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Abstract
Thymidylate synthase (TS) is an important target of several chemotherapeutic agents, including 5-
FU and raltitrexed (Tomudex). During TS inhibition, TTP levels decrease with a subsequent increase
in dUTP. Uracil incorporated into the genome is removed by base excision repair (BER). Thus, BER
initiated by uracil DNA glycosylase (UDG) activity has been hypothesized to influence the toxicity
induced by TS inhibitors. In this study we created a human cell line expressing the Ugi protein
inhibitor of UNG family of UDGs, which reduces cellular UDG activity by at least 45-fold. Genomic
uracil incorporation was directly measured by mass spectrometry following treatment with TS
inhibitors. Genomic uracil levels were increased over 4-fold following TS inhibition in the Ugi-
expressing cells, but did not detectably increase in UNG proficient cells. Despite the difference in
genomic uracil levels, there was no difference in toxicity between the UNG proficient and UNG-
inhibited cells to folate or nucleotide-based inhibitors of TS. Cell cycle analysis showed that UNG
proficient and UNG-inhibited cells arrested in early S-phase and resumed replication progression
during recovery from RTX treatment almost identically. The induction of γ-H2AX was measured
following TS inhibition as a measure of whether uracil excision promoted DNA double strand break
formation during S-phase arrest. Although γ-H2AX was detectable following TS inhibition, there
was no difference between UNG proficient and UNG-inhibited cells. We therefore conclude that
uracil excision initiated by UNG does not adequately explain the toxicity caused by TS inhibition in
this model.
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INTRODUCTION
Thymidylate synthase (TS) is a therapeutic target for the cancer chemotherapeutic drugs 5-
fluorouracil (5-FU), capecitabine (prodrug of 5-FU), and raltitrexed (Tomudex, RTX) [1]. TS
converts dUMP to TMP using N5, N10-methylenetetrahydrofolate as a coenzyme and provides
the only de novo source of TMP for DNA synthesis and repair. While 5-FU can also be
incorporated into RNA and DNA, the anti-folate RTX appears to be specific for TS. During
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TS inhibition, the level of TMP decreases and dUTP increases, which presumably increases
uracil levels in DNA [2]. Base excision repair (BER) initiated by uracil DNA glycosylases
actively removes uracil from the genome [3]. However, during thymidylate deprivation uracil
would presumably be reincorporated during repair synthesis, thus leading to futile cycling of
BER.

Four known genetic loci in humans encode for uracil DNA glycosylases [3]. Biochemical
characterization of the proteins suggests specialized roles that combat two sources of uracil
introduction into the genome, namely deamination of cytosine and incorporation of dUMP
during replication. The UNG genetic locus encodes mitochondrial (UNG1) and nuclear
(UNG2) forms of uracil DNA glycosylase [3]. The nuclear form of UNG appears to account
for the bulk of cellular UDG activity; more specifically, the primary role of UNG2 seems to
be counteracting uracil misincorporation during replication [4,5]. Despite the attractiveness of
the futile cycling hypothesis, there is little direct evidence in mammalian cells demonstrating
that futile cycling of BER contributes to the toxicity of TS inhibitors. Sensitivity to RTX was
not influenced by UNG overexpression [6]. Ung+/+ andUng−/− murine embryonic fibroblasts
(MEFs) showed no difference in the cytotoxic effects of 5-FU or fluorodeoxyuridine (FdUrd,
the deoxynucleoside derivative of 5-FU), despite an increased accumulation of AP sites [7].
The SMUG1 genetic locus encodes a DNA glycosylase that has been proposed to serve as a
backup for UNG, although SMUG1 excises a broader range of damaged pyrimidines [3]. It
was shown that the SMUG1 DNA glycosylase can remove 5-FU from DNA and that this
activity protects MEFs from 5-FU toxicity [8]. Interpreting the causes of 5-FU toxicity is
complicated by the fact that 5-FU incorporated into DNA can be recognized by mismatch repair
[9], and two additional DNA glycosylases of BER, namely TDG and MBD4 [10,11]. Thus,
the precise role of BER during thymidylate deprivation remains unclear.

Our investigations seek to define the role of BER during chemotherapy-induced thymidylate
deprivation. Previous results in DNA polymerase β deficient MEFs suggested that BER
pathway activation by uracil excision was not contributing to the strand breaks and cell death
observed during thymidylate deprivation induced by TS inhibitors [12,13]. These and other
studies were performed in MEFs [7,8], which raises questions about the broader applicability
of these observations. In this study, we directly examined the influence of inhibiting
intracellular UNG activity in human cells. RTX, FdUrd, and 5-FU were used to induce
thymidylate deprivation. To our knowledge, this is the first study that directly measured
endogenous genomic uracil following treatment with TS inhibitors.

