP levels, a DNA primer/template
sequence with a single adenine nucleotide overhang was used:

5'FAM-TGTTCTATGTTCATACACCACA-3’
3’ -ACAAGATACAAGTATGTGGTGTA-5’

Following incubation with the polymerase, 50 uL of forma-
mide containing 0.25% xylene cyanol and bromophenol
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blue was added to each sample followed by incubation at
95 °C for 20 min. Twelve microliters of each sample was
then applied to a 20% denaturing polyacrylamide gel
containing 7 M urea at 15 W/gel and 45 °C for ~2 h to
separate the unextended primer from the primer that was
extended by a single thymidine or deoxyuridine nucleo-
tide. Gels were imaged on a Typhoon imager (GE Health-
care). Control experiments were performed with dGTP,
dCTP, and dATP to confirm that this template primer is
specifically extended by TTP, dUTP, and 5-FAdUTP

SNE Data Analysis. Single-nucleotide extension was quan-
tified using Quantity One (Bio-Rad). Standard curves [generated
in triplicate (see Figure S1 of the Supporting Information)] were
obtained by measuring the percent extension of increasing
concentrations of dUTP and TTP standards (Roche Diag-
nostics). After calculation of the mean and standard deviation
of the three replicate measurements, a standard curve was
generated using a second-order polynomial fit (GraphPad
Prism). The average percent extension of the dNTPs isolated
from the cell extracts was determined in triplicate and compared
to these standard curves to determine the concentration of TTP
or the concentration of dUTP and 5-F-dUTP in each sample. For
each sample, the amount of TTP was calculated as the amount of
extension observed after dUTPase pretreatment (both dUTP and
5-F-dUTP are substrates for dUTPase and the polymerase after
treatment with 5-FdUrd, but only dUTP is a substrate after
treatment with RTX). The concentration of dUTP and 5-F-
dUTP was calculated as a difference, i.e., concentration of dUTP
and 5-F-dUTP = extension before dUTPase treatment —
extension after dUTPase pretreatment. Concentrations were
converted to picomoles of ANTP per 1 million cells.

Toxicity of 5-FdUrd and RTX to DT40 Cells. DT40
AID ™/~ and AID”/"UNG ™/~ were grown as described above. In
a 96-well plate, cells were plated at a concentration of 50000 cells/
well and brought up to a final volume of 90 4L in either chicken
medium or folate-free chicken medium. Ten microliters of 10x
drug stocks (made up in folate-free RPMI 1640) was added to
each well in triplicate. Final drug concentrations were in the
range from 10 pM to 10 uM. Cells were allowed to incubate
for 72 h at 37 °C in 5% CO,. Following incubation, 10 uL of
5 mg/mL MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide in 1x PBS] was added to the cells. Cells were
allowed to incubate for an additional 4 h under the same
conditions. During this time, formazan crystals formed and
precipitated. After incubation, crystals were resuspended in
100 uL of resuspension buffer (2-propanol containing 10%
Triton X-100 and 0.1 M HCI), and the absorbance was read
on a plate reader at 570—650 nm. Triplicate measurements were
averaged, and the standard error was determined. I1Cs, values
were calculated from curve fitting to eq 3.

% survival = 100/(1 4 [drug]/ICs) (3)

