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ABSTRACT

It is well established that inflammation leads to the creation of potent DNA damaging
chemicals, including reactive oxygen and nitrogen species. Nitric oxide can react with
glutathione to create S-nitrosoglutathione (GSNO), which can in turn lead to S-nitrosated
proteins. Of particular interest is the impact of GSNO on the function of DNA repair
enzymes. The base excision repair (BER) pathway can be initiated by the alkyl-adenine
DNA glycosylase (AAG), a monofunctional glycosylase that removes methylated bases.
After base removal, an abasic site is formed, which then gets cleaved by AP
endonuclease and processed by downstream BER enzymes. Interestingly, using the
Fluorescence-based Multiplexed Host Cell Reactivation Assay (FM-HCR), we show that
GSNO actually enhances AAG activity, which is consistent with the literature. This raised
the possibility that there might be imbalanced BER when cells are challenged with a
methylating agent. To further explore this possibility, we confirmed that GSNO can cause
AP endonuclease to translocate from the nucleus to the cytoplasm, which might further
exacerbate imbalanced BER by increasing the levels of AP sites. Analysis of abasic sites
indeed shows GSNO induces an increase in the level of AP sites. Furthermore, analysis
of DNA damage using the CometChip (a higher throughput version of the comet assay)
shows an increase in the levels of BER intermediates. Finally, we found that GSNO
exposure is associated with an increase in methylation-induced cytotoxicity. Taken
together, these studies support a model wherein GSNO increases BER initiation while
processing of AP sites is decreased, leading to a toxic increase in BER intermediates.
This model is also supported by additional studies performed in our laboratory showing

that inflammation in vivo leads to increased large-scale sequence rearrangements. Taken
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together, this work provides new evidence that inflammatory chemicals can drive

cytotoxicity and mutagenesis via BER imbalance.
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1. Introduction

DNA is under constant attack from exogenous agents (e.g., UV irradiation and smoking)
and endogenous agents (e.g., reactive oxygen species) that induce strand breaks, base
lesions, and crosslinks. Unrepaired damage is associated with aging and can lead to
mutations and cancer (1). Alkylating agents are an important source of DNA damage and
are found both endogenously, from methyl donors like S-adenosylmethionine, and
exogenously, from chemicals including chemotherapeutics (2). There are multiple
pathways to repair alkylation-induced base lesions and strand breaks, and the primary
pathway is the base excision repair (BER) pathway (Fig. 1A) (2, 3). Briefly, for alkylation
damage, AAG excises damaged bases from the backbone, leaving behind an abasic site
(2). Subsequently, AP-endonuclease-1 (APE-1) cuts the backbone 5 to the lesion,
leaving a 5’-deoxyribophosphate (5’-dRP) and a 3’ hydroxyl group. Poly-(ADP-ribose)
polymerase-1 (PARP1) binds to the stand break and is stimulated to add ADP-ribose
chains to itself and other nuclear proteins. The polymerization subsequently helps to
recruit downstream BER enzymes, including Polymerase 3 (POL), the scaffold protein
XRCCH1, and Ligase lll. The lyase activity of POLB next excises the 5’-dRP and adds a
new base onto the 3'OH. Finally, Ligase | or the XRCC1-Ligase lll complex seals the
backbone (4, 5). Left unrepaired, each of these repair intermediates (Fig. 1A shown in the
gray box) can be toxic to the cell (6-8). Imbalances and deficiencies in the BER pathway
have been implicated in many pathologies, including increased sensitivity to alkylating

agents and vulnerability to inflammation (9-13).



77
78

79

80

81

82

83

84

85

86

87

88

89

&&é#&é§
QQQEEEQ'
T&bo T dob
@@?jqﬁqy
TSSO TESS
008000,
L POLB (dRPase)
Th&S SOb
008000,
’ L POLB / XRCC1
T 5505 E5E
Q&P &0,
J,LIG3 [ XRCCA1
T b&oS LS
008000,

Intermediates Detected by CometChip

0 0

H
B HoN— CHC N CHC N— CHC OH

D

C,H2 CH2 H

CHQ SH
P GSH

OH
MN CHC%C oH
MGMT & |
O/CHa
N =
N
¢
il N/LNHQ

Of-methylguanine

+GSNO
N - CHC
c—OH

CH2 ‘
MGMT M

o TINM

o} o}

1 H 1 H I
H,;N—CHC—N—CHC—N—CHC—-0OH

CH;  CHp H
CH: S GSNO
c-0 |

OH  N=—0

Eavy = YA YN

CHy
S—CH,q |

Inactive MGMT

o}

(o]

M NH
<H1)N,x

NH,

Guanine

o]

_— = NH I
R AV T oo

SNO-MGMT T c!

