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Abstract

A critical observation in sporadic cancers is that not all individuals are equally prone to
developing cancer following exposure to a given environmental carcinogen. Epidemiological
studies have suggested that the difference in the timing of cancer onset in response to exogenous
DNA damage is likely attributable to genetic variations, such as those associated with base
excision repair genes. To test this long-standing hypothesis and elucidate how a genetic variation
in the base excision repair gene flap endonuclease 1 (FEN1) results in susceptibility to
environment insults and causes cancer, we established a mutant mouse model carrying a point
mutation (E160D) in Fenl. We demonstrate that the E160D mutation impairs the ability of FEN1
to process DNA intermediate structures in long-patch base excision repair using nuclear extracts
or reconstituted purified base excision repair proteins. EL60D cells were more sensitive to the base
damaging agents methylnitrosourea and hydrogen peroxide, leading to DNA strand breaks,
chromosomal breakage, and chromosome instabilities in response these DNA insults. We further
show that E160D mice are significantly more susceptible to exposure to methylnitrosourea and
develop lung adenocarcinoma. Thus, our current study demonstrates that a subtle genetic variation
(E160D) in base excision repair genes (FEN1) may cause a functional deficiency in repairing base
damage, such that individuals carrying the mutation or similar mutations are predisposed to
chemical-induced cancer development.
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Introduction

Cancer onset is associated with the accumulation of genome instabilities (Lengauer et al.,
1998). It is generally thought that interactions between genetic variations and environmental
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insults drive cancer progression. For instance, exposure to tobacco smoke, which contains
hundreds of DNA damaging agents and mutagens, is the major risk factor for lung cancer
(Vainio and Boffetta, 1994). However, only 15% of smokers develop lung cancer, and non-
smokers may also develop lung cancer. These findings suggest genetic backgrounds may
mediate susceptibility to the development of smoking-induced lung cancer (Jemal et al.,
2002; Landi et al., 2005). It is widely accepted that biological survival requires a delicate
balance between genomic stability and genetic variation (Cistulli et al., 2004). DNA repair
systems are essential for maintaining genetic stability by detecting, removing and repairing
lesions since DNA is under constant attack by numerous endogenous (e.g., free radicals) and
exogenous (e.g., radiation and chemicals) DNA damaging agents (van Gent et al., 2001).
The main cell DNA repair pathway for removing a damaged base resulting from oxidation,
alkylation or abasic (AP) sites, is base excision repair (BER). Although epidemiological
studies have suggested linkages between some genetic variations in BER genes and
increased cancer risk in humans (Chang et al., 2009; Figueroa et al., 2007; Ming et al.,
2009), it is still unclear whether and how these variations impact cancer initiation and
progression.

In mammalian BER, at least two major sub-pathways (short-patch and long-patch) have
been defined (Asagoshi et al., 2010; Balakrishnan et al., 2009; Ranalli et al., 2002). The
simplest and most common form, short patch BER, is initiated by DNA glycosylases
(Demple and Harrison, 1994; Krokan et al., 1997; Lindahl, 1993; Lindahl and Wood, 1999;
Nakamura et al., 1998; Sun et al., 1995), followed by cleavage of abasic sites by AP
endonuclease, DNA polymerase 8 (Polf3)-mediated gap-filling DNA synthesis (Singhal and
Wilson, 1993) and removal of the 5’-deoxyribose phosphate (dRP) of the abasic site (Prasad
et al., 2005). However, when the dRP moiety is reduced or oxidized, the dRP lyase cannot
remove the modified sugar residue (Klungland and Lindahl, 1997; Liu et al., 2008). In such
a case, a few nucleotides are added by polymerase 3 or & to produce a short flap, which is
subsequently removed by flap endonuclease 1 (FEN1) in complex with the processivity
factor proliferating cell nuclear antigen (PCNA) (Gary et al., 1999). This alternative FEN1/
PCNA-dependant BER pathway is termed long-patch BER (LP-BER) (Gary €t al., 1999).
Polf activity occurs in DNA duplexes that contain a gap, but not a nick, and the exonuclease
activity (EXO) of FENL1 is important to cleave the nick substrate and generate the optimal
gap intermediate for Polf} during LP-BER (Liu et al., 2005). Liu et al. further suggest a “Hit
and Run” model of Polf and FEN1 action in LP-BER. In this model, FEN1 EXO activity is
used to remove one nucleotide, creating a 1-nt gap that allows Polf to rebind and extend.
Subsequent removal of one or several nucleotides by the nuclease from the 5’-end of the
nick or short flap leads to another gap for Polp to fill (Liu et al., 2005). This alternative
mechanism for processing of BER intermediates implies that both the FEN and the EXO
activities of FEN1 are critical for efficient LP-BER.

