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Abstract

Thymidylate synthase (TS) is an important target of several chemotherapeutic agents. During TS inhibition, dTTP levels decrease with

a subsequent increase in dUTP. Uracil incorporated into the genome is removed by base excision repair (BER). BER has been

hypothesized to play a role in the response to thymidylate deprivation, despite a lack of direct evidence. We previously found that b-pol

null murine fibroblasts were �six-fold more resistant than wild-type cells to raltitrexed, a folate-based inhibitor specific for TS. In this

study, a number of endpoints were determined to understand the influence of BER and b-pol during raltitrexed treatment. Raltitrexed

induced apoptosis in wild-type cells to a greater extent than in b-pol null cells. A PARP inhibitor decreased the sensitivity to raltitrexed,

although the extent was not different between wild-type and b-pol null cells. No evidence was seen for extensive strand break formation

that preceded apoptosis, although raltitrexed induced more sister chromatid exchanges in wild-type cells. Increased levels of uracil in

DNAwere detected following treatment in wild-type andb-pol null cells. However, uracil levels were only�two-fold higher in DNA from

treated cells compared to untreated. Uracil DNA glycosylase activity was slightly higher in b-pol null cells, although not sufficiently

different to explain the difference in sensitivity to raltitrexed. Taken together, the data suggest that the sensitivity of the wild-type cells to

raltitrexed is not associated with activation of PARP-1 dependent BER, extensive uracil incorporation into DNA and persistent strand

breaks, but rather with changes suggestive of DNA recombination.
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1. Introduction

Thymidylate synthase (TS) is an important therapeutic

target for several classes of antineoplastic drugs such as 5-

fluorouracil (5-FU) and raltitrexed (Tomudex, RTX). RTX

is a folate-based analogue that is specific for TS, whereas

5-FU has multiple mechanisms of action, including the

inhibition of TS [1]. TS catalyzes the methylation of dUMP

to TMP using N5,N10-methylenetetrahydrofolate as a coen-

zyme, which provides the only de novo source of TMP for
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DNA synthesis and repair. Although the precise mechan-

ism of cytotoxicity has yet to be identified, nucleotide pool

imbalance, cell cycle arrest, and DNA strand breaks have

been reported [2]. TMP levels dramatically decrease with a

subsequent increase in dUTP levels during TS inhibition,

which presumably leads to uracil incorporation into DNA.

Base excision repair (BER) purges uracil from the genome.

However, under conditions of thymidylate deprivation,

uracil reincorporation during repair synthesis would then

lead to futile cycles of repair [2].

Interestingly, there is little direct evidence for futile

cycling of BER during thymidylate deprivation induced

by chemotherapeutics [2]. Studies in this regard have

focused on two key enzymatic activities that combat the

accumulation of uracil in DNA, dUTPase and uracil DNA

glycosylase (below). The activity of dUTPase preempts

uracil incorporation into DNA by hydrolyzing dUTP to

dUMP. Studies that manipulated dUTPase levels during
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chemotherapy-induced thymidylate deprivation indicate

that dUTPase activity can delay death [3–7]. However,

the time dependence implied that cytotoxicity did not

ultimately depend on the DNA damage resulting from

uracil incorporation [5,7]. For example, overexpression

of dUTPase significantly reduced the cytotoxicity of a

24 h but not a 48 h exposure to ZD9331, a folate-based

inhibitor of TS [7]. Furthermore, in some cell types, death

was seen in TTP-depleted cells despite little or no dUTP

accumulation [8], while other studies have implicated

changes in dATP levels [9].

At least four distinct genetic loci in humans encode for

uracil DNA glycosylases [10]. The ung genetic locus

encodes mitochondrial (UNG1) and nuclear (UNG2) forms

of uracil DNA glycosylase; the nuclear form of UDG

appears to counteract uracil misincorporation during repli-

cation [10,11]. Studies examining the role of UDG have

not clearly indicated that uracil excision significantly

contributes to cell death induced by TS inhibitors. UDG

overexpression did not affect either sensitivity to RTX

following longer drug incubation times or clonogenicity,

although UDG overexpressing clones were more sensitive

following a 24 h treatment with RTX [12]. Ung+/+ and

Ung�/� MEFs showed no difference in the cytotoxic

effects of 5-FU or fluorodeoxyuridine (FdUrd, the deox-

ynucleoside derivative of 5-FU) following 72 h exposure,

despite an increased accumulation of AP sites and reduced

proliferation in treated Ung�/� cells [13]. In Saccharo-

myces cerevisiae, inactivation of UDG resulted in resis-

tance to shorter but not prolonged exposures to antifolate-

based inhibitors [6]. Taken together, the above studies

suggest that the effect of uracil misincorporation and its

removal on survival is sensitive to the duration of treatment

and recovery. A further complication has been the che-

motherapeutic utilized, namely nucleotide-based or folate-

based inhibitors of TS. The folate-based inhibitors of TS

such as RTX appear to be specific for TS, while FdUrd can

also be incorporated into DNA and 5-FU has additional

RNA-directed effects [1]. Mismatch repair has been impli-

cated in the recognition of 5-FU in DNA paired opposite

guanine [14]. Furthermore, 5-FU paired opposite guanine

in DNA appears to be a target for the TDG and MBD4

DNA glycosylases [15,16].