N—=0

Fig. 1. BER and MGMT Repair Processes. (A) Simplified schematic of the Base Excision

Repair pathway. The BER pathwaly is initiated by alkyladenine glycosylase (AAG), which

excises the damaged base (black) leaving an abasic site. AP endonuclease-1 cleaves

the phosphate-sugar backbone producing a 3’OH and a 5’-deoxyribose phosphate (5’-

dRP). Polymerase 3 (POLB) uses its dRPase activity to remove the dRP and inserts the

correct base. Ligase 3 (LIG3) seals the backbone with XRCC1 acting as a scaffold. All

repair intermediates shown in the gray box are detected through CometChip analysis. (B)

Nitric oxide (red) can react with glutathione (GSH) to produce S-nitrosoglutathione

(GSNO). (C) O°MeG methyltransferase (MGMT) repairs O°MeG by transferring the

methyl lesion (blue) to its cysteine. (D) GSNO can transfer the nitric oxide moiety (red) to

the active site cysteine of MGMT to form the inactive SNO-MGMT.
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During inflammation, immune cells produce reactive oxygen and nitrogen species
(RONS), which can damage the DNA (14, 15). In addition to damaging DNA, RONS can
also affect proteins. Nitric oxide (NO) is generated by macrophages and epithelial cells
under inflammatory conditions through the nitric oxide synthase (16), and can react with
the cysteine residues of proteins through a process known as S-nitrosation (17). One way
in which proteins can become S-nitrosated is through the transfer of NO from S-
nitrosoglutathione (GSNO), a nitrosated form of glutathione (Fig. 1B), to a cysteine
residue on a protein (18). S-nitrosated proteins have been found to have altered activities
and modified cellular localizations when compared to their normal non-nitrosated forms

(19).

One protein that is affected by S-nitrosation is the direct reversal DNA repair protein OS-
methylguanine methyltransferase (MGMT), the primary repair mechanism for the toxic
and mutagenic alkylated base lesion, O%-methylguanine (O®MeG). MGMT is a suicide
protein such that transfer of a methyl group from the damaged base onto its active site
cysteine renders it inactive (Fig. 1C) (20). Importantly, GSNO can transfer its nitric oxide
moiety onto the same cysteine of MGMT, inactivating it (Fig. 1D). The GSNO-induced
inactivation of MGMT can lead to increased levels of mutation and cell death (21). In
addition, animals with an inability to reduce GSNO have lower levels of MGMT activity

and increased tumor levels (22).

While the role of GSNO in the context of a direct reversal DNA repair protein is well

studied, the effect of GSNO on the proteins in the BER pathway is less well understood.
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Previous reports have shown biochemically that nitrosation of AAG on cysteine 167, a
residue in the active site of AAG, leads to increased excision of one of its substrates, 1,
N6-ethenoadenine (¢A) (23). Mutation of cysteine 167 abrogates the increased AAG
activity. While the exact mechanism by which nitrosated C167 induces increased AAG
excision activity is unknown, previous researchers have speculated that it may reduce
substrate specificity. Further along the BER pathway, studies show that S-nitrosation of
APE-1 by GSNO on cysteines 93 and 310 leads to the export of APE-1 into the cytoplasm;
accordingly, mutations of both cysteines eliminated APE-1’s export (24). The report
suggests that the nitrosation of the cysteines may induce a conformational change
exposing a nuclear export sequence, however additional studies are necessary to
substantiate this model. While these studies are mechanistically informative, analysis of
the effect of S-nitrosation on the intact BER pathway in the context of the cell, and not

just the individual proteins, had not been performed.

To study the effect of S-nitrosation on the BER pathway in cells, we utilize two recently
developed techniques: the CometChip Assay (25) and the fluorescence-based multiplex
host cell reactivation (FM-HCR) assay (26, 27). The CometChip assay is a high-
throughput version of the comet assay, which is based on the principle that breaks in the
DNA lead to a reduction in supercoiling and enables the DNA to migrate more readily
through a matrix when electrophoresed (28-30). By incubating damaged cells in culture
media and lysing at various time points, one is able to analyze the kinetics of repair in the
cells and determine if the cells have repaired the damage (25, 31). The CometChip is an

improvement over former comet technologies due to its robustness and its optimized
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analysis platform (32). The assay begins by loading cells onto an array of 40 um diameter
wells in agarose. The cells are subsequently lysed under alkaline conditions and
electrophoresed. Thereafter, the DNA can be imaged and analyzed through the use of an
epifluorescent microscope to determine the percentage of the nuclear DNA that is able to
migrate away from the nucleus (32). Migration is proportional to the levels of single strand
breaks, abasic sites, and alkali labile sites. Relevant to these studies, toxic BER

intermediates (gray box of Fig.1A) are detectable using the comet assay.