The implication that FEN1 EXO activity is important in LP-BER is consistent with our
recent study of a Fenl mutant mouse model carrying the E160D mutation, which broadly
represents a group of human FEN1 mutations identified in cancer patients (Zheng et al.,
2007). These human FEN1 mutations abolish the EXO activity, but retain the FEN activity
(Zheng et al., 2007). E160D mutant mice are viable, but compared to wild type (WT), cells
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derived from mutants are more sensitive to base damaging agents such as methyl
methanesulfonate (MMS) and low dosages of y-irradiation (Zheng et al., 2007). This
suggests that the FEN1 mutation does not affect its activity in RNA primer removal, which
is essential for DNA replication and cell survival, but results in a functional deficiency in
BER (Zheng et al., 2007). While E160D mutant mice display a high incidence of
development of spontaneous cancer, it is difficult to assess the contribution of the BER
defect to the spontaneous cancer phenotype because the E160D mutation also caused other
defects in DNA metabolism (Zheng et al., 2007). Here, E160D mice were used as a model
to examine the effect of a deficiency in FEN1 activity on BER in vivo and to test whether a
SNP in BER genes causes individuals to be more sensitive to DNA damaging insults,
contributing to the development of DNA damage-induced cancer. BER biochemical assays
were used to demonstrate that the EL60D FEN1 mutation impairs BER capacity in vitro.
Treatment of mutant cells and mice with the alkylating agent methylInitrosourea (MNU),
which is similar to the tobacco-specific carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK), was used to elucidate whether and how BER deficiency, due to the FEN1
E160D mutation, causes mice to be susceptible to MNU-treatment and cancer.

E160D causes defects in processing of LP-BER intermediates

Our previous work showed that EL60D mutant cells are more sensitive to DNA damaging
agents, including MMS, than WT cells, suggesting a defect in the BER pathway (Zheng et
al., 2007). Abolishing 5" exonuclease activity, which removes one or two nucleotides from
the 5’ end of a nicked or gapped DNA duplex, may impair the capability of FEN1 to process
BER intermediates that result from AP endonuclease cleavage of AP sites. To test this
hypothesis, we prepared a nicked substrate and a short flap (2-nt) substrate, both of which
had a tetrahydrofuran (THF) residue at the 5’ end of the downstream oligo, mimicking LP-
BER intermediates. Comparison of specific nuclease activity on these substrates showed
there was dramatically less cleavage of the nicked-THF or the flap-THF substrate by E160D
mutant proteins (Fig. 1A). Although WT FENL effectively cleaved over 60-70% of substrate
within 10 min, less than 10% of substrate was cleaved by E160D within the same period. To
further test if the defect in processing BER intermediates was due to the E160D mutation,
nuclear extracts (NE) from WT and E160D cells were isolated and their activity to remove
the THF residue was assayed. While incubation of substrates with NE from E160D/WT and
E160D cells showed less activity as compared to the WT (Fig. 1B), the loss of activity
caused by the E160D NE was considerably less than that caused by purified E160D mutant
proteins. This was probably due to partial redundancy with functional homologues of FEN1,
such as the 5’ exonuclease 1, in the NEs.

E160D results in defects in LP-BER in vitro

To further determine if the E160D FEN1 mutation affected overall BER efficiency, we
prepared a BER model substrate with a THF in the middle of a DNA duplex (80-nt) and
conducted in vitro BER assays with reconstituted purified BER proteins or NEs isolated
from WT, E160D/WT, and E160D mouse embryonic fibroblasts (MEF). Following removal
of the THF and nucleotide incorporation, FEN1 processing of the intermediate and Lig1-
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mediated DNA ligation generated a repaired product of 80-nt (Fig. 2A). We found that WT
NE efficiently repaired the THF damage, resulting in an intense 80-nt band, but the E160D
NE produced much less repaired product (Fig. 2A). We further reconstituted the key
chemical reactions in LP-BER by using purified recombinant BER proteins. Similar to what
was observed with NE, reconstitution with the E160D mutant protein was considerably less
efficient at repairing THF damage than that with WT FEN1 (Fig. 2B). In addition,

overall 32P incorporation was considerably less in reactions with E160D versus WT FEN1.
This was consistent with data from Wilson’s group demonstrating that FEN1 exonuclease
activity is important for the generation of ideal substrates for Polp in LP-BER (Liu et al.,
2005).

