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Abstract
5-Fluorouracil (5-FU) is a widely utilized cancer chemotherapeutic that causes DNA damage via
two mechanisms. Its active metabolite inhibits thymidylate synthase, which deprives cells of TTP
and causes the introduction of uracil in DNA. Also, 5-FU is directly incorporated into DNA. Both
uracil and 5-FU in DNA are recognized by uracil-DNA glycosylases (UDGs), which initiate base
excision repair. UNG and SMUG1 are the two human UDGs most likely to combat the genomic
incorporation of uracil and 5-FU during replication. In this study, we examined the roles of UNG
and SMUG1 in the initial cellular response to 5-FU and compared continuous exposure to a 24
hour exposure followed by incubation in drug-free media, which mimics what occurs clinically.
Loss of UNG did not alter cellular sensitivity to 5-FU in two human cell lines, despite its
predominant biochemical activity for uracil and 5-FU in DNA. Loss of SMUG1 corresponded
with >2-fold increase in sensitivity to 5-FU, but only with a 24 h treatment followed by recovery.
There was no difference between SMUG1 proficient and depleted cells following continuous
exposure. We observed that 5-FU treatment induced an enhanced S-phase arrest and CHK1
activation plus an increase in the formation of strand breaks and alkali-labile sites in all sublines.
However, SMUG1-depleted cells showed a prolonged S-phase arrest, a transient increase in DNA
double-strand breaks following 5-FU treatment and an altered phosphorylation of CHK1 following
removal of drug. Collectively, the results suggest that SMUG1 has a role in the resumption of
replication following 5-FU treatment.
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1. INTRODUCTION
Inhibition of thymidylate synthase (TS) continues to be a mainstay chemotherapeutic
strategy to treat several types of solid tumors. 5-fluorouracil (5-FU) and its prodrug
capecitabine are metabolized to FdUMP (5′-fluorodeoxyuridylate), which functions as a
suicide inhibitor of TS. Several antifolates including raltitrexed (RTX) and pemetrexed
inhibit thymidylate synthesis by competing with the methyl donor, N5,N10-methylene
tetrahydrofolate, in the reaction catalyzed by TS. Depletion of thymidylate pools by TS
inhibitors results in an increase in genomic uracil [1]. Uracil or 5-FU in DNA is recognized
by uracil DNA glycosylase (UDG)-initiated base excision repair (BER) [2]. However,
investigations of the precise contributions of individual BER components have not drawn
simple conclusions regarding the contribution of BER to the cellular sensitivity to TS
inhibitors. Among the four known mammalian UDGs capable of removing uracil and 5-FU
from DNA, nuclear UNG has received the most attention because it is the dominant UDG
activity in cells, is up-regulated in S-phase, and co-localizes with replication foci [3]. Yet,
most studies that have directly tested the role of UNG have concluded that it does not
contribute to differences in cellular sensitivity to any TS inhibitor [4–9]. Examination of the
other three mammalian UDGs reveals a complex picture. One report of a SMUG1
knockdown in mouse embryonic fibroblasts (MEFs) noted an accumulation of genomic 5-
FU and heightened cellular sensitivity to 5-FU [4], while recent reports showed no SMUG1-
dependent differences in human cells [8] or more recently derived MEFs [10]. Knockouts/
knockdowns of the TDG or MBD4 glycosylases revealed a resistance to 5-FU [11,12].

We previously showed that TS inhibition in UNG-inhibited cells results in significant
elevation of genomic uracil, yet did not alter cytotoxicity associated with TS inhibition [7].
These earlier studies were focused on genomic uracil, not 5-FU, and thus predominantly
utilized the antifolate RTX. Also note that nearly all previous studies have employed a
continuous exposure to 5-FU or other TS inhibitors, and it is known that prolonged exposure
to TS inhibitors can induce cell death via multiple means [13]. In the current study, the
mechanism of action of 5-FU was investigated with specific attention focused on the role of
UNG and SMUG1 in CHK1 activation, strand break formation and resolution.