MATERIALS AND METHODS
Drugs and Cell culture

Raltitrexed (RTX) was generously supplied by AstraZeneca, U.K. 5-Fluoro-2'-deoxyuridine,
5-fluorouracil and Sulforhodamine B (SRB) were purchased from Sigma (St. Louis, MO).
Human embryonic kidney (HEK) 293 cells were obtained from ATCC and maintained in
DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% regular or dialyzed fetal bovine
serum (Hyclone, Logan, UT) and 1% penicillin/ streptomycin (Sigma) at 37°C in a humidified
5% CO2 incubator. We have verified that the HEK293 cells used in this study are uninfected
with mycoplasma.

Generation of stable GFP and GFP-hUgi -expressing cell lines
The pLGCX and pLGC-hUgi plasmids were a kind gift from Shari Kaiser in the laboratory of
Michael Emerman (University of Washington). The pLGC-hUgi plasmid contains a codon-
optimized Ugi for expression in human cells [14]. The pLGCX and pLGC-hUgi plasmids were
transfected into HEK293 cells by a Gene Pulser Xcell electroporation system according to the
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manufacturer's instructions (Bio-Rad, Hercules CA). The cells were resuspended with 200 μl
of DMEM medium without serum and antibiotic in 2-mm long cuvettes and electroporated
with the following settings: 110 V, 25ms pulse length and 1 pulse. One week after
electroporation, GFP-positive cells were enriched by FACS on an EPICs XL-MCL flow
cytometer (Beckman Coulter, Fullerton, CA) in the Instrumentation Resource Facility at the
South Carolina Cancer Center. Multiple rounds of sorting were performed until greater than
99% of the cell population was GFP positive.

Cytotoxicity
Cytotoxicity was performed by SRB assay as described previously [12]. In brief, 1000 cells
were plated on 96-well plates 24 h prior to treatment. The cells were treated with various
concentrations of RTX, FdUrd, or 5-FU for 24 h, and then grown in drug- free medium 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). Colony-forming assays
were performed as previously described [12].

Uracil DNA Glycosylase activity
UDG activity in the GFP and GFP-hUgi cells was measured using an oligodeoxynucleotide-
based assay [13]. The analysis was identical to that previously described, except that the oligo
containing a single uracil (5'-GACTACTACATGUTTGCCGACCATT-3', (Midland Certified
Reagents, Midlands, TX) also contained a 5'-HEX label and was directly visualized and
quantitated using a Bio-Rad Molecular Imager® FX and Quantity One® software.

Analysis of Genomic Uracil
Uracil levels in DNA were analyzed as described [15] with modifications [13]. Briefly, 24 h
after seeding, the cells were exposed to 100 nM RTX or 50 nM FdUrd for 24 hour, then washed
of drug-containing media. At the times listed, the cells were washed by PBS, harvested, and
genomic DNA was extracted using the DNAeasy kit according to manufacturer's instructions
(Qiagen, Valencia, CA). To release genomic uracil from DNA, 3 μg of genomic DNA was
incubated with 0.2 Units of UDG (NEB, Beverley, MA). Following digestion, 300 pg of a
labeled uracil internal standard (13C4H4O2

15N2; Cambridge Isotope Laboratories, Andover,
MA) was added to each tube, the samples were vacuum dried and derivatized with 3,5-Bis
(trifluoromethyl) benzyl bromide. The samples were analyzed by GC-MS on a Thermo-
Finnigan TSQ triple quadrupole mass spectrometer equipped with a Trace GC 2000 gas
chromatograph and AS 2000 autosampler (all Thermo-Fisher, Waltham MA). Separation was
performed on a 30 meter Rtx-5 column (Restek, Bellefonte PA) using a column head pressure
of 10 psi and an oven temperature program as follows: start at 100°C, ramp 15°C /min to 210°
C, 5°C/min to 260°C, 15°C/min to 300°C. The uracil derivative elutes at ∼15 min. Mass
spectrometry was done in negative ionization mode with methane (4000 millitorr) as the
reagent gas. The mass spectrometer was run in select reaction monitoring mode with the first
quadrupole alternating between m/z 337 (natural uracil) and m/z 343 (heavy labeled uracil).
The collision cell was set for 35eV collisions with 3 millitorr of argon and the third quadrupole
was set on m/z 213 for both natural and heavy labeled uracil. A standard curve was established
by measuring standards containing 5, 20, and 50 pg of unlabeled uracil. Standards consisting
of 54 and 108 pg of uracil-containing oligo described in the UDG activity assay above served
as an additional control to insure that the UDG incubation conditions quantitatively removed
uracil from DNA.