E160D increases collapse of DNA replication forks in response to chemical treatment

Unligated nicks in the genome that result from E160D if encounter the DNA replication
fork, may collapse the ongoing fork, leading to DNA double strand breaks. To test this
hypothesis, we first conducted DNA fiber assays in the presence or absence of the DNA
damaging agent H,0, (Fig. 3A). The DNA fiber assay allows us to analyze the progression
of DNA replication fork including determination of the number of the stalled or collapsed
forks with or without treatments with DNA damaging agents (Merrick et al., 2004). Cells
were pulse labeled with 1dU (green), treated or untreated with H,O5, and labeled with CldU
(red) (Figure 3A). We observed three typical patterns: green/red, red only, and green only
(Figure 3A and 3B), which can be interpreted as undamaged forks, newly fired forks, and
collapsed forks (Merrick et al., 2004). In the absence of H,O,, approximately 90% of tracks
in WT, WT/E160D and E160D DNA samples, were undamaged (green/red or red-only
tracks, Fig 3B), indicating that the E160D mutation did not induce stalled replication forks.
However, treatment of the WT WT/E160D and E160D/E160D MEF cells with 1 mM H,0,
after pulse-labeling the cells with 1dU, dramatically increased the levels of green-only tracks
in DNA samples from these cells, indicating that H,O»-induced ssDNA breaks collapsed
DNA replication forks (Fig 3B). Furthermore, the number of green-only tracks in the
E160D/E160D sample was considerably more than that in the WT sample, suggesting that
the E160D cells accumulated more DNA breaks in response to H,O, treatments (Fig. 3B).

Next, we used the [3H]-thymidine incorporation assay to analyze the DNA replication rate in
the presence or absence of DNA damaging agents. In normal growth conditions, the WT/
E160D and E160D/E160D cells incorporated [3H]-thymidine at rates similar to WT cells
(Fig. 3C), which is consistent with the observation that the E160D mutation on its own did
not result in replication fork collapse. However, treating cells with H,O, or MNU greatly
decreased the incorporation rate (Fig. 3D). Moreover, the presence of MNU or H,0,
reduced the incorporation rate by 70% or 65%, respectively, in the EL60D/E160D cells as
compared to 45% (MNU) or 41% (H,05,) in the WT cells (Fig. 3D). This is consistent with
the DNA fiber assay showing that DNA damage induced more stalled replication forks in
the E160D cells than in the WT cells.
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Increased accumulation of MNU- and hydrogen peroxide-induced double strand breaks in

E160D cells

Our data suggested the E160D mutation affected the cleavage of BER intermediates and
overall BER efficiency. The un-sealed DNA nicks or gaps might collapse DNA replication
forks and subsequently lead to double strand breaks (DSBSs) in response to DNA base
damage (Pascucci et al., 2005). To test whether the E160D mutation increased the induction
of DSBs, we treated WT and E160D cells with a DNA alkylation (MNU) or oxidative agent
(H205), and stained the treated cells with an antibody against phosphorylated histone H2AX
(YH2AX). Histone H2AX is rapidly phosphorylated at the site of each nascent DSB and
vH2AX focus formation is considered a sensitive and selective signal for the presence of
DSBs (Bonner et al., 2008). Our findings suggested that, in the absence of MNU or H,0,,
WT and E160D cells had low levels of yH2AX-positive nuclei; however, chemical treatment
resulted in a significant increase in YH2AX-positive cells (Fig 4A). Furthermore, a greater
number of yH2AX-positive nuclei were observed in E160D than in WT cells after MNU or
H,0, treatment (*P=0.025; **P=0.0003; Two-tailed Fisher Exact) (Fig. 4A). yYH2AX levels
in NE were further analyzed by Western blotting and were consistent with immunostaining
data. yH2AX band intensity in MNU- or H,O,-treated WT, E160D/WT, or E160D NE was
considerably greater than in untreated samples. Moreover, the YH2AX band intensity of
MNU- or HyO-treated E160D NE was significantly greater than that of MNU- or H,0,-
treated WT NE (Fig. 4B).