RESULTS

5-FdUrd Does Not Significantly Increase the dUTP
Concentration in Human and Mouse Cell Lines in Standard
Culture Media. We were curious why previous studies in
mammalian cell lines found no role for UNG in the toxicity of
5-FdUrd in human cell cultures, even though UNG was shown to
play a significant role in the toxicity of 5-FU in yeast (§). An
important prerequisite event that influences the toxicity mechanism
is the magnitude by which the [dUTP]/[TTP] ratio is increased
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FIGURE 2: Measurement of [dUTP + 5-F-dUTP] and [TTP] in HT29, MEF, HeLa, and DT40 cell extracts in the presence and absence of
5-FdUrd (7.5 uM) and RTX (0.5 uM). (A) Denaturing polyacrylamide gel analysis of the template extension reaction using NTP extracts obtained
from HT29 cells cultured in the absence and presence of 5-FdUrd using low-folate RPMI medium with dialyzed FBS. T, DNA template primer.
The minor 7 — 1 band in each lane arises from pyrophosphorolysis of the template. (B—D) [TTP] and [dUTP + 5-F-dUTP] (picomoles per 10°
cells) measured in methanol extracts obtained from HT29, HeLa, or MEF cells grown in the absence or presence of 5-FdUrd or RTX using
standard or low-folate (LF) RPMI or DMEM medium. (E and F) [TTP] and [dUTP + 5-F-dUTP] (picomoles per 10° cells) measured in methanol
extracts obtained from DT40 cells grown in the absence or presence of 5-FdUrd or RTX using standard or low-folate (LF) chicken medium (CM).

during fluoropyrimidine treatment. If the post-treatment ratio is
large, then massive amounts of dUTP can be incorporated into
cellular DNA during the S phase, as observed in yeast (§). Given
the mechanistic importance of this ratio, we used a single-
nucleotide extension (SNE) assay to measure the level dUTP
and 5-F-dUTP and the level of TTP present in MEF, HeLa, HT-
29, and DT40 cell extracts before and after treatment with
5-FdUrd and RTX (/9). The SNE assay measures the amount
of polymerase-catalyzed extension of a DNA primer/template
containing a single deoxyadenosine overhang on the template
strand. Thus, total TTP levels and total dUTP and 5-F-dUTP
levelsin a cell extract are measured in an extension reaction using
this primer/template. The specific levels of TTP are obtained by
pretreatment of the extracts with dUTPase, specifically convert-
ing dUTP and 5-F-dUTP to dUMP and 5-F-dUMP, respec-
tively. The combined levels of dUTP and 5-F-dUTP are calcu-
lated as a difference, i.e., [dUTP + 5-F-dUTP] [TTP +
dUTP + 5-F-dUTP] — [TTP] (19) (Figure 2A).

When MEF, HelLa, or HT-29 cells were treated with
7.5 uM 5-FdUrd in standard culture medium (either DMEM or
RPMI containing 10% FBS and a 1% penicillin/streptomy-
cin mixture), we found no significant change in the combined
dUTP and 5-F-dUTP levels and an only modest ~2-fold
decrease in the TTP levels in the extracts (Figure 2B—D). This
concentration of 5-FdUrd used in these experimentsis at least
500-fold greater than its typical ICs in cell culture (7), and
these cell lines and media match those used in previous
studies of glycosylase-mediated fluoropyrimidine toxicity
(7,9, 10).

5-F-dUrd and RTX Significantly Increase the dUTP/
TTP Ratio When Human and Mouse Cells Are Grown in
Media Containing Dialyzed FBS. Normal culture medium
contains high concentrations of folate (2.5 M) and thymidine,
which could antagonize the effects of the TS drugs. Consistent
with this expectation, significantly higher dUTP/TTP ratios were
obtained using media containing dialyzed FBS and physiological
levels of S5-methyl tetrahydrofolate (80 nM) (Figure 2B—D).
Under these conditions, marked decreases in TTP levels are
observed in all cell lines, and in the case of HT-29 cells, a large
increase in the dUTP level occurs as well ((dUTP]/[TTP] ~ 15).
The equal or greater levels of dUTP detected with RTX as
compared to 5-F-dUrd strongly suggest that the majority of the
uridine triphosphate pool in the presence of 5-dUrd is comprised
of dUTP and not 5-F-dUTP.