2. MATERIAL & METHODS
2.1 Drugs and Cell Culture

Raltitrexed (RTX) was generously supplied by AstraZeneca, U.K. 5-Fluorouracil was
purchased from Sigma (St. Louis, MO). Comet Assay Slides (4250-050) were purchased
from Trevigen (Gaithersburg, MD). Anti-β-actin was from Abcam (Cambridge, MA). Anti-
Chk1, anti-p-Chk1 (Ser345), anti-Caspase-3, and anti-cleaved-Caspase-3 were purchased
from Cell Signaling Technology (Boston, MA). Horseradish peroxidase-conjugated
secondary antibodies were from GE-Amersham. LN428 sublines were cultured in α-Eagle’s
MEM without ribonucleosides (ATCC, Manassas, VA) and supplemented with 10% heat-
inactivated fetal bovine serum, glutamine (Sigma, St. Louis MO), 1% penicillin/
streptomycin (Sigma), and gentamycin (Sigma). The LN428 glioblastoma cells (wild-type,
WT) have been described by us previously [14,15]. The LN428/UNG-KD and LN428/
SMUG1-KD cells, were generated by lentiviral-mediated expression of shRNA, as
described [14,15]. Lentiviruses were prepared in collaboration with the UPCI Lentiviral
facility. Lentiviral particles were generated by co-transfection of 4 plasmids [the shuttle
vector plus three packaging plasmids: pMD2.g(VSVG), pVSV-REV and PMDLg/pRRE]
into 293-FT cells using FuGene 6 Transfection Reagent. Lentiviral transduction was
performed by seeding 6.0 × 104 cells into a 60 mm dish 24 h before transduction. Cells were
transduced for 18 h at 32°C and then cultured for 72 h at 37°C. Cells were then selected by
culturing in growth media with 1.0 μg/mL puromycin [14,15] to yield the pooled
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populations that were evaluated herein. Single-cell clones were then derived by limiting-
dilution cloning in 96-well plates [14,15]. The stable single-cell derived LN428 glycosylase-
KD cell lines described here are available from Trevigen, Inc (Gaithersburg, MD). Level of
KD was determined by qRT-PCR [14,15].

2.2 Generation of SMUG1 knockdown in 293 cells
The pLKO.1-Puro lentivirus plasmid vector containing MISSION™ shRNA against SMUG1
(NM_014311) and a negative control vector containing no shRNA insert (SHC002) was
purchased from Sigma. The plasmids were transfected into HEK293 cells using a
GenePulser Xcell electroporator according to the manufacturer’s protocol for HEK293 (Bio-
Rad, Hercules, CA). At 24 h post-transfection the media was replaced with DMEM
containing 1 μg/ml puromycin. The cells were expanded for 14 days with a change of media
every 2 days. The clones were analyzed for SMUG1 expression by western blotting.

2.3 Cell proliferation
Cell survival was measured using the MTS assay (Promega, Wisconsin, USA) following
either 24 h drug treatment plus 3 days incubation in drug-free media or continuous exposure
for 4 days. Cells in exponential growth were plated at a concentration of 1 × 104 per well 24
h prior to drug treatments. Drugs were added in fresh medium, 6 wells per sample.
Following treatments, 20 μL of MTS was added, and the plate was incubated for an
additional 3 h at 37 °C. The absorbance values at 490 nm were collected and cell viability
was calculated as a percentage compared to untreated control cells.

2.4 Western blot analysis
Cells were treated with drugs for indicated times. Whole cell protein extract was prepared
from each cell line using lysis buffer containing Complete™ mini protease inhibitor cocktail
(Roche Life Sciences, NJ, USA) and the phosphatase inhibitors sodium orthovanadate and
sodium fluoride (Sigma). Electrophoresis and blotting was performed as previously
described [7,16–18].

2.5 Cell-cycle analysis by flow cytometry
Cells (5 × 104) were seeded onto 100 mm dishes. After 48 h, medium containing the
appropriate dose of 5-FU was added to the treatment plates, while medium without drug was
added to control plates. After drug treatment and incubation in drug free media, adherent
and floating cells were collected, fixed by chilled 100% ethanol, and stored at 4 °C until
processed for analysis. Fixed cells were stained with PI/RNase A solution containing
propidium iodide (50 μg/mL), RNase A (0.1 mg/mL) and 1% BSA in PBS. Cell-cycle
analyses were performed using a Beckman Coulter FC 500 cytometer (Beckman Coulter,
CA, USA) and data quantified using ModFit LT software version 3.1 (Verity Software
House, ME, USA).