Our investigations seek to better define the role of BER

during RTX-induced thymidylate deprivation. Due to the

redundancy of mammalian uracil DNA glycosylase activ-

ities, we chose to look downstream in the BER pathway.

DNA polymerase b (b-pol) performs two enzymatic

funtions in mammalian short-patch BER, namely

DNA synthesis to fill the gap, and dRP lyase to remove

the dRP group [17,18]. We previously reported that wild-

type MEFs are significantly more sensitive to RTX and

FdUrd than b-pol null MEFs [19]. In contrast, the b-pol

null MEFs are sensitive to alkylating agents, which pro-

duce damage that is repaired by BER [17,20,21].

The MEF model was chosen because we are examining
a DNA repair pathway and human tumor cell lines are

known for their inherent genomic instability. The aim of

the current study was to investigate the mechanism of b-

pol mediated sensitivity in the cellular response to TS

inhibition by RTX.
2. Materials and methods

2.1. Drugs and cell culture

Raltitrexed (RTX) was generously supplied by Astra-

Zeneca, U.K. Sulforhodamine B (SRB) and bromodeox-

yuridine (BrdUrd) were purchased from Sigma (St. Louis,

MO). Colcemid was purchased from Invitrogen (Carlsbad,

CA). MB16tsa (wild-type) and MB19tsa (b-pol null)

mouse embryonic fibroblasts (MEFs) were obtained from

ATCC and were maintained in DMEM (Invitrogen) sup-

plemented with 10% regular or dialyzed fetal bovine serum

(Hyclone, Logan, UT) and 1% penicillin/streptomycin

(Sigma) at 34 8C in a humidified 5% CO2 incubator. We

have verified that the wild-type and b-pol null cells are

uninfected with mycoplasma. The 19HB3 cells were

derived from the MB16tsa cells and express FLAG-tagged

human DNA polymerase b [21,22]. The 19HB3 cells were

a kind gift from Dr. Robert Sobol (University of Pittsburgh

Cancer Institute). All cell lines were immortalized with

SV40 T antigen [20,21].

2.2. Cytotoxicity of RTX in the presence of the PARP

inhibitor 3-aminobenzamide (3-AB)

Cytotoxicity was performed by SRB colorimetric assay

as described previously [19]. In brief, �500 cells were

plated on 96-well plates 24 h prior to treatment. The cells

were treated with various concentrations of RTX for 24 h

in the presence or absence of 3 mM 3-AB, then grown in

media free of RTX but containing 3 mM 3-AB for 3 days.

Cells were then fixed, washed, and stained. Absorbance

was measured using a plate reader at 560 nm (Bio-Tek

UV808 Microplate Reader, Winooski, VT).

2.3. Caspase-3 activity assay

Caspase-3 activity was measured in intact cells by a

Caspase-Glo luminescence assay (Promega, Madison,

WI). Cells were seeded into 96-well plates 24 h before

treatment, and were then exposed to RTX at the concen-

trations and time points indicated in the text. Following

24 h treatment, the drug-containing media was replaced

with drug-free media. At the time points listed, an equal

volume of caspase-3 reagent was added to the cells. After

1 h incubation, luminescence was measured using a plate

reader (Fluostar, BMG Technologies, Raleigh, NC). Rela-

tive Caspase-3 activity is expressed as fold induction

compared to untreated control cells.
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2.4. PARP cleavage

PARP cleavage was assessed by immunoblotting. Cells

were exposed to 10 nM RTX for 24 h, and then incubated

in drug-free media. At the times indicated, the cells were

harvested by trypsinization. Cellular extracts were

obtained by lysing the cells in ice-cold lysis buffer, fol-

lowed by centrifugation at 10250 g for 10 min [19]. Protein

content was determined by a BCA assay (Pierce, Rockford,

IL). Total protein (30 mg) was separated by 10% SDS-

PAGE, and transferred to Immobilon-P membranes (Milli-

pore, Billerica, MA). After blocking, the membrane was

incubated with antibodies against full-length and cleaved

PARP or b-actin (Abcam, Cambridge, MA). PARP and b-

actin (loading control) were visualized with horseradish

peroxidase-conjugated anti-rabbit (for PARP) or anti-

mouse (for b-actin) IgG secondary antibody and the

ECL advance detection kit (Amersham Biosciences, Pis-

cataway, NJ).