E160D cells have more chemical-induced chromosomal aberrations

E160D mice

Accumulation of DNA strand breaks in the genome may cause aneuploidy and chromosome
breaks (Ganem et al., 2007; van Gent et al., 2001). Therefore, we next determined if DNA
damaging agents induced such chromosomal aberrations. WT, E160D/WT and E160D cells
were treated with MNU or H,O5, and the number of chromosome was counted. We found
that MNU or H,0O, greatly induced aneuploidy in the E160D cells but not the WT cells. In
normal growth conditions, the level of near-tetraploid aneuploidy was 10%, 14%, and 17%
in the WT, WT/E160D, and E160D/E160D cells, respectively (Fig 5A). However, treatment
of the cells with MNU for 1 h increased the level of near tetraploid aneuploidy to 25% in the
E160D/E160D cells, compared to only 13% for the WT (**P= 0.002, Two-tailed Fisher
Exact) (Fig 5A). A similar phenomenon was observed with the HoO»-treated E160D and
WT cells (*P=0.026, Two-tailed Fisher Exact) (Fig 5A). Furthermore, we found that the
E160D cells were more susceptible to generation of chromosomal breaks in response to
these DNA damaging agents. In normal growth conditions, less than 5% of WT, WT/
E160D, or E160D/E160D cells had chromosomal breaks; however, treatment of the cells
with MNU resulted in chromosomal breaks in 13%, 17% and 23% of WT, EL60D/WT, and
E160D/E160D cells, respectively (**P= 0.0004, Two-tailed Fisher Exact) (Fig. 5B). Similar
to MNU, H,0, induced chromosomal breaks in 8%, 10%, and 14% of WT, E160D/WT, and
E160D/E160D cells (*P=0.011, Two-tailed Fisher Exact) (Fig. 5B).

have greater lung tumor incidence than WT mice after chemical induction

That the E160D FEN1 mutation caused defects in the BER pathway and subsequently
resulted in DNA damage-induced chromosomal aberrations suggested that E160D mice
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would be more susceptible to development of cancer following exposure to environmental
insults. To test this hypothesis, WT (n = 26), WT/E160D (n = 25), and E160D/E160D (n =
26) mice were treated with a single dose of the base damaging agent MNU or PBS buffer as
a control. After 8 months, 90% and 100% of treated E160D/WT and E160D mice developed
lung adenocarcinoma, compared to 70% of treated WT mice; whereas no mice in the control
group developed cancer (Fig. 6A). Cancer in other organs was rare in MNU-treated WT,
E160D/WT, and E160D mice. On average, E1I60D/WT and E160D mice had 2.5 and 7.0
MNU-induced tumors, respectively, compared to 1.0 in WT (P<0.0001, Student’s t-test)
(Fig 6B).

Discussion

Genetic variations, such as SNPs in BER genes, have long been identified in humans (Chang
et al., 2009; Figueroa et al., 2007). Although epidemiological studies have demonstrated
strong linkage between BER SNPs and cancer incidence (Chang et al., 2009; Figueroa et al.,
2007), whether and how BER SNPs contribute to cancer development is still not completely
understood. In mammals, efficient completion of BER via the long-patch pathway depends
on FEN1, a multi-functional nuclease that has been implicated to play a vital role in various
DNA metabolic pathways (Liu et al., 2004; Shen et al., 2005). However, the in vivo
requirement of specific FEN1 activity in DNA replication and repair and its role in cancer
avoidance has not been fully elucidated. E160D mutant mice, used to model cancer patients
harboring FEN1 mutations deficient in EXO and GEN activity, developed spontaneous lung
and other cancers at high incidence (Zheng et al., 2007). However, it is difficult to link
spontaneous cancer development to BER deficiency because multiple defects are observed
in DNA metabolism pathways in E160D mice. The current study demonstrates that E160D
mutant mice develop lung adenocarcinoma at their early stage (8 months) following
exposure to the base damaging agent MNU, while their control untreated counterparts do
not, suggesting that the cancer phenotype in E160D mice is likely the outcome of
environmental insults and BER deficiency. This in vivo experimental evidence supports the
long-standing hypothesis that a subtle genetic variation (E160D point mutation) in a BER
gene (Fenl) causes individuals to be susceptible to environmental insults and cancer
development.

Our study further elucidates the molecular mechanism by which the E160D Fenl mutation
impairs BER and promotes genome instability in response to environmental insults. E160D
mutant proteins in a purified form, or in NE, display significantly reduced ability to cleave
nicked and short flap THF substrate, compared to WT (Fig. 1). Our data suggest that failure
or a delay in the removal of the damaged base has two distinct effects on LP-BER. First,
failure to remove the damaged base prevents DNA ligase | from sealing the DNA ends and
generating an intact DNA duplex. Second, it affects Polf polymerase activity. In addition,
our in vivo data further support studies by the Wilson group suggesting that Polp and FEN1
exonuclease activity employ a “gap translation” mechanism to replace the damaged base and
additional nucleotides during processing of BER intermediates, producing ligatable ends for
Ligl (Liu et al., 2005). In support of this model, we demonstrate that levels of Polf-
mediated nucleotide incorporation in reconstituted BER reactions with E160D were
significantly less than those observed in WT. In addition, the E160D mutation did not affect
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the interaction between FEN1 and Polp. This leads us to believe that the low nucleotide
incorporation activity is likely due to a deficiency in FEN1 exonuclease activity, which is
responsible for conversion of the nicked substrate into the gapped substrate for Polp.