Western blot analysis
Western blots were performed as described previously [12,13]. Anti-phospho-Histone-H2AX
(Ser 139) was purchased from Upstate (Temecula, CA). Anti-DUT-n antibody to detect the
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nuclear form of dUTPase was purchased from Abcam (Cambridge, MA). Equal protein loading
was confirmed by β-actin (Abcam, Cambridge, MA).

Cell Cycle Analysis
Cell cycle experiments were performed as previously described with minor modifications
[13]. Exponentially growing cells were exposed to 100 nM RTX for 24 h and allowed to recover
in drug-free medium at time points indicated in the text. Adherent and floating cells were
collected in medium, fixed by chilled 100% ethanol, and stored at 4 °C until processed for
analysis. Fixed cells were stained with 0.3 mL PI / RNase A solution which containing
propidium iodide (50 μg/mL), RNase A (0.1 mg/mL) and 1%BSA in PBS. DNA content was
determined using an EPICs XL-MCL flow cytometer (Beckman Coulter, Fullerton, CA) in the
Instrumentation Resource Facility at the South Carolina Cancer Center.

RESULTS
We created sublines of 293 human embryonic kidney cells expressing either GFP only as a
control or a GFP-hUgi fusion with pLGCX and pLGC-hUgi vectors, respectively [14]. Ugi is
a well- known inhibitor specific to the UNG family of proteins but not other UDGs such as
SMUG1, TDG, or MBD4 [16,17]. The Ugi coding sequence in this case was codon-optimized
for human expression [14] and GFP-positive cells were selected by FACS (materials and
methods). Cell extracts were prepared and examined for UDG activity using an
oligodeoxynucleotide-based assay. UDG activity is readily detectable in the extracts from
UNG proficient cells for uracil in single-stranded DNA (Figure 1A, left) or double stranded
DNA (Figure 1B, left). In contrast, UNG-inhibited cells contained undetectable levels of UDG
activity (Figure 1, right), an estimated difference of at least 45-fold lower compared to UNG
proficient cells. Although both cell lines contain hSMUG1 detectable by western blot (data not
shown), the activity assays demonstrate that UDG from the UNG locus provides the
predominant UDG activity, in agreement with previous studies [4].

In order to directly test whether hUgi is inhibiting UNG activity in the nucleus, we measured
genomic uracil levels before and after treating the cells with IC90 doses of RTX (Figure 2a) or
FdUrd (Figure 2b). In untreated UNG proficient or UNG-inhibited cells, genomic uracil levels
are the same (∼2 picograms per μg of genomic DNA), near the limits of accurately quantitating
the peaks on the spectrograms. When the cells were treated with RTX or FdUrd, the levels of
uracil remained the same in UNG proficient cells, which indicated that UNG activity is robust
enough to prevent an accumulation of genomic uracil during thymidylate deprivation. In
contrast, the UNG-inhibited cells accumulated over 4 times the level of genomic uracil
following 24 h RTX treatment (Figure 2a) or 24 h FdUrd treatment (Figure 2b). To determine
whether recovery from TS inhibition altered genomic uracil incorporation, cells were placed
in drug-free medium for 3 and 24 hours following 24 h RTX or FdUrd treatment. The uracil
levels in UNG-inhibited cells remained elevated at 3 and 24 hour recovery time points
following removal of RTX (Figure 2a). At a 24 h recovery time point following FdUrd
treatment, the levels of genomic uracil had dropped by approximately half (Figure 2b). Taken
together, the results suggest that hUgi is indeed inhibiting UNG in the cells during treatment
with TS inhibitors and causes an accumulation of genomic uracil in the hUgi-expressing cells.