Cytotoxic Effects of 5-dUrd and RTX in DT40 Chicken
Cells Are Not Dependent on UNG Activity. Given the
redundancy of glycosylase activities in human cells, and their
complex roles in 5-FU and RTX toxicity (7, 9, 10), we turned to a
simpler cell system to further elucidate the roles of dUTP pool
levels and UNG in the toxicity of RTX. Chicken DT40 B cells
offer several experimental advantages over the human cell lines.
First, and much like yeast, DT40 cells do not have any glycosy-
lase activity other than UNG that can remove uracil from U-A
base pairs (see Figure S2 of the Supporting Information) (20).
Second, these rapidly dividing cells spend much more time in the
S phase of the cell cycle, increasing the likelihood that an S phase-
specific enzyme such as UNG would play a role in the drug

mechanism. Third, an ung '~ DT40 strain is available for directly
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FiGure 3: Toxicity of 5-FdUrd and RTX to DT40 cell lines that
express or are deficient in UNG activity. The ICsq values for 5-FdUrd
are 6 + 1 nM (aid /“ung™/")and 8 = 1 nM (aid ") and for RTX 9 +
2 nM (aid '~ung™'") and 8 + 2 nM (aid /™). The error bars are
standard errors from three replicate determinations.

testing the role of UNG in the absence of any other glycosylase
activity. In addition, because RTX introduces only U-A base
pairs into DNA, the role of mismatch repair pathways in the
toxicity mechanism is expected to be absent. Thus, these cells
provide a controlled system for addressing the role of UNG in
repairing or precipitating the toxicity of U+ A base pairs.

For comparisons using isogenic cell lines, we use the control
DT40 cell line that has a knockout in the cytidine deaminase
enzyme AID (aid /™), and the corresponding UNG-deficient
double knockout (aid'~ung™'™). The use of this strain does not
impact the experimental design because the wild-type DT40
strain showed no marked difference in its response to RTX as
compared to the aid '~ strain (data not shown). In general, we
found that both DT40 cell lines showed a much larger increase in
the dUTP/TTP ratio when treated with 5-dUrd and RTX as
compared to the human cell lines, both using normal and dialyzed
chicken media (Figure 2E,F). The one exception was the com-
parison between HeLa cells and DT40 aid ' ~ung™'~ cells using
dialyzed media, where the two cell lines responded similarly.
Also, treatment with RTX resulted in greater dUTP/TTP ratios
compared to those with 5-dUrd.

We measured the ICs values for these drugs in normal and
dialyzed chicken media using the control and UNG deletion cell
lines (Figure 3). The drugs are highly active in the control strain,
with an ICs, value of 8 & 1 nM in normal media. The UNG
deficient strain shows an ICs, similar to that of the control strain
for both 5-dUrd and RTX (6 and 9 nM, respectively), indicating
that UNG does not play a discernible protective or toxic role in
the drug mechanism. Thus, even with dUTP/TTP levels as high as
30/1, and the absence of other glycosylases, a role for UNG in
generating toxic abasic site lesions from 5-FU-A or U-A base
pairs is not evident (see Discussion). Similar results were obtained
using dialyzed chicken media.

hUNG?2 Is the Primary Activity for Removal of 5-FU and
U from DN A. One possible mechanism for the lack of involve-
ment of UNG in the toxicity of 5-F-dUrd and RTX is one in
which its activity level is low compared to those of other gly-
cosidases, and/or it is poorly effective in the removal of 5-FU
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Table 1: Sequences and Abbreviations of Substrates Used in This Work®

Substrate Abbreviation Sequence
ssU 5’ FAM-CACTGCTCAUGTACAGAGC 3’
ssF 5’ FAM-CACTGCTCAFGTACAGAGC 3’
uU/G 5’ FAM-CACTGCTCAUGTACAGAGC 3’
3’ GTGACGAGTGCATGTCTCG 5’
U/A 5’ FAM-CACTGCTCAUGTACAGAGC 3’
3’ GTGACGAGTACATGTCTCG 5’
F/IG 5’ FAM-CACTGCTCAFGTACAGAGC 3’
3’ GTGACGAGTGCATGTCTCG 5’
F/A 5’ FAM-CACTGCTCAFGTACAGAGC 3’
3’ GTGACGAGTACATGTCTCG 5’
T/G 5’ FAM-CACTGCTCATGTACAGAGC 3’
3’ GTGACGAGTGCATGTCTCG 5’
C/IG 5’ FAM-CACTGCTCACGTACAGAGC 3’