2.5. PFGE analysis

DNA double strand breaks were analyzed by pulsed field

gel electrophoresis (PFGE). Cells were exposed to various

doses of RTX for 24 h. Following drug removal, the cells

were maintained in drug-free media. At the time indicated,

the cells were harvested by trypsinization. The DNA plugs

were prepared following the manufacturer’s protocol (Bio-

Rad, Hercules, CA). Each plug contained approximately

5 � 105 cells. DNA plugs were embedded into 1% agarose

gels, and electrophoresed in 0.5 � TBE buffer for 24 h at

14 8C using a CHEF DR-II apparatus (Bio-Rad, Hercules,

CA). The gel was run at 4 V/cm, with an initial switch time

of 60 s and a final switch time of 240 s. The DNA was

stained with syber green I dye (Molecular Probes, Eugene,

OR), and visualized with a Bio-Rad Molecular Imager1

FX and Quantity One1 software.

2.6. Comet assay analysis

Following treatment and harvesting, cells were analyzed

by comet assay as described [23]. Briefly, cell suspensions

(2.5 � 104 cells/ml) were mixed with 1% low gelling type

VII agarose at 40 8C, then pipetted onto precoated slides

(Trevigen, Gaithersberg, MD). Once the agarose set, the

slides were submerged in ice-cold lysis buffer (1% Triton

X-100, 100 mM Na2EDTA, 2.5 M NaCl, 10 mM Tris, pH

10.5). After lysis, slides were washed and submerged in

alkali buffer (50 mM NaOH, 1 mM Na2EDTA, pH 12.5)

for 45 min. Electrophoresis was for 25 min at 0.6 V/cm.

Slides were washed with a neutralization buffer (0.5 M

Tris–HCl, pH 7.5), followed by a PBS wash, then dried

overnight. The slides were rehydrated with distilled water,

stained with propidium iodide (2.5 mg/ml) for 30 min, then

destained for 30 min in water. Comets were visualized with

a Nikon E600 microscope with a 565 nm dichromic mirror,
510–560 nm excitation filter and 590 nm barrier filter.

Comets were analyzed with as described [24].

2.7. Uracil misincorporation

Uracil levels in DNA were analyzed as described [25].

Briefly, 24 h after seeding, the cells were exposed to 10 nM

RTX for 24 h, then washed of drug-containing media. At

the times listed, the cells were harvested by trypsinization.

Genomic DNAwas extracted from the cell pellets using a

DNAeasy kit (Qiagen, Valencia, CA), and quantitated by a

Picogreen dye assay (Molecular Probes, Eugene, OR). To

release genomic uracil from DNA, 3 mg DNA was incu-

bated with 0.2 Units of UDG (NEB, Beverley, MA) for 1 h

at 37 8C. Following digestion, 50 pg of a labeled uracil

internal standard (13C4H4O2
15N2; Cambridge Isotope

Laboratories, Andover, MA) was added to each tube.

The samples were then vacuum dried, and derivatized with

3,5-bis(trifluoromethyl)benzyl bromide for 25 min at

30 8C. The samples were analyzed by GC–MS in negative

chemical ionization mode on a 5973N GC–MS (Agilent,

Palo Alto, CA). The samples were separated on a HP-5MS

capillary column (30 m � 0.25 mm � 0.25 mm; Agilent).

The oven temperature was initiated at 100 8C, holding for

1 min, ramping to 240 8C at 25 8C/min, and then ramping

to 280 8C at 20 8C/min. The GC–MS interface temperature

was set to 280 8C. The mass spec conditions were as

follows: NCI mode; SIM at m/z 337 and 343; ion source

temperature, 140 8C; quadrapole temperature, 100 8C; and
methane was used as reagent gas.

2.8. UDG activity

Uracil excision activity for the wild-type and b-pol null

cell extracts was measured using an oligodeoxynucleotide-

based assay. An oligo containing a single uracil (50-CGG
ATC CTC AUG TGA ATT CC (IDT, Coralville, IA)) was

50-end labeled with 32P and annealed to its complement to

produce a duplex oligo with a U:A base pair. The uracil

excision assay was carried out by incubation of the duplex

oligo with 2 mg of cell extracts in buffer (20 mM Tris,

100 mM KCl, 5 mM EDTA, 1 mM EGTA, 5 mM 2-mer-

captoethanol, pH 7.2) at 37 8C for the times listed. The

reaction products were separated on a denaturing 20%

polyacrylamide gel. The gels were visualized and quanti-

fied with a Bio-Rad Molecular Imager1 FX and Quantity

One1 software.