While the CometChip allows the analysis of the BER pathway in aggregate, FM-HCR
enables studies of the activities of specific DNA repair proteins (26, 27). The FM-HCR
assay is based on the traditional host cell reactivation assay, which uses transcription
inhibition to produce a phenotypic readout. The traditional host cell reactivation assay is
rendered more powerful and specific through the use of site-specific DNA lesions in
plasmids that impact expression of fluorescent marker genes. In some applications, such
lesions inhibit expression of a reporter such as GFP, so that repair leads to increased
fluorescence, which can be measured using flow cytometry. The system can be designed
so that repair by a DNA glycosylase leads to suppression of fluorescence. For example,
to query AAG activity, a plasmid is designed to harbor hypoxanthine (Hx), an important
substrate of AAG (27). While the damaged base is permissive to expression, the repaired
sequence is mutated. Thus, by monitoring suppression of fluorescence, it is possible to
learn the relative levels of repair. In addition, it is possible to analyze endonuclease
activities based on transcription blocking (27). Cells are transfected with tetrahydrofuran

(THF), an abasic site analog, in a fluorescent reporter gene. THF blocks transcription of



159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

the gene, which inhibits fluorescent expression. However, upon repair initiated by an AP
endonuclease, the gene can be transcribed and leads to expression of a fluorescent
protein. In both assays, the level of fluorescent reporter expression can be analyzed
through flow cytometry. In addition, FM-HCR allows the simultaneous analysis of multiple
enzymes and pathways by using various pathway-specific lesions in fluorescent reporters
of different colors. Together, the FM-HCR and CometChip assays allow the detection of

BER kinetics and individual BER protein activities.

Here we investigate the effect of GSNO exposure on the repair of alkylation damage
utilizing the CometChip and FM-HCR assays. We show that GSNO exposure induces an
imbalance in the BER pathway by increasing AAG activity while suppressing downstream
protein activities. The increased level of BER intermediates is associated with decreased
viability of cells following exposure to an alkylating agent. This study suggests a novel

mechanism for nitric oxide induced toxicity in inflammatory environments.
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2. MATERIALS AND METHODS

2.1 Cells and cell culture

Wild type, Aag”’, and AagTg mouse embryonic fibroblasts (MEFS) were prepared from
respective mice (10, 11) and maintained in Dulbecco’s Modified Eagle Medium
(ThermoFisher Scientific) containing 10% fetal bovine serum (Atlanta Biologicals). The
wild type and Aag’ MEFs were previously described (33). They were previously
immortalized by viral infection with a large T-antigen-expressing vector. The AagTg MEFs
were prepared from previously described Aag-transgenic mouse embryos (34). Briefly,
the transgenic mice were created through pronuclear injection of a transgene containing
Aag cDNA. The transgene was under the control of the enhancer from the CMV early
promoter and the promoter from the chicken B-actin gene. To eliminate wildtype AAG
activity, the transgenic mouse was bred to an Aag’ background. The MEFs were

immortalized by transfecting with a pSV3-neo plasmid expressing large T-antigen.

2.2. GSNO Preparation

S-nitrosoglutathione was prepared as described previously (24, 35). Briefly, 0.1 M
glutathione in 0.1M HCI was incubated with 0.1 M sodium nitrite at 4°C for 45 min. The
resulting solution was neutralized to pH 7.4 with sodium hydroxide. The concentration of
GSNO was measured spectrophotometrically (€335 = 902 cm™ M1). GSNO was prepared

fresh for each experiment.

2.3 CometChip Assay

10
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The CometChip experimental setup has been described previously (25, 31, 32). Briefly,
MEFs were trypsinized and cultured overnight in 24 well plates with 100,000 cells/well in
complete growth media at 37°C, 5% COo.. Triplicate wells were seeded for each condition.
The next day, cells were incubated with various concentrations of freshly prepared GSNO
in growth media for four hours at 37°C. Cells were subsequently incubated with 0, 0.5, or
1 mM MMS for 30 min at 37°C in media containing the appropriate concentration of
GSNO. Following MMS exposure, cells were rinsed with PBS and incubated in media
containing the indicated concentration of GSNO for 0, 30, or 60 min. At the
aforementioned times, cells were trypsinized and added to the CometChip (25) and
allowed to settle by gravity in growth media at 37°C. Cells not treated with MMS were
trypsinized and loaded onto the CometChip at the 0 min time point. The cells embedded
in the CometChip were then lysed overnight at 4°C in standard alkaline lysis solution. The
CometChip was subsequently processed and analyzed under alkaline conditions as
described previously (36). All data represents at least three independent biological
replicates derived from independent cultures. In total, ~900 comets were analyzed per

condition.