The sensitivity of the UNG proficient and UNG-inhibited cells to RTX, FdUrd, and 5-FU was
determined (Figure 3). The results in Figure 3 show that there was no significant difference in
sensitivity to RTX (A), FdUrd (B), or 5-FU (C) between the UNG proficient and UNG-
inhibited cells. Dialyzed serum was also used because it is commonly known that thymidine
salvaged from serum can significantly influence sensitivity to folate-based TS inhibitors. There
was no difference in sensitivity between the UNG-proficient and UNG-inhibited cells when
grown in regular or dialyzed serum. This suggests that the availability of salvageable thymidine

Luo et al. Page 4

DNA Repair (Amst). Author manuscript; available in PMC 2009 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



does not selectively influence the sensitivity of UDG proficient or UDG inhibited cells. Colony
forming assays were also performed with FdUrd to insure that the viability assay was not
missing a substantially delayed onset of death. At a dose of 10 μM FdUrd, survival was 19%
(±3.5, n=3) for the UNG proficient cells and 36% (±11.2, n=3), a less than 2-fold difference
that was insignificant. It is known that elevated dUTPase expression can influence cell death
caused by TS inhibitors [18-21]. The results in Figure 4 show that nuclear dUTPase protein
levels are similar in the UNG proficient and UNG-inhibited cells. Thus, changes in dUTPase
levels do not account for the differences seen in genomic uracil incorporation (Figure 2).

It is well known that TS inhibition induces cell cycle arrest in early S-phase concomitant with
TTP depletion. We examined cell cycle progression by FACS in the UNG proficient and UNG-
inhibited cells to determine whether accumulation of genomic uracil or its excision by UNG
influenced the initial S-phase arrest. When treated with RTX for 24 hours, UNG proficient and
UNG-inhibited cells displayed an identical early S-phase arrest (Figure 5, middle panels). The
early S-phase arrest seen was essentially identical to the arrest previously observed in pol β
proficient and deficient MEFs [12]. To examine the cellular recovery from S-phase arrest, cells
were placed in drug-free medium for 24 h following 24 h RTX treatment. The UNG proficient
and UNG-inhibited cells resumed S-phase progression in an almost identical manner (Figure
5, bottom panels). In comparing S-phase progression seen at 24 h recovery with genomic uracil
levels in the UNG-inhibited cells (Figure 2a), the results suggest that no significant additional
uracil incorporation is occurring during the resumption of replication.

The formation of DNA double strand breaks has been reported following TS inhibition,
although double strand breaks have not uniformly correlated with death in response to folate-
based TS inhibitors [20,22]. We previously found that RTX induced sister chromatid exchanges
at subtoxic doses, which suggested that homologous recombination was invoked during
thymidylate deprivation [13]. To determine whether uracil excision by UNG might contribute
to the formation of double strand breaks during thymidylate deprivation, the induction of γ-
H2AX was measured (Figure 6). Phosphorylation of the H2AX histone protein is a presumptive
marker of double strand break induction and is also seen as a consequence of stalled replication
forks [23]. As shown in Figure 6, a 24 h treatment with RTX (A) or FdUrd (B) induced γ-
H2AX, yet little difference was seen between UNG proficient and UNG-inhibited cells. This
suggests that although H2AX phosphorylation occurs following TS inhibition, the formation
of γ-H2AX was not altered by the activity of UNG (or uracil incorporation into DNA in the
hUgi-expressing cells). Taken together, the results do not suggest that BER intermediates
generated by UNG are being produced, or if produced, do not substantially contribute to double
strand breaks that occur following TS inhibition.

Discussion
The futile cycling hypothesis of BER during thymidylate deprivation proposes that uracil
incorporated into DNA is excised by uracil DNA glycosylases, but repair synthesis causes
uracil reincorporation because of elevated dUTP levels. The accumulation of BER single strand
break intermediates could thus be converted to double strand breaks during replication and
lead to cell death. Although we observed that genomic uracil accumulated following the
inhibition of TS by RTX or FdUrd and UDG inhibition by hUgi, this did not appear to influence
killing by antifolate or nucleotide-based TS inhibitors in this cell line. In comparing the data
in Figures 2 and 5, genomic uracil incorporation likely occurred very early upon entry into S-
phase, near simultaneously with the S-phase arrest seen. It is important to note that because
the arrest in UNG proficient and UNG inhibited cells appears to be identical (Figure 5), this
suggests that BER intermediates generated by UNG do not contribute to causing the initial S-
phase arrest. During recovery from TS inhibition when replication has resumed, there was no
further increase in genomic uracil (Figure 2, 24 h time point), thus suggesting that dUTP
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incorporation is not contributing to replication restart. The reduction in genomic uracil seen
following recovery from TS inhibition (more pronounced in the FdUrd treated cells) is likely
due to the extent of replication restart with TTP, thus diluting genomic uracil. The induction
of γ-H2AX was also examined to determine whether double strand breaks were induced by
one of two scenarios. The first is that the presence of BER intermediates created by UNG
activity might be converted to double strand breaks during replication. The second is that the
presence of genomic uracil itself might halt replication forks. The fact that the induction of γ-
H2AX occurred to the same extent in UNG proficient or UNG-inhibited cells suggests that
thymidylate deprivation likely induces replication fork arrest independent of UNG activity or
uracil incorporation. In either case it is not clear precisely how BER intermediates, which occur
on a single strand, might be converted into double strand breaks during TS inhibition. Uracil
incorporation during replication would only occur in the newly synthesized strands, i.e., uracil
excision and AP endonuclease activity would cause single strand breaks. Double strand break
formation resulting from BER activity under conditions of TS inhibition would require a more
complex interaction with the replication fork (e.g., a replication fork collapse), or would invoke
an additional repair response such as homologous recombination, which proceeds through DSB
intermediates.