2.9. Sister chromatid exchange

Cells were treated for 24 h with 4 nM RTX. Following

drug removal, cells were further incubated in media con-

taining 10 mMBrdUrd for 24 h. Colcemid (0.1 mg/ml) was

added 2 h prior to the end of the 24 h recovery. The

cells were harvested by mitotic shakeoff, resuspended,

and fixed in Carnoy’s solution. To produce ‘‘harlequin’’
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chromosomes, a modified fluorescence plus Giemsa tech-

nique was used [26]. At least 1000 chromosomes were

counted per slide and SCE events were calculated as SCEs

per chromosome.
3. Results

3.1. Cytotoxicity of RTX

We previously reported that b-pol null cells were six-

fold resistant to RTX compared to wild-type cells follow-

ing a 24 or 48 h exposure [19]. The phenotype was also

seen in cells grown in dialyzed serum, which suggested

that the difference in sensitivity was not due to a difference

in the ability to salvage thymidine from regular serum. To

determine whether the phenotype might be affected by the

duration of exposure, the wild-type and b-pol null cells

were exposed to RTX for 96 h in media containing dia-

lyzed serum. Fig. 1A shows that the wild-type cells
Fig. 1. Cytotoxicity in wild-type and b-pol null MEFs treated with RTX.

(A) Wild-type (&) and b-pol null (~) cell lines were exposed to RTX in

media containing dialyzed serum 24 h post-plating in 96-well plates. After

96 h exposure, cytotoxicity was determined by SRB assay (Section 2). (B)

Wild-type cells (&), b-pol null cells (~), and b-pol null cells expressing

human b-pol (*) were exposed to RTX for 24 h in media containing

dialyzed serum 24 h post-plating in 96-well plates. After exposure, drug-

containing media was removed. Cytotoxicity was determined following 3

days recovery by SRB assay (Section 2). Results are shown as the

percentage compared to untreated control and represent the average � S.D.

S.D. of three independent experiments.
remained sensitive relative to the b-pol null cells (IC50

of 2 nM versus 12 nM, respectively). In our previous

report, we found that wild-type cells expressing siRNA

against b-pol were resistant to RTX, relative to wild-type

controls [19]. In order to further confirm the b-pol depen-

dence of the observed phenotype, we examined the toxicity

of RTX in the 19HB3 cell line. The 19HB3 cells, which

were derived from the b-pol null cells, express Flag-tagged

human DNA polymerase b [21,22]. Fig. 1B shows that the

19HB3 cells were more sensitive than the b-pol null cells

to a 24 h exposure to RTX (IC50 of 11 nM versus 27 nM,

respectively), although they do not fully regain the sensi-

tivity of the wild-type cells (5.5 nM) [19]. Previous reports

have noted that prunasin can act as an inhibitor of b-pol

[27,28]. We examined the influence of prunasin on the

sensitivity of the wild-type and b-pol null cells to RTX.

However, the presence of prunasin did not alter the sensi-

tivity of either cell line to RTX (data not shown).

3.2. Dose- and time-dependent induction of apoptosis

by RTX

As part of investigating the potential mechanism of b-

pol mediated sensitivity, we determined apoptosis

induced by RTX in wild-type and b-pol null MEFs.

Apoptosis was assessed by two commonly used markers,

caspase-3 activation and cleavage of PARP. Caspase-3

activity was determined in intact cells by a sensitive

luminescence assay. The dose-dependent caspase activa-

tion was determined in wild-type and b-pol null MEFs

exposed to RTX for 24 h followed by 24 h incubation in

drug-free media. As shown in Fig. 2A, caspase-3 activity

was induced in a dose-dependent manner, and increased

up to five-fold in the wild-type cells compared to

untreated cells. Caspase-3 activity was not significantly

activated in b-pol null cells following 5 or 10 nM RTX,

whereas the highest dose of RTX shown (15 nM) induced

caspase activity �two-fold. Treatment of b-pol null cells

with an IC90 (50 nM) dose of RTX induced caspase

activity >10-fold, which indicates that the difference

in RTX sensitivity is not due to b-pol directly signaling

to apoptosis (data not shown). We also measured the

time-course of caspase-3 activation following 10 nM

RTX treatment in the wild-type and b-pol null cells. A

dose of 10 nM is the IC90 dose for wild-type cells.

Fig. 2B shows caspase-3 activity in wild-type cells

was �two-fold higher immediately following 24 h expo-

sure to RTX, and continued to increase up to �five-fold

induction by 24 h recovery. However, no significant

induction of caspase-3 activity was observed at the same

time points in b-pol null cells. To further confirm the

induction of apoptosis, we detected the appearance of

the cleaved form of PARP by western blot analysis.

PARP-1, which has a role in BER (see next section),

is cleaved by caspase-3 into an 85 kDa fragment during

apoptosis. Consistent with caspase-3 activation, the
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Fig. 2. Apoptosis induction by RTX in wild-type and b-pol null MEFs.