2.4 Fluorescence multiplexed host cell reactivation assay

The host cell reactivation assay has been described in detail previously (26, 27). Briefly,
cells seeded at a concentration of 100,000 cells/well in 12 well plates were incubated
overnight and subsequently exposed to the indicated concentrations of GSNO for 3 h at

37°C in 5% CO2. Subsequently, Lipofectamine LTX (ThermoFisher Scientific) was used

11
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to transfect the cells with 2.5 ug of total plasmid DNA. DNA cocktails included undamaged
reporter plasmids containing a gene encoding a blue fluorescent protein and plasmids
containing site-specific DNA damage encoding green fluorescent protein, which were
generated as previously described (26, 27). Transfected cells were incubated in the
indicated concentrations of GSNO for 5 additional hours at 37°C 5% CO2. Subsequently,
the GSNO solutions were replaced with fresh growth media for 13 h. Cells were then
trypsinized and resuspended in growth media containing the dead cell stain TO-PRO-3
and transferred to 75 mm Falcon tubes with cell strainer caps (ThermoFisher Scientific).
Flow cytometry analysis and the calculation of percent fluorescent reporter expression
was performed as previously described (26, 27). Four independent biological replicates

from independent cultures were performed for each condition.

2.5 Immunofluorescent Staining

Cells seeded the previous day in 24 well plates at a concentration of 100,000 cells/well
were incubated with the indicated concentrations of GSNO for 4 h at 37°C in 5% CO..
The cells were fixed with 4% paraformaldehyde and incubated with 1:100 primary rabbit
anit-APE-1 (Novus Biologicals) overnight at 4°C. Stained cells were incubated with a
secondary Goat anti-Rabbit AlexaFluor 488 antibody (ThermoFisher Scientific) and
mounted with ProLong Gold Antifade containing DAPI (ThermoFisher Scientific). At least
five images were taken per concentration in a blinded fashion using ImagePro Plus
software (Media Cybernetics). To quantify cells with APE-1 in the cytoplasm, images were
blinded and counted manually for DAPI-positive nuclei. At least 100 cells were counted

for each condition. Cells showing green fluorescence outside the nucleus were

12
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considered positive for cytoplasmic APE-1. Four independent biological replicates from

independent cultures were performed for each condition.

2.6 Abasic Site Quantification

Cells seeded the previous day in 6 well plates at a concentration of 1 million cells/well
were incubated with the indicated concentrations of GSNO for 4 h at 37°C in 5% CO..
Cells were subsequently incubated with 0 or 1 mM MMS for 30 min at 37°C in media
containing the appropriate concentration of GSNO. Following MMS exposure, cells were
rinsed with PBS and incubated in media containing the indicated concentration of GSNO
for 0 or 60 min. Cells were then trypsinized and the DNA was extracted using the Purelink
Genomic DNA Mini Kit (ThermoFisher Scientific). Abasic sites were quantified through
the DNA Damage Quantification Kit — AP Site Counting (Dojindo Molecular

Technologies).

2.7 Colony Forming Assay

Fifteen hours after cells were seeded in duplicate 60 mm plates (in serial 10-fold dilutions),
cells were incubated 0, 0.25, or 0.5 mM of freshly prepared GSNO in growth media for
four hours at 37°C. Cells were subsequently incubated with 0 or 1. mM MMS for one hour
at 37°C in media containing the appropriate concentration of GSNO. Following MMS
exposure, cells were rinsed with PBS and incubated in media containing the indicated
concentration of GSNO for four additional hours. GSNO-containing media was
exchanged for standard growth media and cells were allowed to grow for 13 days to form

colonies. After washing plates with PBS and allowing the plates to dry overnight, cells

13
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were stained with 1% crystal violet solution. Colonies were counted by eye in a blinded
fashion. To analyze, the average number of colonies formed under each condition was
divided by the initial seeding number. The data represent the surviving fractions of the
MMS-challenged cells at each GSNO concentration relative to their GSNO-exposed

controls. The data represents three independent experiments from independent cultures.