2.6 Uracil DNA glycosylase (UDG) activity
UDG activity for the cell extracts of LN428 sublines was measured using an
oligonucleotide-based assay [7]. The oligodeoxynucleotide contained a single 5-FU
substrate (5′-HEX)-[GACTACTACATG(FdU)TTGCCGACCATT-3′] (Midland Certified
Reagents, Midlands, TX). The excision assay was carried out by incubation of the duplex
oligo with 2 μg of cell extracts in buffer (20 mM Tris,100 mM KCl, 5 mM EDTA, 1 mM
EGTA, 5 mM 2-mercaptoethanol, pH 7.2) at 37 °C for the times listed. Purified Ugi was
obtained from New England Biolabs. The reaction products were separated on a denaturing
20% polyacrylamide gel. The gels were visualized and quantified with a Bio-Rad Molecular
Imager® FX and Quantity One® software.
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2.7 Comet Assay
DNA fragmentation was detected using the comet assay as described [17]. Briefly,
following treatment and harvesting, cells were re-suspended in PBS, and mixed with 1% low
gelling type VII agarose at 40 °C, and pipetted onto pre-coated slides (Trevigen,
Gaithersberg, MD). Once the agarose solidified, 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 13) for 45 min. Electrophoresis was for 25 min at 0.6 V/cm. Slides were washed with
neutralization buffer (0.5 M Tris–HCl, pH 7.5), followed by PBS, then dried overnight. The
slides were rehydrated with distilled water and stained with Sybr® Green (Invitrogen).
Comets were visualized with a Nikon E600 microscope. The endpoint measured was the
DNA moment using the LAI automated comet analysis software from Loats Associates
(Westminster, MD, USA). The neutral comet assay was performed as above except lysis
was carried out overnight at 4 °C. Following lysis, the cells were washed with neutral
electrophoresis buffer (150 mM NaCl, 10 mM EDTA, 10 mM Tris) and electrophoresed for
45 min at 1 V/cm. The slides were then processed as described above.

2.8 Statistical Analysis
Means, standard error and standard deviation were calculated using Microsoft Excel or
GraphPad Prism software. Significance of data was analyzed using the paired t-test or one-
way ANOVA analysis. P-value < 0.05 was considered as statistically significant.

3. RESULTS
3.1 Knockdown of SMUG1 results in a higher sensitivity to 5-FU when treatment is
followed by incubation in drug free media

Knockdowns of UNG and SMUG1 were generated in LN428 glioblastoma cells.
Measurement of mRNA from the pooled populations revealed that the respective messages
were reduced by 75% in the LN428/SMUG1-KD cells and 55% in the LN428/UNG-KD
cells (Fig. 1A). Single cell cloning of the UNG-KD cells yielded significantly greater UNG
depletion (91% knockdown) but to avoid clonal effects, this cell clone was not used herein.
The excision of 5-FU from an oligodeoxynucleotide was measured in cell free extracts from
parental (WT), UNG knockdown (LN428/UNG-KD) and SMUG1 knockdown (LN428/
SMUG1-KD) cells. The results show that excision of 5-FU is decreased in UNG-KD and
SMUG1-KD cells by 30% and 40%, respectively (Fig. 1B), which corresponded with the
reduction in mRNA. Inhibition of UNG activity in the cell extracts by co-incubation with
Ugi further reduced the excision of 5-FU, suggesting that UNG was responsible for residual
5-FU excision activity seen in extracts from each of the sublines.