Caspase-3 activity was measured in intact cells by a Caspase-Glo lumines-

cence assay (A and B). Relative Caspase-3 activity is represented as fold

induction compared to untreated control cells. The wild-type (&) and b-pol

null (~) cell lines were plated in 96-well plates 24 h prior to treatment in

media containing dialyzed serum. (A) For the dose–response experiments,

cells were exposed to doses of RTX for 24 h, followed by 24 h recovery in

drug-free media. (B) For time-course experiments, cells were treated for

24 h with 10 nM RTX, and then incubated in drug-free media for 0, 3, 6, 10

or 24 h. (C) PARP cleavage induced by RTX was measured by immuno-

blotting. Wild-type and b-pol null cell lines were treated for 24 h with

10 nM RTX, and harvested immediately after 24 h treatment (24 h) or after

24 h recovery (post 24 h) in drug-free media. b-Actin was used as a loading

control.
85 kDa fragment of PARP was observed following 24 h

recovery in wild-type cells, whereas no PARP cleavage

was observed in b-pol null cells (Fig. 2C). Cleaved PARP

was not seen immediately after 24 h treatment of RTX in

wild-type cells, presumably because caspase-3 activation

is upstream of PARP cleavage. Lastly, there was no

significant induction of full-length PARP protein levels

during RTX treatment (Fig. 2C). Taken together, the data

suggest that RTX treatment induced apoptosis in a time-

and dose-dependent manner to a much greater extent in

the wild-type cells, which was consistent with the cyto-

toxicity data [19].
3.3. The effect of a PARP inhibitor on cytotoxicity

induced by RTX

There were several reasons to further investigate the

potential influence of PARP-1 during RTX treatment in the

wild-type and b-pol null cells. PARP-1 has been shown to

be actively involved in BER and single strand break repair

via its interactions with b-pol, DNA Ligase IIIa, and

XRCC1 [29]. PARP-1 avidly binds to single-strand breaks,

thus seeming to serve as a sensor of single strand breaks.

Inhibitors of PARP render cells more sensitive to alkylating

agents such as methylmethane sulfonate (MMS), although

the precise mechanism by which this occurs is not clear

[30,31]. Recent evidence also indicates that completion of

BER in b-pol null cells is dramatically impaired in the

absence of PARP-1 [32]. Lastly, PARP-1 is thought to play

a role in cell death decisions, possibly via its ability to

consume NAD+ [33,34]. Therefore, the influence of the

PARP inhibitor 3-aminobenzamide (3-AB) on the cyto-

toxicity induced by RTX was determined. The cells grown

in media containing regular serum were exposed to RTX or

MMS, and 3-AB was included during treatment and

recovery at a constant concentration (3 mM). The dose

of 3 mM for 3-AB was chosen based on previously pub-

lished reports and by itself did not cause toxicity at this

dose (data not shown). The inclusion of 3-AB significantly

sensitized wild-type and b-pol null cells to the toxic effects

of MMS (Fig. 3A). However, as shown in Fig. 3B, 3-AB

decreased slightly the sensitivity of the MEFs to RTX.

Furthermore, there was no difference between the wild-

type and b-pol null cells in the extent of resistance to RTX

induced by 3-AB. The effect of 3-AB on caspase-3 induc-

tion by RTX was measured in wild-type cells grown in

media containing dialyzed serum. In agreement with the

cytotoxicity results, the presence of 3 mM 3-AB dimin-

ished RTX-induced caspase-3 activity by 1.6-fold in the

wild-type cells (data not shown). The results do not suggest

that the relative sensitivity of wild-type cells to RTX is due

to a PARP-dependent interaction with b-pol. The results

also suggest against the possibility that RTX is directly

inducing strand breaks that are recognized by PARP-1.

However, PARP-1 may be playing a role in the decision to

undergo cell death following RTX treatment in these cell

lines.

3.4. DNA strand breaks following treatment with RTX

It has been suggested that cell death resulting from TS

inhibition was due to an accumulation of DNA strand

breaks [35–37]. However, DNA fragmentation has not

uniformly correlated with death in response to folate-based

TS inhibitors in all studies [5,38]. We felt it necessary to

discriminate between strand breaks that might result from

activation of DNA repair, and strand breaks associated with

execution of cell death. To examine double strand breaks,

we utilized pulsed field gel electrophoresis (PFGE), as was
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Fig. 3. Inhibition of PARP by 3-AB reduced the RTX-induced cytotoxicity

in wild-type and b-pol null MEFs. Wild-type and b-pol null cell lines were

exposed to drug at the doses shown in the absence (filled bar) or presence of

3-AB (3 mM, open bar) 24 h post-plating in 96-well plates in media

containing regular serum. After exposure, drug-containing media was

removed. Cytotoxicity was determined following 3 days recovery in either

drug-free or 3-AB (3 mM) containing media. Data represent the avera-

ge � S.D. of three independent experiments. (A) Wild-type and b-pol null

cell lines were exposed to MMS for 1 h at the doses shown in the absence

(filled bar) or presence of 3-AB (3 mM, open bar). (B) Wild-type and b-pol

null cell lines were exposed to RTX for 24 h at the doses shown in the

absence (filled bar) or presence of 3-AB (3 mM, open bar).