2.8 Statistical Analysis

GraphPad Prism was used for all unpaired and paired Student’s t-tests.
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3. Results

3.1 GSNO leads to increased BER intermediates following MMS exposure

To analyze whether GSNO exposure alters the activity of the BER pathway, we utilized
the CometChip (25). The CometChip is a high-throughput version of the comet assay that
(under alkaline conditions) allows the detection of abasic sites, single strand breaks, and
alkali sensitive sites. Since the comet assay detects single strand breaks and AP sites,
using this approach, it is possible to monitor the levels of toxic BER intermediates formed
and cleared during the repair of alkylation damage (Fig. 1A). If GSNO exposure increases
or decreases BER protein activities, then one would expect a change in the formation and
clearance of BER intermediates. To study these repair intermediates, we incubated wild
type mouse embryonic fibroblasts (WT MEFs) with GSNO for four hours (based on
previous studies (24)) before exposing the cells to methyl methanesulfonate (MMS), an
alkylating agent known to produce lesions such as 3-methyladenine and 7-
methylguanine, that can be repaired by AAG-initiated BER (2). Following MMS challenge,

GSNO-exposed cells were allowed to repair methylated bases over time.

Control WT mouse embryo fibroblasts (MEFs) exposed to 0 mM GSNO (Fig. 2A, white
bars) have low percent tail values indicating low levels of strand breaks. After MMS
challenge, the levels of strand breaks in the 0 mM GSNO cells appears to increase slightly
relative to untreated controls at time 0. After incubating cells in media following MMS
challenge, the levels of strand breaks, i.e., BER intermediates (white bars), trend lower
over the course of 60 min, suggesting that DNA damage is being resolved, although the

trend is not statistically significant.

15
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appears to be a trend such that increased GSNO leads to increased repair intermediates.
At 30 and 60 min after MMS challenge, both concentrations of GSNO displayed a
statistically significant increase in the amount of BER intermediates when compared to
the 0 mM GSNO MEFs (Fig. 2A). The GSNO-exposed MEFs did not show significant
repair of the BER intermediates over the 60-min time window, which is consistent with a
persistent BER imbalance caused by increased AAG activity and decreased APE-1
activity (described below). In addition, MEFs unchallenged by MMS and only exposed to
various concentrations of GSNO (Fig. 2B) show similar percent tail values, indicating that
GSNO on its own does not cause an increase in BER intermediates. Given that
CometChip detects BER intermediates, and that GSNO exposure does not alter the basal
level of BER intermediates, together these data suggest that GSNO renders cells

susceptible to an increase in MMS-induced BER intermediates.

3.2 GSNO exposure increases AAG activity

Given the increase in levels of BER intermediates in GSNO-exposed cells, we set out to
investigate the effect of GSNO exposure on individual proteins in the BER pathway.
Previous studies performed biochemically have shown that nitrosation of the cysteine
residues in AAG increases its excision activity in vitro (23). Here, we set out to extend
upon this work to test whether a similar effect could be observed in vivo in cells exposed

to GSNO.

To analyze AAG activity, we used the FM-HCR assay (26, 27, 37). Cells were exposed

to three concentrations of GSNO and subsequently transfected with a plasmid containing
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hypoxanthine in the transcribed strand of the enhanced green fluorescent protein (EGFP)
and an undamaged plasmid that expresses the blue fluorescent protein (BFP) to control
for transfection efficiency. Hypoxanthine is a DNA lesion that is primarily excised by AAG
(11, 38). The assay is based on the principle that if hypoxanthine is not excised by AAG,
then during transcription, RNA polymerase can misread the Hx and incorrectly place
cytosine across from the hypoxanthine (Fig. 3A - top panel) (39). In this assay, the
transcript of the EGFP gene can only lead to the production of EGFP if cytosine is
incorporated opposite hypoxanthine during transcription. However, if hypoxanthine is
excised by AAG, an abasic site will remain across from T. During BER repair synthesis,
an A will be inserted in the transcribed strand across from T, in place of the Hx. Once A
is in the transcribed strand, transcripts encode a non-fluorescent mutant of EGFP, and
fluorescence is inactivated. Thus, the green fluorescent signal is inversely correlated with
AAG activity. In these experiments, all GFP values were normalized to the undamaged
control BFP fluorescent plasmid co-transfected in the cells. Repair of Hx was calculated
by dividing the normalized GFP value measured in cells transfected with the Hx-
containing reporter by the normalized GFP value measured in cells transfected with the

undamaged GFP reporter.
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transcript (top). If the Hx is repaired/cleaved, cells will not fluoresce (bottom). (B) Hx
reporter assay tested in WT MEFs, Aag”’- MEFs, and constitutively active Aag, AagTg
MEFs. (C and D) Hx Reporter assay tested in WT (C) and AagTg (D) MEFs exposed to
GSNO. Each data point represents mean £ SEM for three independent experiments; *p

< 0.05 for paired Student’s t-test.
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The basal levels of AAG activity in MEFs isolated from mice with normal AAG activity (WT
MEFs), AAG deficiency (Aag”’ MEFs) (11), and increased AAG activity (AagTg MEFs)
were analyzed through the FM-HCR assay (Fig. 3B). The AagTg MEFs were generated
from transgenic mice, which express Aag cDNA from an ubiquitous promoter (10). The
AagTg mice have previously been found to have between a 2 and 9 fold increase in AAG
activity across all tissues analyzed (34). As expected, MEFs deficient in Aag display
increased levels of green fluorescence compared to WT, consistent with Aag” MEFs
having reduced AAG activity and reduced ability to excise hypoxanthine lesions
compared to WT (11, 27). Conversely, AagTg MEFs have a small, but statistically
significant, decrease in fluorescence compared to WT MEFs, indicating higher AAG
activity. Therefore, the fluorescent signal varies with AAG activity in FM-HCR, wherein

lower levels of fluorescence indicate higher AAG activity.