The 5-FU treatment regimen of 24 h exposure followed by incubation in drug-free media
sensitized the LN428/SMUG1-KD cells compared to UNG KD and wild-type cells (Fig.
2A). Specifically, the IC50 of 5-FU in the SMUG1 knockdown cells (20 μM) is 2.5 fold
lower than wild-type cells (50 μM), while sensitivity of the UNG knockdowns was
intermediate (35 μM). However, there was no difference in sensitization between the cell
lines with a continuous exposure to 5-FU (Supplementary Fig. 1). The cytotoxicity of the
antifolate RTX was also measured in the LN428 cells to determine the influence of TS
inhibition without 5-FU incorporation. There was no difference in sensitivity to RTX among
the SMUG1 or UNG knockdown cells compared to wild-type (data not shown). These
results suggest that the increased sensitivity seen in SMUG1-deficient cells is specific to 5-
FU-mediated lesions in DNA and to a response mediated during an attempted restart of
replication (see the next sections). A SMUG1 knockdown was also examined in HEK293
cells to determine the sensitization of a SMUG1 knockdown in an unrelated cell line and to
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compare with our previous studies in UNG-inhibited cells, in which we saw no effect of
UNG [7]. The efficiency of SMUG1 knockdown was 75% as measured by Western blotting
(Supplementary Fig. 2A). SMUG1 knockdown resulted in a greater sensitivity to 5-FU with
a treatment regimen of 24 h exposure followed by incubation in drug free medium
(Supplementary Fig. 2B). Specifically, the IC50 of 5-FU in SMUG1-KD cells (8 μM) was
>2-fold lower than in wild-type 293 cells (20 μM). No further studies were conducted in the
293 cells because the activities of UNG proteins in the two cell lines were inhibited via two
different methods (Ugi-peptide mediated inhibition vs siRNA KD). Note at the higher
concentrations of 5-FU, there was no further killing, which is commonly observed in
response to TS inhibitors [4,7,17,19], and is caused by salvage of thymidine [20,21].

3.2 Prolonged S-phase cell cycle arrest with 5-FU in SMUG1-KD cells
TS inhibitors induce an early S-phase arrest [7,16,17], but the source of the arrest,
nucleotide depletion or DNA damage, is unresolved. The cell cycle distribution of the
LN428 sublines after 5-FU treatment was assessed by flow cytometry to examine the
response to treatment followed by incubation in drug-free media. Untreated cells showed
similar cell cycle profiles for the parental (WT), the UNG-depleted, and SMUG1-depleted
cells (Fig. 3A). Treatment with 5-FU for 24 h resulted in a sharp S-phase arrest. LN428/
SMUG1-KD cells in particular did not show a measurable G1 peak whereas a G1 population
was still evident in parental (26 %) and UNG knockdowns (10 %) (Fig. 3B). Differences in
cell cycle distribution between the three sublines were more pronounced during the
subsequent incubation in the absence of drug. Incubation in drug-free media for 24 h
resulted in the resumption of cell cycle progression in parental cells, as gauged by the re-
appearance of G1 and G2 populations comprising >50% of the total population (Fig. 3C). In
contrast, >80% of the UNG and LN428/SMUG1-KD cells remained in S phase (Fig. 3C).
By 48 h post-drug exposure and incubation in drug-free media, the G1 population in parental
and LN428/UNG-KD cells was 40% and 20%, respectively, while there was no measureable
G1 peak in the LN428/SMUG1-KD cells, and 80% of LN428/SMUG1-KD remained in S
phase (Fig. 3D).

3.3 CHK1 phosphorylation and dephosphorylation following recovery from 5-FU treatment
Because the data in Fig. 3 suggested that there were differences in resumption of S-phase
during recovery from 5-FU treatment in the wild-type cells, the activation of a crucial
checkpoint kinase, CHK1, was measured. 5-FU induced S-phase arrest has been shown to be
dependent upon CHK1 activation [22]. The dynamics of CHK1 activation via
phosphorylation of Ser345 was measured at time points during the 24 h treatment of 5-FU
and during recovery in drug-free media. As shown in Fig. 4, CHK1 phosphorylation was not
measurably induced by 5-FU at time points between 1 and 12 h. However, p-CHK1 was
induced by 5-FU treatment by 24 h in all three sublines, and p-CHK1 was induced to a
greater extent in the LN428/UNG-KD and LN428/SMUG1-KD cells (11 and 16-fold
respectively, normalized to total CHK1). The results suggest that 5-FU treatment induces a
checkpoint damage response and the absence of UNG or SMUG1 glycosylases heightens the
activation. Following 24 h incubation in drug-free media, differences in CHK1
phosphorylation in the SMUG1 cells became apparent (Fig. 5). Whereas p-CHK1 remained
elevated in the wild-type and LN428/UNG-KD cells at 24 h recovery (3.8 and 4.6-fold
increase respectively, normalized to total CHK1), p-CHK1 levels in LN428/SMUG1-KD
cells returned to near basal levels (1.2-fold higher compared to untreated cells) (Fig. 5). Loss
of p-CHK1 was also seen in WT and LN428/UNG-KD cells, although it was delayed (36 h)
and less pronounced (2.9 and 3.7-fold higher, respectively, compared to untreated cells).
Interestingly, recovery time points of 36 h (LN428/SMUG1-KD) and 48 h (WT and LN428/
UNG-KD) displayed a re-induction in p-CHK1 (Fig. 5). This re-induction of p-CHK1,
which was recently observed by others following treatment with TS inhibitors [12], suggests
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that a time-dependent dephosphorylation and rephosphorylation of CHK1 was occurring
during an attempted recovery from 5-FU treatment. CHK2 activation in response to 5-FU
treatments was also examined. Although a moderate increase in p-CHK2 levels was
observed following TS inhibition, there was no difference in response among the WT, UNG
and SMUG1 depleted cells (data not shown).