3’ GTGACGAGTGCATGTCTCG 5’

“Abbreviations: U, deoxyuridine; F, 5-fluorodeoxyuridine; ss, single-
stranded; FAM, 6-carboxyfluorescein.

lesions. To investigate this question, we performed steady-
state and single-turnover kinetic experiments with hUNG2,
hSMUGH, and hTDG using substrates in which 5-FU and U
were paired with A or G or were presented in the context of
single-stranded DNA (Table 1), Representative steady-state and
single-turnover kinetic data for h(UNG2 and hSMUGT reacting
with 5-FU-A and 5-FU-G base pairs are shown in Figure 4.

Comparison of the steady-state kg, values for hUNG?2,
hSMUGI, and hTDG® (Figure SA and Table 2) shows that
hUNG?2 is able to process both 5-FU and U lesions at a rate at
least 100-fold greater than that of either hSMUGI1 or hTDG in a
manner independent of the context of the lesion. Comparing
activities under k,/K;, conditions, we again find that hUNG?2 is
superior in the excision of all substrates except for the F-G
mispair, for which the k., /K, of hUNG?2 is comparable to that
of h(SMUGT and 10 times slower than that of h\TDG (Figure 5B
and Table 2).

Because previous data for h\TDG and hSMUG] have shown
that their steady-state turnover is greatly limited by the slow
release of the abasic reaction product, we wanted to check their
activity with hUNG2 when these enzymes were provided in
excess over the DNA substrate (14, 15, 21, 22). Thus, single-
turnover measurements were performed in the presence of excess,
rate-saturating amounts of hSMUG]1 and hTDG. Even under
very nonrealistic conditions where hRSMUGT was present at an
~200-fold greater concentration than its substrate site, its most
favored substrates (U-G and F-G) were cleaved more slowly
than catalytic amounts of hUNG2 (compare k., and k. values
in Table 2). With hTDG, single-turnover measurements show
that it can excise 5-FU from a 5-FU- G base pair ~5 times faster
than the k¢, value for hUNG (Table 2) (14, 15, 22). However,
these conditions whereby [W"TDGJ/[S] > 1 are not realistic for
hTDG within the cell nucleus (see cell lysate results and Dis-
cussion). We note in this context that the k., of hUNG2 for a
5-FU-G base pair is comparable to its k., because product
release is not rate-limiting for the 5-FU-G substrate. Previous
work has shown that the catalytic activity of hTDG correlates

3The kinetic properties of hTDG under solution conditions identical
to those used here have been previously reported (10, 26, 37).
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well with the pyrimidine leaving group pK, (/4). In contrast, the
active sites of hASMUGI and hUNG?2 sterically preclude most C5-
substituted uracil analogues (23, 24). The ability of 5-FU to enter
the active site of hUNG2 and hSMUGI likely reflects the
relatively small increase in the van der Waals radius of the CS
fluorine substituent of 5-FU (1.35 A) as compared to the C5
proton substituent of U (1.20 A).

5-FU Excision Activity of Human and Chicken Cell
Extracts. Knowledge of the in vitro activity profiles of hUNG2,
100 0.625 uM hSMUGH
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FIGURE 4: Representative single-turnover and steady-state measure-
ments of glycosylase activity. (A) Single-turnover kinetic time courses
for h\SM UG -catalyzed excision of 5-FU from the F-A duplex as a
function of enzyme concentration. (B) hSMUGI concentration
dependence of the observed rate constants. The kinetic parameters
are listed in Table 2. (C) Steady-state kinetics for UNG?2 excision of
5-FU from the F-G duplex (Table 1). The top and bottom bands in
the gel correspond to substrate and product bands, respectively.
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hSMUGT, and hTDG on 5-FU and U lesions, combined with the
use of the potent and specific protein inhibitor of UNG2 (UGI),
provides the experimental tools necessary to determine the
relative abundance of hUNG?2, hSMUG1, and h'TDG in human
nuclear extracts prepared in the presence and absence of a drug.
In addition, similar experiments can be performed to investi-
gate UNG activity levels in extracts prepared from aid I~ and
aid"“ung™'~ DT40 cells in the presence and absence of a drug.