The effects of GSNO exposure on AAG activity in WT MEFs were also analyzed through
FM-HCR (Fig. 3C). Cells exposed to 0.25 and 0.5 mM GSNO displayed significantly lower
green fluorescence compared to cells not exposed to GSNO. Cells exposed to 0.5 mM
GSNO have ~50% of the fluorescence of the 0 mM GSNO MEFs. Given that FM-HCR
fluorescence and AAG activity are inversely correlated, this result indicates that reduced
fluorescence in the GSNO-exposed cells is due to increased AAG activity. Taken
together, GSNO exposure increases AAG activity in cells, which is consistent with prior

biochemical studies (23).
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In addition to studies of cells with WT levels of AAG, we also analyzed the effects of
GSNO on AAG activity in AagTg MEFs (Fig. 3D). AagTg MEFs showed no significant
change in fluorescence and thus no change in AAG activity at any concentration of
GSNO, suggesting that in cells with higher levels of AAG expression, GSNO exposure
has no effect on AAG activity. These results suggest that GSNO exposure increases the
activity of AAG, however GSNO'’s effect is masked in the context of cells with high levels

of AAG expression.

3.3. CometChip analysis shows that GSNO exposure does not alter BER kinetics in

Aag’ cells

To study the effects of GSNO in cells with altered BER capacity, we also performed the
CometChip analysis on WT, Aag”’, and AagTg MEFs exposed to GSNO and MMS (Fig.
4). Through CometChip analysis, we can ascertain the role of AAG in the production of
BER intermediates under nitrosating conditions. WT MEFs solely challenged with 1 mM
MMS, have a significantly higher amount of BER intermediates compared to untreated
controls at 0 min after challenge (Fig. 4A, white bars). There appears to be a trend toward
decreased BER intermediate levels consistent with repair over time (p = .058). MEFs
exposed to 0.25 mM GSNO (Fig. 4A, black bars) display a significant increase in BER
intermediates at time 0 compared to cells that were not exposed to MMS. At 30 and 60
min after challenge with 1 mM MMS there remains a significant increase in BER
intermediates when compared to the control MEFs exposed to 0 mM GSNO. The increase

in BER intermediates in the GSNO exposed and MMS challenged cells is consistent with
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results from Fig. 3C, showing increased AAG activity following GSNO exposure. For the
Aag™ cells, we observed an increase in repair intermediates following MMS challenge.
This observation indicates that some of the MMS-induced repair intermediates are AAG-
independent, possibly resulting from depurination of the dominant MMS-induced lesion,
7-methylguanine. Importantly, there was little difference between Aag”’ cells that were
exposed to GSNO and those that were not exposed (Fig. 4B), which is consistent with

GSNO'’s effect being dependent on AAG.

In addition, we analyzed the effect of GSNO and MMS exposure on AagTg MEFs (Fig.
4C) and observed a significant increase in repair intermediates 30 and 60 min after MMS
challenge, similar to WT MEFs. As with the WT MEFs, we also observed a downward
trend in intermediate levels suggestive of DNA repair in the MMS-challenged cells that
were not exposed to GSNO, while there was virtually no decrease in BER intermediate
levels when MMS-challenged cells were exposed to GSNO. The similarity between WT
MEFs and AagTg MEFs may reflect a limit in sensitivity of the assay. Importantly, the
observation that there are statistically significantly higher levels of BER intermediates in
GSNO exposed WT and AagTg cells challenged with MMS is consistent with increased
BER initiation (e.g., increased AAG activity; Figure 3B), with a concomitant decrease in
downstream BER activity (e.g., reduced APE-1 activity, as described below). Given that
the hypoxanthine reporter assay in Figure 3D indicated that GSNO exposure does not
affect the activity of AAG in AagTg MEFs (which already have high levels of AAG), the
similarity of the impact of GSNO between WT and AagTg results (compare Fig. 4A and

4C) is consistent with high levels of AAG masking the effect of GSNO.
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Fig. 4. GSNO exposed Aag’” MEFs display minimal increase MMS-induced BER
intermediates. CometChip analysis of WT (A), Aag”’- (B), and AagTg (C) MEFs exposed
to 0 or 0.25 mM GSNO and challenged with 1 mM MMS. NT refers to cells not challenged
with MMS, lysed at O min. Each data point represents mean + SEM for seven independent

experiments; *p < 0.05 for paired Student’s t-test.