LP-BER deficiency results in the accumulation of nicked or gapped BER intermediates,
leading to DSBs, likely due to collapse of DNA replication forks. Supporting this
hypothesis, we showed the E160D cells were more susceptible than WT cells to treatments
with DNA damaging agents and displayed more collapsed replication forks and DSBs,
which may contribute to chromosome breakage or disturb chromosome segregation and cell
division, leading to tetraploidy and aneuploidy. Consistent with this notion, treatments with
MNU or H,0, induced chromosome breakage and promoted tetraploidization in both WT
and E160D cells. In any case, the impact of environmental insults on E160D cells is
significantly greater than on WT cells. These findings further implicate the E160D mutation
as a causative factor in BER deficiency and in the increased sensitivity of mutant cells to
DNA damaging agents.

The increase in chemically-induced DSBs and chromosome instability and breakage
observed in E160D mice treated with MNU may play a key role in the development of
MNU-induced cancer. Numerous studies have found an association between DSBs, genome
instability and cancer predisposition syndromes (Gorgoulis et al., 2005; Rotman and Shiloh,
1998; van Gent et al., 2001; Wang et al., 2005). It is generally accepted that alterations in
chromosomal stability, including chromosome number and structure seen in cancer cells,
confer some selective advantage to the evolving tumor (Ganem et al., 2007; Rajagopalan
and Lengauer, 2004; van Gent et al., 2001). Tetraploidy and aneuploidy are commonly
observed in human cancers (Ganem et al., 2007; Rajagopalan and Lengauer, 2004) and have
been implicated as a driving force for cancer initiation and/or progression. Large
chromosome deletions may also contribute to the inactivation of tumor suppressor genes or
loss-of-heterozygosity (Ganem et al., 2007; Rajagopalan and Lengauer, 2004), both of
which are key molecular events in cancer development. A previous study showed a RPA
mutation in mutant mice caused spontaneous DSBs, resulting in chromosome breaks, gross
chromosomal rearrangements, and aneuploidy (Wang et al., 2005), and the development, in
later life, of spontaneous lymphoma in mutant mice. Consistent with these studies, our data
demonstrate that DNA-damaging insults induce tetraploidy and aneuploidy in E160D cells,
accompanied by chromosome breakage. E160D mice, in turn, developed lung
adenocarcinoma at an early age following a single dosage treatment with MNU. Taken
together, our data demonstrate that the E160D mutation in the BER gene FEN1 partly
abolishes FEN1’s nuclease activities and impairs its capacity to process intermediate
structures during LP-BER, leading to non-ligated DNA strand nicks and gaps and
subsequently DSBs. As a consequence, the E160D cells are more susceptible to DNA insults
and develop chemical-induced chromosome instabilities and structural aberrations,
contributing to cancer development.
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Materials and methods

Preparation of nuclear extracts

MEF cells, untreated or treated with MNU or H,0,, were harvested, washed and suspended
with a cell extract (CE) buffer (10 mM HEPES, 60 mM KCI, 1 mM DTT, 1 mM EDTA, and
proteinase inhibitor cocktail, 0.075% NP-40, pH 7.5-8.0) for 10 min. Nuclei were washed
with CE buffer (without NP-40) once, and incubated (90 min) with a nuclear extract (NE)
buffer (25% glycerol, 20 mM Tris-HCI, 420 mM NacCl, 1.5 mM MgCl,, 0.2 mM EDTA, and
proteinase inhibitor cocktail). After centrifugation, the supernatant was stored at —80°C.
Phosphatase inhibitor cocktails 1 & 2 (Sigma, St. Louis, MO) were added to both CE and
NE buffer prior to Western blot analysis for yH2AX.