Purified nuclei from MEF, HT-29, and HeLa cells were
prepared and analyzed for their ability to excise lesions from
the array of DNA substrates in Table 1. Deconvolution of the
relative activity contributions of each enzyme was performed on
the basis of the following rationale. First, the contribution of
UNG?2 to substrate cleavage can be easily assessed by performing
reactions in the absence and presence of UGI (25). [Contrary to a
previous report (27), we find that UGI does not inhibit either
SMUGI or TDG (Figure S3 of the Supporting Information).]
Second, the specific SMUGI activity in the extracts may be
assessed from the residual ssU activity remaining in the presence
of UGI, because SMUGT is the only enzyme capable of proces-
sing ssU when UNG is inhibited (Table 2 and Figure S4 of the
Supporting Information). TDG activity may be estimated from
the F+A base pair activity remaining after subtraction of the
contributions of both UNG2 and SMUGH because it is the only
remaining glycosylase capable of processing this lesion (Table 2)
(26—28). Finally, the fractional contribution of TDG to F-G
base pair excision may be estimated using its fractional contribu-
tion to F-A base pair excision (Figure S4 of the Supporting
Information). The small residual F-G base pair excision activity
(<5%), after subtraction of UNG2, SMUGI, and TDG activ-
ities, may arise from MBD4.

As seen in Figure 6A—D, UNG?2 is the major glycosylase
activity present in nuclear extracts of MEF, HeLa, and HT-29
cell lines using substrates with F-G, F-A, and ssU lesions,
regardless of whether the cell extracts were prepared from cell
cultures grown in the absence or presence of 5-FU. We are able to
conclude from the low levels of ssU excision in the presence of
UGI that SMUGI contributes less than 6% to the excision of
5-FU in any of the cell lines tested (Figure S4 of the Supporting
Information). This finding is consistent with a previous report
classifying SMUGT as a low-abundance protein (29). The small
SMUGT contribution suggests that h\TDG is the major processor
of F-A lesions when UNG?2 is absent, also agreeing with a
previous study using MEF cell extracts (10). A lack of measurable
T-G base pair excision by hTDG in these extracts is not
surprising because hTDG excises F-G lesions ~2000-fold more
readily than T-G lesions (15). Furthermore, on the basis of the
relative excision activity of hTDG with F-A and F-G lesions
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FIGURE 5: In vitro kinetic excision parameters of purified hSMUGI1 and hTDG relative to hUNG?2 for an array of DNA substrates. (A) ke
values of hSMUG1 and h'TDG relative to hUNG2. (B) k,(/ K}, values of hRSMUG1 and h'TDG relative to hUNG?2. Kinetic parameters for hTDG
were previously reported (/4, 15) under identical buffer and substrate conditions.
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Table 2: Kinetic Parameters of hUNG2, hSMUGI, and hTDG on 5-FU- and U-Containing DNA Substrates”

hUNG2 hSMUGI hTDG®
substrate keae (min~ ") Ky, (uM) ke (min~ ") Ko (uM) Kmax (min 1) kg (min~ ") K, (uM) Kmax (min~ ")
ssU 2193 +£39 15+1 5.6+0.1 1241 >5.6 NA NA NA
U-G 830+ 30 33403 7.0+£0.3 1.8 +0.3 209 + 16 0.005 £ 0.001 ~0.01 22403
U-A 171£5 33402 0.394+0.01 0.40 &+ 0.02 14+1 ND ND 0.0033 £ 0.0001
ssF 90+4 6445 <0.1 ~10—20 ND ND ND ~
F-G S51+£2 3243 0.48+0.02 0.7 +0.1 40+6 0.63 +0.17 0.039 & 0.008 278 £+ 35
F-A 39+2 39+5 <0.1 ~1 0.7+ 0.1 ND ND 1.08 £ 0.08

“Abbreviations: ND, not determined; NA, no activity. The indicated k. values are single-turnover rate constants. “Kinetic properties of hTDG were

previously reported (74, 15). “A. Drohat, personal correspondence, 2010.