3.4 Generation of strand breaks following 5-FU treatment
Cytotoxicity from TS inhibitors has been shown to be associated with accumulation of DNA
strand breaks [17,23]. However, the contribution of specific DNA glycosylases to SSBs or
DSBs has not been directly examined with regards to genomic 5-FU. We utilized alkaline
single-cell gel electrophoresis (comet assay) to measure the formation and resolution of
strand breaks and alkali-labile sites. As shown in Fig. 6a, there was an approximately 2-fold
increase in DNA moment of WT cells and 1.5-fold increase in DNA moment of LN428/
UNG-KD and LN428/SMUG1-KD cells after 12 h of 5-FU treatment. The initial increase in
DNA moment at 12 h suggests the presence of BER intermediates. Following 24 h treatment
with 5-FU there was a decline in the DNA moment of the WT cells, but an increase in
LN428/UNG-KD and LN428/SMUG1-KD cells. The decline in DNA moment at the 24 h
point in WT cells likely represents a resolution of BER intermediates, whereas the elevation
of the DNA moment in LN428/UNG-KD and LN428/SMUG1-KD cells likely represents a
persistence of intermediates and/or damage, corresponding to the increased p-CHK1 seen at
this same time point in these cells.

The neutral comet assay was utilized to examine the influence of UNG and SMUG1 activity
on the formation of DSBs. Strikingly, a significant elevation of DNA moment was observed
at only 12 h of 5-FU treatment in LN428/SMUG1-KD cells (Fig. 6b). There were no
corresponding increases in DSBs in the WT and LN428/UNG-KD cells. Interestingly,
following 24 h exposure to 5-FU, there was a decrease in the DNA moment in LN428/
SMUG1-KD cells relative to 12 h that indicates resolution of the DSBs. However, the extent
of DNA DSB formation at 24 h is still 4-fold higher than the untreated controls (Fig. 6b).
The results suggest that 5-FU incorporation in DNA can cause DSBs. To confirm that the
DSBs observed were not generated due to the execution of apoptosis, we monitored
caspase-3 activation following 5-FU treatments and recovery. We failed to observe
caspase-3 cleavage in LN428/SMUG1-KD cells when monitored up to 48 h incubation in
drug-free media (data not shown). Thus, DSBs generated from 5-FU treatments in LN428/
SMUG1-KD cells were not a consequence of apoptotic DNA fragmentation.