Fig. 4. DNA double strand breaks (DSBs) formation in wild-type and b-pol

null cell lines treated with RTX. DNA double strand break formation was

analyzed by pulsed field gel electrophoresis. Wild-type and b-pol null cell

lines were exposed to the listed doses of RTX for 24 h, and harvested

following 24 h recovery in drug-free media containing dialyzed serum. The

figure shown is a representative experiment of three independent experi-

ments. M: S. cerevisiae chromosomal marker (Bio-Rad).
used in a previous report [35]. The MEFs were exposed to

various doses of RTX for 24 h, and then incubated in drug-

free media for 24 h. As shown in Fig. 4, at concentration of

8 nM RTX, DSBs were detected in wild-type cells, but not

in b-pol null cells. DSBs formation in b-pol null cells was
only seen at a much higher concentration of RTX (32 nM).

In both cell types, DSBs were only seen at RTX doses that

were more toxic (>IC50), which agreed with previous

studies in three different colon cancer cell lines [35]. In

order to detect an early onset of single strand breaks, the

alkaline COMET assay was used. Interestingly, we did not

detect significant single DNA strand breaks induced by

RTX (data not shown). Specifically, cells were examined

immediately following 12 or 24 h treatment. Cells were

also examined at recovery time points of 6 or 24 h follow-

ing 24 h treatment. In light of the time frame of caspase-3

activation seen above, the DSBs seen by PFGE analysis

appear to be a result of apoptosis and not directly induced

by RTX in this cell model.

3.5. Uracil in the genomic DNA of b-pol wild-type and

null cells after RTX treatment

Uracil incorporation into DNA due to elevated dUTP

levels has long been postulated as an important early event

during chemotherapy-induced thymidylate deprivation

[39]. We directly determined genomic uracil levels, by

GC–MS, in wild-type and b-pol null cells before and after

treatment with RTX [25]. As shown in Fig. 5, wild-type and

b-pol null cells had a similar baseline level of 1.0 pg uracil/

mg DNA prior to treatment. This level of genomic uracil

was higher than that reported for human mononuclear

blood cells grown in a high folate concentration (3 mM

folate, 0.33 pg uracil/mg DNA), but less than in cells grown

in folate deficient conditions (12 nM folate, 6.35 pg uracil/
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Fig. 5. Uracil levels in wild-type and b-pol null MEFs treated with RTX by

GC–MS. Wild-type and b-pol null MEFs were exposed to 10 nM RTX for

24 h, and then incubated in drug-free media for 0, 6 or 10 h in dialyzed

serum. Uracil levels in DNAwere analyzed by GC–MS in negative chemical

ionization mode (Section 2). The results were shown as the mean � S.E. of

three separate experiments. Control, untreated cells; 24 h time point, cells

were harvested immediately after 24 h exposure to RTX; post, cells were

incubated in drug-free media for 6 or 10 h after 24 h treatment with RTX.

Each asterisk represents a significant difference compared to untreated

control as measured by a student’s t-test with p-values of <0.05.

Fig. 6. UDG activity in wild-type and b-pol null MEFs before and after

RTX treatment. UDG activity in wild-type and b-pol null cells was

determined using an oligodeoxynucleotide-based assay (Section 2). Whole

cell extracts were prepared from cells that were untreated or treated with

10 nM RTX for 24 h in media containing dialyzed serum. The uracil-

containing oligo was incubated with extracts from wild-type and b-pol null

cells for the times indicated. (A) A representative gel. Oligo not incubated

with extracts is marked with dash. (B) The graphs show the averaged data

from two to four experiments for each time point with standard deviations.
mg DNA) [25]. Following 24 h treatment with RTX,

genomic uracil levels increased in both wild-type and b-

pol null cells, but only by�two-fold (1.9 and 2.2 pg uracil/

mg DNA, respectively). After 6 h recovery, the genomic

uracil levels in wild-type cells rose to 2.8 pg uracil/mg

DNA before dropping to 2.3 pg uracil/mg DNA. In con-

trast, genomic uracil levels returned to baseline levels in b-

pol null cells during the recovery time points. It is inter-

esting to note that uracil levels in DNA only reached a

maximum of 2.8 pg uracil/mg DNA in the wild-type cells,

despite a 24 h exposure to a toxic RTX dose, an amount

that is less than the genomic uracil levels reported for

human cells grown in folate deficient conditions (6.35 pg

uracil/mg DNA) [25]. The data do not suggest that uracil

incorporation into DNA is dramatically increased follow-

ing exposure to toxic concentrations of RTX.

3.6. UDG activity in b-pol wild-type and null cells

following RTX treatment

To determine whether the higher genomic uracil levels

seen in wild-type cells might be due to an altered ability to

remove uracil from DNA in the MEF cell lines, we

examined UDG activity in the wild-type and b-pol null

cells. Uracil DNA glycosylase activity was also examined

after exposure to RTX, to determine whether RTX treat-

ment might influence uracil DNA glycosylase activity.

Uracil DNA glycosylase activity was determined by an

oligodeoxynucleotide-based assay with cell extracts from

cells before and after treatment with 10 nM RTX (Fig. 6).