(Figure S4 of the Supporting Information), we conclude that
hTDG provides the majority of the F-G excision activity when
UNG?2 is absent.* These interpretations are not biased by the fact
that steady-state catalysis by hTDG is limited by slow product
release, because the addition of recombinant human apyrimidinic
endonuclease to remove the inhibitory abasic product from the
reactions did not alter the outcome that UNG was the predomi-
nant activity present in the extracts (Figure S6 of the Supporting
Information).’

Given a previous report that nuclear UNG protein levels were
downregulated by 5-dUrd (30), we compared the contribution of
UNG activity in nuclear extracts prepared from cultures that had
been grown with and without 1 uM 5-FU (in Figure 6, compare
black and red bars). However, we did not find any measurable
effect of 5-FU on the activity levels of nuclear UNG2 in these cell
lines. We also measured the UNG activity in chicken cell extracts
prepared in the absence and presence of 0.5 uM RTX for 24 h
(Figure S2 of the Supporting Information). Similar to the results
with 5-FU and human cells, no decrease in UNG activity was
observed.

DISCUSSION

Reconciling the Role of DNA Glycosylases in 5-FU
Toxicity. A key initial event in determining the fate of a cell
during fluoropyrimidine treatment is the magnitude of the
perturbations in the dUTP/TTP and 5-F-dUTP/TTP ratios
(Figure 1). Mechanistically, a large increase in these ratios re-
quires (i) efficient inhibition of thymidylate synthase, (ii) ineffi-
cient action of dUTPase and dihydropyrimidine dehydrogenase,
and (iil) active nucleoside kinases. Although pyrimidine meta-
bolism involves far more complexity than these three compo-
nents, if any of these mechanistic requirements are not met, the

“The higher ratio of U-G to F- G excision as compared to that of F- A
to ssU excision in the MEF cells, but not HeLa and HT-29 extracts,
suggests the presence of an increased mismatch activity. One might
attribute this additional MEF mismatch activity to the mismatch-
specific MBD4 glycosylase (35). However, because mSMUGT has an
increased mismatch activity compared to that of hRSMUGTH (36), and the
activity of MBD4 is greatly impaired at 100 mM salt (27), we assign this
actsivity to mSMUGTI (see Discussion).

These extract experiments overestimate the contribution of TDG
activity in vivo for two reasons. First, the oligonucleotides contained
5-FU lesions in a CpG or CpA sequence context, which are preferred by
TDG by 2—150-fold compared to other sequence contexts (/4). Second,
because nuclear extracts were prepared from asynchronous cell cultures,
and the expression of the enzymes is cell cycle-dependent, the average
amount of each enzyme present will be weighted by the fraction of the
cells in each stage of the cell cycle. Because TDG is present during the G,
and G| phases (> 70% of the cell cycle) and UNG?2 is present in only the
S phase (<30% of the average cell cycle) (10, 26, 37), the extract
preparations are weighted toward TDG.

nucleotide ratios may not be altered significantly, and the toxicity
mechanism may be affected.