Protein expression and purification

Purified human APE1, FEN1 and Polf for reconstitution LP-BER assay were prepared as
previously described (Frank et al., 2001; Guo et al., 2009). Briefly, target genes were cloned
into expression vector pET28b, and transformed into Escherichia coli strain BL21 (DE3).
Cells were amplified and induced by IPTG. Harvested cells were extracted and purified by
PrepEase™ high specificity Histidine-tagged Protein Purification kit (USB, Cleveland,
Ohio). Eluted proteins were concentrated in dialysis buffer (50% glycerol, 2 mM DTT, 20
mM Tris-HCI pH 8.0, 1 mM MgCl,, 20 mM NaCl, 0.02% NaN3). The protein concentration
was determined using Bio-Rad (Bradford) protein assay and protein purity was evaluated by
SDS-PAGE. Human DNA Ligl was purchased from ALEXIS (Plymouth Meeting, PA).

FEN1 nuclease activity assay

32p_|abeled nick or flap DNA substrates that contained THF analogue were prepared as
described previously (Zheng et al., 2008). The binding specificity of THF reflects sugar
analogue binding to the natural deoxyribose phosphate-containing BER intermediate (Wong
and Demple, 2004). To assay nuclease activity, NE, WT FEN1 or E160D mutant protein
was incubated (37°C) with 1 pmol DNA substrate for specified times in a reaction buffer
containing 50 mM Tris-HCI (pH 7.5), 10 mM MgCl,, 1 mM DTT, and 0.2 mg/ml BSA.
Reactions were stopped by addition of 20 ul gel loading buffer (90% formamide dye, 3 M
EDTA, 0.02% bromophenol blue and 0.02% xylene cyanol), resolved on a 15% denaturing
PAGE and visualized by an autoradiograph. Target bands were quantified by Image J
software.

In vitro LP-BER assay

Nuclear extract LP-BER activity was assayed using a synthetic DNA duplex that harbored a
THF at residue 40 (Zheng et al., 2008). Reactions were conducted according to published
procedures (Zheng et al., 2008), but with a specified time course. For LP-BER
reconstitution, proteins were incubated with the indicated DNA substrates in a reaction
buffer containing 50 mM HEPES-KOH (pH 7.5), 45 mM KCI, 5 mM MgCl,, 1 mM DTT,
0.1 mM EDTA, 2 mM ATP, 200 units creatine-phosphokinase, 0.5 mM NAD and 5 mM
phosphocreatine. Repair synthesis was monitored by the incorporation of [32P] dCTP.
Reactions were terminated and radioactivity measured as described above.
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Establishment and culture of MEF cells

To establish primary MEF cells of WT, E160D/WT, and E160D genetic background the
following crosses were performed: WT (female) with WT (male), WT (female) with E160D
(male), and E160D (female) with E160D (male), respectively. All mice were of 129S1 pure
genetic background. At E13.5, pregnant mice were sacrificed and embryos were isolated.
The heads, liver, intestines and heart were removed from the embryos and the remaining
carcass was incubated in trypsin solution. Large debris was removed and single cells
collected and cultured (37°C, 5% CO5) in DMEM containing 10% FBS, 1% pen strep, 1%
Non-Essential amino acids and f-mercaptoethanol.

Cell treatment

Methylnitrosourea (MNU) (Sigma, St. Louis, MO) was dissolved in PBS buffer (stock
concentration 10 mg/ml). Before cell treatment, MNU was diluted to 200 pg/ml and H,0,
(stock concentration 10 M) was diluted to 1 mM in DMEM. Cells were treated with MNU
for 1 h or H,0, for 15 min. Treatments were stopped by washing cells with cell culture
medium.

[BH]Thymidine incorporation assay

For cell proliferation assay, 1 x 10° MEF cells were plated in 12-well plates. [3H]thymidine
(1 pCi/ml) was added 24 h later and incubated for 0, 2, 5 or 8 h. Cells were then washed
twice with ice-cold PBS and incubated with 10% ice-cold trichloroacetic acid containing 10
mM thymidine for 15 min at 4°C to precipitate DNA. Cells then were washed twice with
cold PBS and lysed with 0.5 M NaOH. In the meantime, the same number of cells was
treated with MNU or H,0,. After chemical induction, cells were washed twice with the
fresh medium and incubated in the medium with [3H]Thymidine for 5 h, followed by
precipitation and lysis as described. Radioactivities of the samples were counted by a liquid
scintillation counter.