Interestingly, uracil DNA glycosylase activity appeared to

be approximately two-fold higher in the b-pol null cells

before and after treatment. However, there was no appreci-

able induction of uracil DNA glycosylase activity after

RTX treatment in either wild-type or b-pol null cells. The
reason for the difference in uracil DNA glycosylase activ-

ity is currently not known. The �two-fold drop in uracil

levels seen in the b-pol null cells during recovery from

RTX treatment might be explained by the �two-fold

increase in uracil DNA glycosylase activity. However,

the oligonucleotide-based assay only provides a measure

of overall uracil DNA glycosylase activity, and does not

distinguish between the different uracil DNA glycosylases

(e.g., UDG, SMUG), nor between the nuclear and mito-

chondrial forms of UDG.

3.7. Sister chromatid exchange events induced by RTX

in b-pol wild-type and null cells

Thymidylate deprivation induced by FdUrd has been

reported to induce genetic recombination [40,41].

Although substantial strand break formation was not

detected at earlier time points or lower doses of RTX

(above), we sought to determine whether RTX might
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Table 1

Sister chromatid exchanges per chromosome

Untreated 4 nM RTX

Wild-type 0.127 � 0.027a 0.188 � 0.018b

b-Pol null 0.134 � 0.022 0.148 � 0.020

a SCE events/chromosome � S.D. for three experiments.
b p-Value of 0.0061 as determined by student’s t-test.
transiently induce strand break events that went undetected

by Comet assay or PFGE. Sister chromatid exchanges

(SCEs) are reciprocal exchanges of DNA between sister

chromatids during S-phase [26]. The induction of SCEs by

RTX was determined in the wild-type and b-pol null cells

as a marker of strand breakage and repair events. Briefly,

the cells grown in media containing dialyzed serum were

treated with 4 nM RTX for 24 h, then allowed to recover

for 24 h in RTX-free media containing bromodeoxyuridine

(Section 2). It is necessary to use subtoxic doses of any

drug to be evaluated by the SCE assay, so that the cells can

complete the round of replication that produces differen-

tially labeled sister chromatids. Table 1 shows that SCE

events were induced by RTX in thewild-type cells at a dose

of 4 nM. The results show that RTX can induce events that

are presumed to be evidence of homologous recombina-

tion. The results also suggest that the presence of b-pol

increases the occurrence of the events.
4. Discussion

The present studies were undertaken to investigate the

basis for the relative resistance of mammalian cells defi-

cient in b-pol [19]. In the present investigation, the wild-

type cells were significantly more sensitive to apoptosis

induction, which agreed with the cytotoxicity data. The

time course data indicated that caspase-3 activation begins

following 24 h exposure to toxic doses of RTX. The PARP

inhibitor 3-AB was used to distinguish between the pos-

sible direct and indirect roles that PARP may play in the

response to RTX treatment. PARP is known to be activated

by single strand breaks and other aberrant DNA structures.

The presence of 3-AB substantially increased the sensi-

tivity of cells to MMS, regardless of b-pol status. MMS is

known to produce alkyl base adducts that are repaired by

BER. Therefore, a PARP inhibitor might be expected to

heighten sensitivity to TS inhibitors, if extensive uracil

incorporation and strand breaks result from TS inhibition.

However, the presence of 3-AB increased resistance to

RTX, which implies that PARP is negatively influencing

survival following TS inhibition. Because 3-AB increased

resistance equally in the wild-type and b-pol null cells, the

sensitivity of the wild-type cells does not appear to depend

on a b-pol dependent interaction with PARP. The protec-

tive effect of PARP inhibition following RTX treatment

appears to be due to a delay or inhibition of death.
The specific role of uracil incorporation into DNA and

uracil excision by BER during TS inhibition is not well

understood. We directly determined uracil incorporation

into DNA during RTX treatment and at early recovery

times in the wild-type and b-pol null cells. Uracil incor-

poration was increased following RTX treatment in both

cell types, but the levels of uracil incorporation only

increased two to three-fold above a background of approxi-

mately 1 uracil per mg of genomic DNA. There was a

difference in genomic uracil levels between wild-type and

b-pol null cells during recovery, namely uracil levels in the

null cells returned to levels seen in untreated cells, whereas

the uracil levels in the wild-type cells remained elevated

during recovery. The cause of the difference in uracil levels

during recovery is not known but might be explained by the

two-fold difference in UDG activity, or by the polymerase

activity of b-pol in the wild-type cells that allows for

incorporation of uracil during repair synthesis. Regardless,

the differences in genomic uracil levels and uracil DNA

glycosylase activity are not enough to account for the six-

fold difference in sensitivity to RTX seen in the wild-type

cells. Our results agree with other studies that suggest that

uracil excision is not required to induce cell death during

thymidylate deprivation [12,13,42]. TS deficient murine

cells deprived of thymidine showed very little uracil

incorporation into DNA [42]. UDG overexpression did

not affect sensitivity to prolonged RTX exposures,

although UDG overexpressing clones were more sensitive

following a 24 h treatment with RTX [12]. There was no

apparent difference in cytotoxicity between the ung+/+ and

ung�/� cells following a 72 h exposure to FdUrd, despite

an increase in genomic uracil and AP sites and a delay in

proliferation in the ung�/� cells [13]. The authors suggest

that, in the absence of UDG, BER is less coordinated and

efficient. Interpreting the impact of UDG-initiated BER on

cell death induced by FdUrd is complicated by prolonged

exposures and the recognition of 5-FU in DNA by mis-

match repair and the TDG and MBD4 DNA glycosylases

[14–16].