The mechanistic considerations mentioned above may provide
an explanation for the different requirements for DNA glycosy-
lases that have been reported in budding yeast and mammalian
cell culture systems. In an UNG deletion yeast strain, genomic
levels of U and 5-FU were found to be 1 per 100 and 1 per 10000
nucleotides, respectively, after treatment with 5-FU, whereas
undetectable levels of uracil were found in the wild-type strain (8).
These findings, combined with the observation that the wild-type
yeast strain was 10-fold more sensitive to 5-FU than the ung
deletion strain, require a large fluoropyrimidine-induced increase
in the size of the dUTP/TTP pool in yeast, and a significant role
for UNG-catalyzed uracil excision in the toxicity mechanism. In
contrast, this study finds only small changes in the [dUTP + 5-F-
dUTP]/TTP ratio upon treatment of three mammalian cell lines
with 5-dUrd using standard cell culture medium, but much more
significant increases in this ratio when using dialyzed FBS
medium containing low folate levels (Figure 2). We suspect that
the high folate and thymidine levels in normal medium may be
strongly antagonistic to the action of fluoropyrimidines and
RTX via the pyrimidine salvage pathway and direct competitive
inhibition. Indeed, the consistently low dUTP/TTP ratio mea-
sured in cells grown in standard medium is fully consistent with
the previously determined low levels of U and 5-FU in genomic
DNA isolated from mammalian cells treated with 5-fluorodeox-
yuridine. Although these genomic levels vary widely in different
studies (0.01—1 uracil per 10* genomic nucleotides) (9, 10, 13, 31),
the levels are at least 100-fold lower than those found in yeast.
Moreover, in mammalian cells, the genomic levels of 5-FU are
typically detected at a density nearly 1 order of magnitude greater
than that of uracil, whereas in yeast, the uracil levels greatly
exceed that of 5-FU (8). Thus, the glycosylase-mediated toxicity
of fluoropyrimidines in yeast is dominated by a large increase in
dUTP levels, dense incorporation of dUTP (but not 5-F-dUTP)
into DNA, UNG excision, and, ultimately, whole scale fragmen-
tation of the yeast genome (8). In contrast, mammalian cells differ
in two key respects. First, the large perturbation in the nucleotide
pool levels never occurs in standard culture medium, and second,
the level of genomic 5-FU is | order of magnitude higher than in
yeast and even exceeds the level of genomic U. Accordingly,
5-FU cytotoxicity in MEF cells correlates more closely with the
processing of 5-FU rather than U in genomic DNA (9, 10).

Variable Roles of Uracil DNA Glycosylases in the Drug
Mechanism. The redundancy of DNA glycosylases that act on
U and 5-FU in mammalian cells leads to the possibility that the
fate of these lesions may depend on the initiating glycosylase. In
the case of UNG2, which we have shown is the most globally
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FIGURE 6: Excision of various DNA lesions by nuclear extracts
obtained from cells grown in the absence (black bars) and presence
(red bars) of 1 uM 5-FU for 48 h. (A) Representative gel of various
DNA substrates incubated with MEF nuclear extracts in the presence
and absence of the specific inhibitor of UNG (UGI). Top and bottom
bands correspond to substrate (S) and product (P) bands, respec-
tively. The identity of the central base pair of the substrate is listed
above each lane (+ and — indicate the presence and absence of UGI,
respectively). The two product bands are due to fractional removal of
the terminal deoxyribose sugar during hot alkali processing of abasic
sites. (B—D) Percent cleavage of the indicated DNA constructs from
MEF, HeLa, and HT-29 cells by nuclear extracts obtained from cells
grown in the absence and presence of 5-FU. Activity measurements
were performed in the presence and absence of UGI to determine the
contribution of UNG to the observed cleavage activity. The identical
ssU activities of extracts prepared from cultures grown in the absence
and presence of 5-FU indicate that UNG is not downregulated in the
presence of the drug.

active uracil glycosylase in nuclear extracts, an encounter with a
sparse uracil or 5-FU residue during S phase DNA replication is
casily repaired given the abundance and activity of the enzyme.
Unlike the yeast system, these UNG-initiated repair events may
not be sufficiently dense to elicit fork arrest or double-strand
breaks, and accordingly, UNG activity does not precipitate drug
toxicity. The low levels of U and 5-FU that escape detection of
UNG during the S phase are then intercepted during the G or G,

Grogan et al.

phase by the redundant activity of SMUG], accounting for the
fluoropyrimidine hypersensitivity of SMUGT deficient cells (9).
Finally, the encounter of a 5-FU - G lesion by TDG appears to be
cytotoxic, based on the decrease in fluoropyrimidine sensitivity of
cells where TDG activity has been knocked down using RNA
silencing. These results suggest that lesion excision by TDG
during the G or G, phase results in faulty repair, DNA strand
breaks, or the initiation of an apoptotic signaling pathway.