Several studies have examined the influence of BER in S. cerevisiae in response to antifolates
or 5-FU [24-26]. The influence of UDG activity on sensitivity to thymidylate deprivation in
S. cerevisiae appeared to be transient [24,26]. S. cerevisiae lack SMUG1, MBD4, and TDG
homologues [27], all of which are reported to remove uracil and 5-FU at least in vitro [8,10,
11]. The absence of APN1, the major AP endonuclease in S. cerevisiae, leads to heightened
sensitivity to 5-FU or antifolates [24,25]. Interestingly, S. cerevisiae lack a paralog of pol β,
which removes the 5'-dRP group caused by AP endonuclease activity. Instead, S. cerevisiae
seem to rely on RAD27 to remove the 5'-dRP as part of the displaced strand, analogous to
FEN1-dependent long-patch BER in mammalian cells. It is intriguing to note that a rad27 null
strain was markedly resistant to 5-FU [25], which is analogous to our finding that pol β deficient
MEFs were resistant to TS inhibitors [12].

Our results agree with other studies in mammalian cells that do not support the model that
excision of uracil by UNG contributes to toxicity caused by FdUrd or RTX [6-8]. The
contribution of genomic 5-FU to the toxicity of 5-FU or FdUrd relative to the inhibition of TS
(as FdUMP) remains incompletely understood. Note that our studies do not rule out a role for
BER initiated by other DNA glycosylases such as SMUG1, TDG, and MBD4 in response to
genomic 5-FU incorporation [8]. It has been reported that the nuclear isoform of UNG (UNG2)
is down-regulated following FdUrd treatment in certain human cell lines, which corresponded
to resistance [28]. One possible explanation of the phenotypic differences seen between cells
lacking UNG2 versus hUgi-expressing cells in which UNG2 is inhibited might lie in the
reported interactions between UNG2 and replication-associated proteins [5,29]. To our
knowledge, our study is the first to provide direct evidence that genomic uracil incorporation
occurs during TS inhibition by FdUrd or RTX. There is no issue of genomic 5-FU incorporation
in RTX-treated cells. Although an effect of uracil incorporation into mitochondrial DNA has
not formally been excluded, it is highly unlikely to contribute to the genomic uracil detected
(Figure 2), given the much smaller size of the mitochondrial genome and typical number of
mitochondria in most cell types.

It is well known that unrepaired BER intermediates caused by an imbalance of too much DNA
glycosylase activity relative to the downstream activities of AP endonuclease and 5'-dRP lyase
are problematic [30]. However, amelioration of futile BER cycling during TS inhibition by
limiting UDG activity has its own limitation, namely that the presence of genomic uracil itself
is dramatically problematic. The inviability of dUTPase deficient strains of E. coli and S.
cerevisiae even in the absence of UDG activity suggest that excessive genomic uracil cannot
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be tolerated [31,32]. Studies that manipulated dUTPase levels during chemotherapy-induced
thymidylate deprivation indicate that increased dUTPase activity can only delay death
[18-21]. The time dependence implied that cytotoxicity did not ultimately depend on the DNA
damage resulting from uracil incorporation [20,21]. Furthermore, in some cell types death was
seen in TTP-depleted cells despite little or no dUTP accumulation [33], while changes in dATP
levels have also been implicated [34]. As shown in Figure 4, dUTPase levels appear to be the
same in the UNG proficient and deficient cells. The activity of dUTPase alone is not sufficient
to prevent uracil incorporation because UNG-inhibited cells accumulate genomic uracil
(Figure 2). In all of the above cited studies, the amount of uracil incorporated into DNA was
not directly measured. It is not known among mammalian cell types what the threshold
tolerance is for genomic uracil, or whether cancer cells in particular have adapted to tolerate a
higher level of genomic uracil. We are investigating these possibilities.