Initiating BER via DNA glycosylase activity in the

absence of b-pol leads to numerous negative consequences

[17,18,43]. Specifically, knocking out the DNA glycosy-

lase MPG renders the b-pol null cells more resistant to the

alkylating agent MMS [17]. Because the b-pol null cells

are resistant to RTX and FdUrd, this suggests that extensive

uracil excision to initiate BER is not occurring during

thymidylate deprivation induced by these TS inhibitors

(and/or that uracil incorporation is minimized by dUT-

Pase). The data argue against a model of futile cycling

whereby the toxicity stems from uracil excision that leads

to the production of BER intermediates. It is not clear

how loss of b-pol confers resistance to TS inhibitors in

this model. b-Pol lacks a 30–50 proofreading exonuclease

activity, and is significantly more error-prone than repli-

cative polymerases [44]. The lower fidelity of b-pol might

con tribute to genomic instability under conditions of
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thymidylate deprivation and nucleotide imbalance.

Furthermore, the sensitivity of the b-pol wild-type cells

might derive from other interactions that determine the

choice between short-patch and long-patch BER. For uracil

that is misincorporated during replication, Long-patch

BER appears to be preferred [11]. The presence of b-

pol might, therefore, interfere with other repair machinery

during the response to TLS.

The precise cause of the strand breaks following treat-

ment with TS inhibitors in mammalian cells has been

difficult to ascertain. Canman et al. examined FdUrd

and a folate-based inhibitor of TS in three different colon

cancer cell lines [3]. Using PFGE, they noted fragmenta-

tion corresponding to 50–200 kb, or 200 kb–5 Mb, depend-

ing on the cell line. They also noted that the fragmentation

might be an apoptotic feature because it was not seen until

drug doses that induced>80% cell death. Our results agree

in that we saw fragmentation corresponding to 50–200 kb,

but only at RTX doses that were very toxic to the wild-type

and b-pol null cells. Other studies have measured strand

breaks by comet assay or conventional gel electrophoresis,

but the distinction was not made as to whether the strand

breaks seen resulted from the induction of apoptosis

[38,45,46]. Alternatively, the strand breaks observed fol-

lowing TS inhibition may be more apparent in human

tumor cell lines, most of which are characteristically

known to have an inherent chromosomal instability.

In our studies in diploid murine embryonic fibroblasts,

strand break induction by RTX in the MEFs was not noted

prior to the onset of apoptosis, as measured by comet assay,

PFGE, and caspase-3 activity, respectively. However, sister

chromatid exchanges were induced by subtoxic doses of

RTX, which implies that a strand break event preceded the

exchange and that recombinational repair mechanisms

might be involved. Previous studies with high doses of

RTX have shown that S-phase arrest occurs prior to the

induction of p53 or DNA strand breaks, suggesting that

thymidylate deprivation, not strand breaks, causes the

initial arrest [38]. The source of the strand break leading

to the SCE event at lower doses of RTX is not known, but

extensive and persistent strand breaks were not detected at

higher RTX doses where an S-phase arrest was seen in the

MEFs ([19], and unpublished). The results suggest that the

strand breaks associated with recombination events

induced by lower doses of RTX are manifested by the

progression from S-phase into G2/M. In contrast, higher

drug doses induce a substantial S-phase arrest, whichmight

induce a different cellular response that does not manifest

in the appearance of extensive strand break formation until

the induction of apoptosis.

Previous studies in Escherichia coli and S. cerevisiae

provided reasonable evidence that uracil misincorporation

and removal results in DNA strand breaks [47–51]. Inter-

estingly, resistance to thymidylate deprivation has pre-

viously been noted in S. cerevisiae strains deficient in

post-replicative repair [50]. Thymidylate deprivation
induced by FdUrd in TS-deficient mouse cells that express

a heterologous human TS resulted in the emergence of TS-

deficient clones at a 10-fold higher frequency than that

occurring spontaneously [41]. Using the heterologous

human TS gene as a marker, specific deletions were

observed that were consistent with the occurrence of

homologous recombination at Alu sequences present

within the TS gene. The data suggest that recombination

can occur as a result of chemotherapy-induced thymidylate

deprivation. The observations also suggest that DNA repair

by recombination may play an important role in the

response to TS inhibitors. We are in the process of inves-

tigating the influence of DNA recombination in response to

chemotherapy-induced thymidylate deprivation.
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