DNA fiber assays

DNA was pulse labeled with 1dU (Sigma, St. Louis, MO) and CldU (Sigma, St. Louis, MO),
and DNA fibers were spread as previously described (Jackson and Pombo, 1998; Merrick et
al., 2004). Briefly, MEF cells (50-70% confluence) were incubated in DMEM containing 50
UM 1dU for 40 min. The cells were then left untreated or treated with 1 mM H,O, for 20
min. After washing, the cells were incubated with DMEM containing 100 uM CldU for 40
min. Cells were then harvested and suspended in ice-cold PBS at 3 x 106 cells/ml. Labeled
cells (25 pl) were mixed with an equal volume of unlabeled cells (2 x 107 cells/ml) and
lysed with 150 pl lysis buffer (0.5% SDS in 200 mM Tris-HCI, pH 7.4, and 50 mM EDTA)
for 10 min. Lysates (20 pl) were dropped onto a clean glass slide, which was tilted at ~15° to
allow the cell lysate to slowly move down the slides to form the DNA fiber spread. The
resulting DNA spreads were air-dried and fixed in 3:1 methanol:acetic acid at 4°C
overnight.

For detection of 1dU- and CldU-labeled DNA fiber spreads, the slides were treated with 2.5
M HCI for 1 h followed by extensive washing with PBS for 10 min. (twice), 100 uM sodium
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borate for 15 min, and PBS buffer for 10 min. Slides were blocked with Image-iT™ FX
signal enhancer (Invitrogen, Carlsbad, CA) for 35 min. Slides were then incubated at room
temperature for 1 h with 1:50 rat anti-BrdU (OBT0030G, Accuratechemical.com, detection
of CldU) followed by incubation with 1:50 mouse anti-BrdU (Becton Dickinson, Franklin
Lakes, NJ, detection of 1dU). After incubation with the first antibodies, the extensively
washed slides were then incubated with 1:200 Alexa Fluor 633-conjugated anti-rat
(Invitrogen, Carlsbad, CA) and 1:200 Alexa Fluor 488 anti-mouse (Invitrogen, Carlsbhad,
CA) for 1 h.

Immunofluorescence microscopy

For DSB staining, MEF cells were grown on coverslips, treated (controls received equal
volume of vehicle), fixed with 4% paraformaldehyde, washed extensively with PBS buffer,
permeabilized (4 min, room temperature) with 0.2% Triton X-100, washed with PBS buffer,
and then blocked (30 min) with Image-iT™ FX signal enhancer (Invitrogen, Carlsbad, CA).
The cells were then incubated (90 min) with the monoclonal yH2AX antibody (Abcam,
Cambridge, MA), washed with PBS, and incubated with a fluorescence-labeled secondary
antibody. Nuclei were stained with 200 ng/ml DAPI. All slides were examined by
fluorescence microscopy (AX70, Olympus, Center Valley, PA) or confocal fluorescence
microscopy (Zeiss LSM510 Carl Zeiss, Thornwood, NY).

Metaphase spread preparation and chromosome counting

MEF cells, treated (or not) for 4 h, were harvested and treated with colcemide to arrest cells
at metaphase. Cells were incubated (20 min, room temperature) with hypotonic solution (75
mM KCI) then placed in a 37°C water bath (5 min) and fixed with Carnoy’s solution. The
fixation process was repeated three times and a dropped was used to place cells onto a clean
slide. The cell spread was incubated (55°C overnight), stained with Giemsa solution, and
scanned under a microscope for mitotic cells. Images were recorded and analyzed with
ImagePro 7.0, and the chromosomes in each metaphase cell were counted.

Statistical analysis

Phenotypic and molecular differences, due to genetic differences or environmental
treatments, in cultured cells or mice were assessed by statistical analysis, including
Student’s t-test and Fisher exact test, as indicated in figure legends, using the n-Query
program (Statistical Solutions, Saugus, MA).
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Figure 1.
E160D displays defects in cleavage of LP-BER intermediate substrates (A) Cleavage of

nicked or flap substrates with a 5" THF abasic site (circle). Indicated amounts of purified
FENZ1 proteins were incubated with 5" end 32P-labeled DNA substrates for 0, 5, 10, 30 and
60 min. (B) Nuclear extracts (5 pug for nicked substrate or 2 ug for short flap substrate; WT,
E160D/WTor E160D) were incubated with 1 pmol 5’ end 32P labeled DNA substrates in a
total volume of 10 pl at 37°C for 0, 5, 10, 30 and 60 min.
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Figure 2.

E160D impairs overall LP-BER efficiency. (A) LP-BER in nuclear extract (NE) isolated
from WT, E160D/WT or E160D MEF cells. NE (2 ug) was incubated with LP-BER model
substrates. Bottom panel shows the relative ratio of ligation product. (B) Reconstitution of
LP-BER by purified human recombinant proteins. APE1 (20 ng), Polp (10 ng), DNA Ligl
(50 ng) and WT FEN1 or E160D (1 ng) were mixed. The mixture was then incubated with
THF model LP-BER substrate in reaction buffer containing 5 pCi [a-32P] dCTP and 50 uM
each of dATP, dGTP, and dTTP in a total volume of 10 ul at 37°C for 0, 5, 10, 30, 60 min.