3.4 GSNO exposure induces APE-1 translocation and increases abasic sites

Given the increased activity of AAG following GSNO exposure in WT MEFs, we
investigated whether GSNO can affect the activity of downstream BER proteins. To that
end, we utilized the FM-HCR assay with a plasmid containing tetrahydrofuran (THF) in
the EGFP gene cassette (Fig. 5A) (27). THF is an analog of AP sites (AP sites are created
by AAG’s excision of base lesions), and APE-1 cleaves the abasic sites produced by AAG
(40). Subsequently, downstream BER proteins insert the correct base in the DNA and
complete the repair process. In this assay, if the abasic site, which blocks transcription,
is not repaired by APE-1 and downstream BER proteins, then EGFP protein will not be
generated (Fig. 5A, top panel). However, if APE-1 and the downstream proteins repair

the THF plasmid, then the EGFP gene can be fully transcribed and the cell will exhibit
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447  green fluorescence (Fig. 5A, bottom panel). Here, we found that WT MEFs exposed to
448  GSNO showed a small but significant decrease in fluorescence, indicating a decrease in

449  activity of BER proteins downstream of AAG (Fig. 5B).
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452  Fig. 5. GSNO affects activity and localization of BER proteins and reduces cell viability

453  after MMS challenge. (A) Simplified schematic of the tetrahydrofuran (THF) reporter of
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the FM-HCR assay. If unrepaired, THF will block transcription and inhibit fluorescence
(top). If THF is fully repaired, cells will display higher fluorescence (bottom). (B) THF
reporter assay in WT MEFs exposed to GSNO. (C) Representative immunofluorescent
stains for APE-1 (yellow) and nuclei (Blue) of WT MEFs exposed to 0 mM (top) and 0.25
mM (bottom) GSNO. White box indicates inset image. Arrows indicate cells. (D) Blinded
visual quantification of cells with APE-1 in the cytoplasm exposed to GSNO. (E) Abasic
site analysis of GSNO exposed cells. NT = non-treated cells challenged with MMS and
lysed at O min. Other bars show treatment with indicated concentrations of GSNO and 1
mM MMS. 60 min samples were allowed to repair abasic sites for 60 min at 37°C in media
with indicated GSNO concentration. Data is relative to NT. (F) Analysis of the colony
forming assay of MEFs exposed to GSNO. Each bar represents the ratio of the surviving
fraction of the MMS challenged cells to the non-MMS challenged cells at each GSNO
concentration. Each data point represents mean * SEM for three independent

experiments; *p < 0.05 for paired Student’s t-test.

To further study additional causes of the observed increase in BER intermediates in
GSNO-exposed cells, we analyzed the localization of APE-1. Previous studies have
shown that S-nitrosation of APE-1 induces its export from the nucleus to the cytoplasm in
human kidney cells (24). In analogous studies, we show a similar increase in cytoplasmic
APE-1 after GSNO exposure in WT MEFs (Fig. 5C). Specifically, GSNO exposure
induced a greater than 50% increase in the number of cells with cytoplasmic APE-1 (Fig.

5D).
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Studies have shown that cells with reduced APE-1 activity display an accumulation of
abasic sites (6). To further test whether GSNO exposure diminishes APE-1 activity and
increases the levels of abasic sites in the DNA, we quantified abasic sites in GSNO-
exposed WT MEFs. The abasic sites were detected by incubating the DNA of the GSNO
and MMS exposed cells with an aldehyde-reactive probe. This probe can be
colorimetrically detected and quantified (41). Cells exposed to MMS treatment alone did
not show a significant increase in abasic sites, presumably because they are being rapidly
processed by APE-1. However, we did observe a significant increase in absorbance,
indicating an increase in abasic sites, in GSNO-exposed cells immediately after MMS
challenge (Fig. 5E). However, after an hour of repair in media containing GSNO, there
was an insignificant difference in the levels of abasic sites between the unexposed and
GSNO-exposed cells. These results show that GSNO exposure reduces APE-1 activity,

however the generated abasic sites are still ultimately being repaired.