The DNA damage endpoint most commonly measured in studies of TS inhibition is double
strand breaks, predominantly measured by pulsed-field gel electrophoresis or the comet assay.
The induction of γ-H2AX following RTX and FdUrd treatment is evident (Figure 4), yet the
lack of difference between UNG proficient and UNG inhibited cells suggests that the more
likely source of γ-H2AX induction is stalled or collapsed replication forks. It is known that
altered S-phase progression occurs in cancer cells, and that defects in S-phase kinase signaling
affects sensitivity to 5-FU [35-37]. Evaluation of such phenomena is particularly challenging
in human cancer cell lines with known (and likely as yet unknown) defects in checkpoint
signaling. One prominent example is that of the commonly used HCT 116 colon cancer cells,
which in addition to being mismatch repair defective also contain a defective MRN signaling
complex for double strand breaks [38] and a mutation in TS [39]. Homologous recombination
is thought to be important for the resolution of collapsed replication forks. We are exploring
the influence of homologous recombination pathways on S-phase progression and the
sensitivity to TS inhibitors.
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Figure 1. hUgi inhibits UNG activity in 293 cells
UNG-proficient cells (GFP) have a higher UDG activity than cells expressing hUgi (GFP-
HUgi) for uracil in single-strand DNA (A) or double strand DNA (B). Increasing amounts of
cell lysate for each cell line were incubated with 0.1 pmol of labeled oligonucleotide containing
a single uracil. Cleavage results in generation of a truncated product. The negative control (−)
reaction contained oligo in the absence of lysate. The lane labeled “UDG” was oligo incubated
with purified UDG.
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Figure 2. Genomic uracil levels following treatment with RTX (A) or FdUrd (B)
A. UNG proficient (GFP) and UNG-inhibited (GFP-hUgi) cells were treated with 100 nM RTX
for 24 h, and then incubated in drug-free media for 0, 3, or 24h. The results shown are the
average of four independent experiments (error bars are the standard deviation). B. UNG
proficient (GFP) and UNG-inhibited (GFP-hUgi) cells were treated with 50 nM FdUrd for 24
h, and then incubated in drug-free media for 0, 3, or 24h. The results shown are the average of
two independent experiments and two GC-MS injections per sample (error bars are the standard
deviation).
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Figure 3. The sensitivity to TS inhibitors is similar in the UNG proficient and UNG-inhibited cells
UNG-proficient (GFP, ▲) and UNG-inhibited (GFP-hUgi, ■) cell lines were exposed to RTX
(A), FdUrd (B), and 5-FU (C) for 24 hours, followed by incubation in drug-free media for 72
h. Cytotoxicity was determined as described (materials and methods). The data are an average
of at least three independent experiments, error bars represent standard deviations.
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Figure 4. The protein levels of dUTPase are the same in the UNG proficient and UNG-inhibited
cells
Cell lysates from UNG proficient (GFP) and UNG-inhibited (GFP-hUgi) cells were analyzed
by SDS-PAGE, and the immunoblots probed with an antibody specific to nuclear dUTPase.
β-actin served as the loading control.
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Figure 5. Cell cycle arrest induced by RTX is similar in the UNG proficient and UNG-inhibited
cells
UNG proficient (GFP, left panels) and UNG-inhibited (GFP-hUgi, right panels) cells were
treated with 100 nM RTX for 24 h (middle panel), and then incubated in drug-free media for
24 h (bottom panel). Cells were harvested and analyzed as described (Materials and Methods).
Cell cycle analysis was performed four times; results shown are representative from one
experiment.
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Figure 6. The induction of γ-H2AX does not differ between UNG-proficient or UNG-inhibited cells
UNG-proficient (GFP) and UNG-inhibited (GFP-hUgi) cells were treated with RTX 1 μM (A)
and FdUrd 0.5 μM (B) for the indicated periods of time. Cell lysates were analyzed by SDS-
PAGE, and the immunoblots probed with an antibody specific to γ-H2AX. β-actin served as
the loading control.
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