Consistent with the idea that the identity of the initiating repair
glycosylase can determine a lesion’s fate, it is not surprising that
mismatch repair (MMR) is strongly implicated in exerting 5-FU
cytotoxicity (6, 32, 33). Unlike uracil BER, which excises and
replaces only a single damaged nucleotide, MMR recognition of
a 5-FU-G or U-G mismatch directs a DNA nick ~250—1000 bp
from the mismatch by a complex of MMR proteins (/7). The
entire length of the DNA strand from the nick to the mismatch is
then degraded and synthesized anew, increasing the chances of
incorporating a new lesion during the repair process. In a manner
independent of this futile repair cycle, MMR has also been shown
to exert 5-FU cytotoxicity via the signaling of cell cycle arrest and
apoptosis during lesion detection (28).

The report that h(UNG is downregulated in many, but not all,
human cell lines during treatment with 5-dUrd adds an additional
layer of complexity to the understanding of the drug mech-
anism (30). This downregulation could represent a survival
strategy in some transformed cell lines that allows evasion of
what would be an otherwise toxic effect of uracil residues
introduced during S phase DNA synthesis. Consistent with this
idea, HeLa cells do not show this same hUNG2 downregulation
and are protected against the toxicity of 5-dUrd when hUNG?2 is
silenced using siRNA methods (30). This effect with 5-dUrd is
not recapitulated in our studies using 5-FU or RTX in the same
cell lines, as well as in chicken cells. These apparently conflicting
results may reflect significant differences in the cellular response
to 5-FU and RTX as opposed to 5-dUrd.

The Toxicity of 5-dUrd and RTX to DT40 Cells Is
Independent of Uracil BER and MM R. The DT40 chicken
cell line provides a useful system for exploring the relative role of
uracil excision repair and mismatch repair in the toxicity mech-
anisms of 5-dUrd and RTX. The similar ICsy values of these
drugs, the lack of involvement of UNG, and the similar
perturbations in dUTP and TTP with both drugs strongly suggest
a common cell killing mechanism that may be related to the
perturbation in the nucleotide pool levels. Moreover, a significant
involvement of MMR in the toxicity mechanism is not indicated
because 5-FdUrd should activate this pathway through the
incorporation of 5-F-dUTP, while RTX (which produces only
dUTP) should not. These results in DT40 cells are most
consistent with the original thymineless death mechanism for
fluoropyrimidine action.

Implications for Cancer Therapy. The different cytotoxic
mechanisms of fluoropyrimidines in yeast, mammalian, and
chicken cells suggest that the pathway for cell killing might be
pharmacologically selected with appropriate compounds. The
variable results with different TS inhibitors and different cell
types suggest that it will be difficult to predict the clinical outcome
for a given tumor and drug without knowledge of the pathways
that are involved. Selection of a different killing pathway would
be beneficial if a tumor is defective in a DNA repair pathway that
is otherwise required for the cytotoxic effect. One established
example is MMR deficient colon cancers that are resistant
to 5-FU (33). If the killing mechanism could be switched to a
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UNG-dependent killing pathway (as observed in HeLa cells), the
efficacy of the drug might be restored. One possible approach to
this end would be to inhibit the enzyme dUTPase, which can lead
to large increases in dUTP levels during fluoropyrimidine treat-
ment (34). Such perturbations could shift the toxicity mechanism
to one that involves UNG, as already observed in yeast.
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