4. DISCUSSION
Intra-cellularly, 5-FU is readily converted into FUTP and FdUTP, which can result in RNA
and DNA incorporation, respectively. The relative contributions of RNA/DNA incorporation
and inhibition of TS to the cytotoxic mechanism of action for fluoropyrimidines has been
debated for decades. Because TS inhibition results in an increase in the intracellular dUTP/
TTP ratio [24], treatment with 5-FU results in the potential generation of two DNA base
lesions, U and 5-FU. However, there appears to be wide variation among cell lines regarding
the metabolism of these related yet distinct lesions. Biochemical evidence demonstrates that
5-FU in DNA can be recognized by four different UDGs as well as by mismatch repair
proteins [2]. Because TS inhibitors induce an S-phase arrest, it was reasonable to presume
that UNG and SMUG1 are initial responders because of their expression during S-phase.
Yet, a number of studies in different mammalian cell lines have shown that UNG plays
essentially no role in toxicity caused by TS inhibitors [4–9]. One consideration that has
received little attention thus far is the possibility that a threshold amount of uracil
incorporated into DNA during replication may be just as toxic to mammalian cells as BER
intermediates generated by UDG activity. Indeed, this has been shown to be the case in E.
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coli and S. cerevisiae, in which conditional mutants that lack dUTPase are inviable even in
the absence of their respective UNG activities [25,26]. These reports certainly suggest that
widespread incorporation of genomic uracil is problematic irrespective of UDG-initiated
BER. Evidence from studies in which dUTPase activity was altered also suggest a threshold
dependent effect of genomic uracil [27,28]. A threshold effect also offers a plausible
explanation for the lack of influence of UNG activity on cellular responses to TS inhibitors
in mammalian cells, particularly in studies employing continuous exposures.

Our results with continuous treatments agree with recently published reports [8,10], namely
that UNG and SMUG1 status do not influence cytotoxicity from prolonged 5-FU exposure.
Other studies have shown that abrogation of CHK1 increases apoptotic cell death from 5-
FU, and CHK1-dependent S-phase slowing can protect against cell death from 5-FU [22,29].
As expected, 5-FU induced a sharp S-phase arrest and p-CHK1 activation with no apparent
differences between the three sublines. This data suggests that the initial response to
replication stress is the same in each subline and therefore is not dependent on SMUG1 or
UNG. We speculate that the initial damage signal induced by TS inhibitors is replication
stress independent of BER. However, SMUG1 knockdown cells were sensitized to 5-FU
when treatment is followed by incubation in the absence of drug, which mimics what occurs
clinically. Interestingly, CHK1 is dephosphorylated and then rephosphorylated at later time
points in the absence of drug (Fig. 5), even though the majority of cells remain in S-phase
(Fig. 3d). Experiments in synchronized cells would provide more definitive proof, but note
that the two most common means of synchronizing cells, by serum deprivation or thymidine
block, alter the availability of salvageable thymidine in dramatically opposing directions and
hence would affect the response to TS inhibitors. Note the turnover of p-Chk1 is within 12 h
(Fig. 5), which strongly argues that the changes are not occurring as a result of cells exiting
S-phase and completing a cell cycle. Moreover, the altered kinetics of CHK1
phosphorylation is most pronounced in the SMUG1 knockdown cells. Kunz et al. observed a
round of CHK1 phosphorylation, dephospyhorylation and re-phosphorylation in wild-type
murine embryonic fibroblasts, which they suggested was dependent on TDG [12]. The
authors noted that more cells had accumulated in S-phase at 24 h recovery following 5-FU
treatment despite a decrease in overall Chk1 phosphorylation at the same time point. In this
context, the de-phosphorylation of CHK1 does not represent a bona fide “recovery”, but
likely an attempt of the cells to restart replication. We speculate that the differences relate to
downstream consequences of repair attempts following the initial arrest in the absence of
SMUG1 as it relates to strand breaks.

FdUrd and TS-directed antifolates clearly are capable of inducing DSBs, yet the precise
contributions of collapsed replication forks and/or repair intermediates remains unknown
[16,18,23,30]. Note that the strand breaks measured here and in other studies, in addition to
damage, represent DNA repair intermediates, which themselves are single strand breaks or
AP sites that are converted to strand breaks in the presence of alkali. Double strand breaks
induced by TS inhibitors and as detected by the comet assay might occur by one of two
means: stalled replication forks that eventually collapse, or by a replication fork
encountering a BER single strand break intermediate, which then would be repaired by HR
[18,30,31]. Increased strand breaks and cell death from 5-FU treatments in SMUG1-
inhibited cells during recovery could be a manifestation of differences in AP site
metabolism. Following substrate recognition and turnover, SMUG1 binds to the AP-site and
inhibits its cleavage by APE-1 [32]. In contrast to SMUG1, UNG was found to stimulate
APE-1 cleavage activity [32]. It is tempting to speculate that in the absence of SMUG1,
UNG activity specifically during replication restart results in unprotected AP sites. Note that
a mutant of APE that binds but does not cleave AP sites acts in a dominant negative fashion
in sensitizing cells to 5-FU and FdUrd [33]. In other words, futile cycling during recovery
from drug treatment might be heavily influenced by the efficiency with which the lesions are
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processed by BER, which itself is dependent on which glycosylase initiates the repair.
Future studies require a close look at the metabolism and repair of U and 5-FU in clinically
relevant dosing schedules that delve into the mechanism of replication restart following
thymidylate deprivation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