Ligation (%)
8 8 8

N
(<]

Oncogene. Author manuscript; available in PMC 2013 November 18.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Xu et al.

Bottom histogram presents the ligated product means + s.d. of three independent
experiments .
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Figure 3.
E160D MEF cells had more collapsed replication forks and lower DNA replication rates in

response to DNA damage. (A) and (B) Replication tracks of WT, WT/E160D and E160D/
E160D cells in the absence or presence of H,O,. (A) Outline for labeling newly synthesized
DNA with IdU (green) and CldU (red) and treatment with H,O,. Images indicate the typical
undamaged replication fork (green/red track) and collapsed replication fork (green-only
track). Red-only track that would represent the newly fired replication fork is not shown. (B)
Representative images of DNA fibers of WT and E160D cells untreated or treated with
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H»0. In left bottom panels, yellow arrows specified the normal replication forks (green/red
tracks) without DNA damage, and white arrows indicated the stalled replication forks due to
DNA damage (green only tracks). Replication tracks were assessed and quantified and the
relative level of collapsed replication forks in each sample was expressed as the percentage
of the total number of incorporated DNA forks (all tracks). Values are means + s.d. of three
independent experiments (Right panel). (C) DNA replication rates of WT, WT/E160D and
E160D/E160D cells under normal conditions. MEF cells were cultured in DMEM medium
with 1 pCi/ml [3H] thymidine, and were collected after a specific time (0, 2, 5, or 8 h). Cells
were extensively washed and lysed. DNA was precipitated and the radioactivities of all
DNA samples were counted by a liquid scintillation counter. Values are means + s.d of three
independent assays. (D) MEF cells were treated (or not) with MNU (200 pg/ml, 1h) or H,0,
(1 mM, 15 min). Cells were then incubated in DMEM medium containing 1 uCi/ml [3H]
thymidine (5 h). The incorporation of [3H] thymidine was quantified and the relative [3H]
thymidine incorporation rate of each DNA sample was calculated. The incorporation rate of
corresponding untreated cells was arbitrarily set as 100.
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Figure4.
E160D MEF cells accumulate more MNU- and H,O»-induced DNA strand breaks than WT

cells. MEF cells were treated either with MNU (200 pg/ml, 1h), HoO5 (1 mM, 15 min) or
left untreated. (A) Immunocytochemistry staining for H2AX phosphorylation (Ser 139, red)
in MEF cells with DNA counterstaining by DAPI (blue). Bottom panel shows the ratio of
vH2AX-positive nuclei to DAPI-positive nuclei. Scale bar, 60 um. *P=0.025; **P=0.0003,
Two-tailed Fisher Exact (B) Western blot of yH2AX levels using nuclear extracts from
treated and untreated MEF cells.
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Figurebs.
MNU- or HyO»,-treatment induced more chromosomal abnormalities in E160D MEF cells

than in WT (A) The percentage of tetraploid and near tetraploid (n>70) chromosomes in
MEF cells in WT, E160D/WT and E160D. This includes spontaneous abnormalities and
those arising after chemical treatments with MNU (200 pg/ml, 1 h) or H,O, (1 mM, 15
min). The chromosome number of each mitotic cell was counted; approximately 200 mitotic
cells per cell type, per treatment were analyzed. Shown are the results of three independent
experiments. *P= 0.026; **P= 0.002, Two-tailed Fisher Exact. (B) Quantification of mitotic
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cells (WT, E160D/WT and E160D) with broken chromosomes. The ratio was calculated by
dividing the number of cells with broken chromosome by the total number of mitotic cells.
*P=0.011; **P= 0.0004, Two-tailed Fisher Exact.
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E160D mice are more susceptible to the development of MNU-induced lung cancer. For
each group of transgenic mice (WT, E160D/WT and E160D) 24 randomly selected 129S1
mice (6-8 weeks old) were injected with either a single dose of MNU solution (50 mg/kg) in

PBS buffer or PBS butter as a control. Mice were fed normally then sacrificed after 8

months. The number of tumors was counted (A) Lung cancer frequency in WT, E1L60D/WT
and E160D mice after MNU treatment. Transgenic mice were randomly chosen for MNU

(50 mg/Kg) injection. No mouse had lung tumors at that time of treatment. (B) Tumor

numbers of each MNU-treated mouse. P<0.0001, Student’s t-test.
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