5-FU 5-fluorouracil

FdUMP 5-fluoro-2′-deoxyuridylate

FdUrd 5-fluoro-2′-deoxyuridine

RTX Raltitrexed

TS thymidylate synthase

TMP thymidylate

dUMP deoxyuridylate

SSB single strand break

DSB double strand break

UDG uracil DNA glycosylase

UNG nuclear UDG encoded by the UNG locus

SMUG1 single-strand-selective monofunctional DNA glycosylase

BER base excision repair
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Figure 1.
A) Relative expression of SMUG1 mRNA in SMUG1-KD cells and UNG mRNA in UNG-
KD cells compared to parental (WT) LN428 cells as measured by RT-PCR. Error bars
represent standard error of the mean. B) Excision of 5-FU from a synthetic
oligodeoxynucleotide. Whole cell protein extracts (5 μg) from parental (WT), UNG-KD and
SMUG1-KD cells were incubated with the oligo for 15 or 30 min alone or in the presence of
the Ugi peptide inhibitor of UNG (+ Ugi). Error bars represent standard error of the mean.
Statistical significance was measured by ANOVA analysis followed by Bonferroni’s
multiple comparison test (* p<0.05).
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Figure 2.
Cytotoxicity of 5-FU in LN428 sublines. Parental LN428 (WT) cells are represented by a
filled square and solid line, UNG knockdowns are represented by an open triangle and short
dashed line, and SMUG1 knockdowns are represented by an inverted triangle and long
dashed line. Cells were treated with increasing doses of 5-FU for 24 h followed by 3 days
recovery in drug-free medium. Following recovery, viable cells were measured using the
MTS assay (Materials and Methods). Each plot represents % cell viability relative to the
untreated control for each cell line. Each data point represents an average of three
independent experiments with means calculated from triplicate values in each experiment.
The error bars represent standard error of the mean. Statistical significance was determined
using a paired t-test (P<0.05).
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Figure 3.
Cell cycle distribution of parental LN428 (WT, left), LN428/UNG-KD (central) and LN428/
SMUG1-KD (right) cells. The percentage of cells in G0/G1, S, and G2/M phases of the cell
cycle was calculated using Modfit software (Materials and Methods). A) Untreated cells. B)
Cells treated with 50 μM 5-FU for 24 h. C) Cells treated with 5-FU for 24 h followed by 24
h incubation in drug-free medium. D) Cells treated with 5-FU for 24 h followed by 48 h
incubation in drug-free medium. The error bars represent standard error of the mean.
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Figure 4.
Western blot analysis of p-Chk1 (Ser345) and total Chk1 protein in whole cell lysates of WT
(top panels), LN428/UNG-KD (middle panels), and LN428/SMUG1-KD (bottom panels)
cells following treatment with 50 μM 5-FU for the indicated times. β-Actin was used for the
loading control. The experiment shown is representative of 3 independent experiments.
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Figure 5.
Western blot analysis of p-Chk1(Ser345) and total Chk1 protein in whole cell lysates of WT
(top panels), LN428/UNG-KD (middle panels), and LN428/SMUG1-KD (bottom panels)
cells following treatment with 50 μM 5-FU for 24 h and recovery in drug free medium for
the times indicated. β-Actin was used for the loading control. The experiment shown is
representative of 3 independent experiments.
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Figure 6.
DNA damage after 5-FU treatment as measured by the comet assay in the parental (WT),
LN428/UNG-KD and LN428/SMUG1-KD lines. A) Alkaline electrophoresis. B) Neutral
electrophoresis. Cells were treated with 50 μM 5-FU for the times indicated and processed
as described in Materials and Methods. The y-axis represents fold increase in DNA moment
compared to untreated cells (0 h time point). The data represents an average of three
independent experiments and 100 cells measured per sample for each experiment. The error
bars represent standard error of the mean.
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