High levels of unrepaired BER intermediates and strand breaks have been observed to
be toxic to cells (7, 13). Here, we tested whether GSNO-exposed cells display reduced
cell viability compared to non-GSNO exposed cells following MMS challenge. WT MEFs
were incubated with media containing various concentrations of GSNO and subsequently
challenged with either 0 or 1 mM MMS. After incubating in media containing the indicated
concentrations of GSNO for four hours, the cells were allowed to grow for 13 days. The
surviving fraction for each GSNO concentration was calculated by dividing the surviving

fraction of cells challenged with 1 mM MMS by the surviving fraction of cells not
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challenged with MMS at that GSNO concentration. MMS challenge induced a significantly
lower level of cell viability in GSNO-exposed WT MEFs compared to non-GSNO exposed
MEFs (Fig. 5F). This effect was observed at both 0.25 and 0.5 mM concentrations of
GSNO. Therefore, GSNO exposure can reduce the viability of WT cells following MMS

challenge.
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4. Discussion and Conclusions

4.1 Discussion

Inflammation is a key risk factor for cancer, contributing to upwards of 25% of cancer
cases. During inflammation, tissue becomes infiltrated by immune cells that secrete
cytokines and RONS (42, 43). RONS can damage DNA, leading to mutations that
promote cancer (14, 44, 45). Understanding the underlying molecular processes that
drive carcinogenesis is key to cancer prevention. Here, we have explored the impact that
NO has on DNA damage and repair following reaction with glutathione. While the effect
of S-nitrosation, the process by which nitric oxide reacts with cysteine residues on
proteins, has been studied in the context of some DNA repair proteins, the impact of S-
nitrosation on the repair of alkylation lesions was not fully understood. Here, we analyzed
in MEFs the capacity of the BER pathway to repair alkylation damage under nitrosating
conditions. Exposure to GSNO, a metabolite that can induce S-nitrosation, was observed
to modulate the activities of AAG and downstream BER proteins and induce an increase
in BER intermediates in cells following alkylation damage. Furthermore, GSNO-exposed
cells have reduced viability compared to unexposed cells following challenge with an
alkylating agent. Taken together, results reveal that GSNO induces an imbalance in the
BER pathway and suggest that this imbalance leads to increased alkylation-induced

toxicity.

Previous, studies have shown that S-nitrosation can alter the activity of AAG (23) and the

localization of APE-1 (24). Analysis of the kinetics of BER through detection of BER

intermediates (abasic sites and single strand breaks) demonstrates that S-nitrosation not
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only affects individual steps of the BER pathway, but it can alter the ability of the BER
pathway as a whole to repair alkylation damage. Both GSNO exposed and unexposed
cells have similarly high levels of BER intermediates immediately after MMS challenge.
However, 30 and 60 min after MMS challenge, GSNO exposed cells display significantly
higher amounts of BER intermediates compared to unexposed cells, consistent with
increased formation of BER intermediates, or decreased clearance, or both. Thus, GSNO

modifies the ability of cells to repair alkylation damage.

We hypothesized that the accumulation of BER repair intermediates in the WT MEFs
exposed to GSNO could be caused by alteration in the activities of AAG and a key
downstream enzyme, APE-1. Through the use of the FM-HCR assay, we observed that
GSNO exposure increases the activity of AAG to excise hypoxanthine. Although
hypoxanthine is not generated during MMS challenge, AAG is the main glycosylase for
hypoxanthine, making this substrate for FM-HCR an excellent way to gauge overall AAG
activity. Our observation of increased AAG activity following GSNO exposure is therefore
relevant to MMS conditions due to the fact that AAG also has a high catalytic activity for
key MMS-induced methyl lesions, including 3-methyladenine and 7-methylguanine (11,
46). Furthermore, our data concur with previous reports by the Wyatt Laboratory showing
that S-nitrosated AAG has an increased ability to excise another AAG substrate, 1, N°-
ethenoadenine (23). Thus, the results from two independent assays analyzing the AAG
excision activity on two different base lesions have both demonstrated that AAG has an

increased ability to repair base lesions after GSNO exposure.
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To further test the hypothesis that the increase in BER intermediates in GSNO-exposed
cells is influenced by increased AAG activity, we used the CometChip to analyze BER
intermediates in cells with altered AAG activity. We found that MMS-induced BER
intermediates are increased in GSNO-exposed cells, which is consistent with an increase
in AAG activity. GSNO exposure had a minimal effect on the ability of Aag”- cells to repair
alkylation damage, suggesting that GSNO requires AAG to affect BER capacity.
Furthermore, GSNO-exposed AagTg cells showed similar MMS repair kinetics as the
GSNO-exposed WT cells, possibly because cells were already saturated with AAG
activity, making the ability of GSNO to increase AAG activity irrelevant. While these
results support AAG as the driver for increased BER intermediates, it remains possible

that downstream BER proteins also contribute.

An alternative approach to analyze the effects of GSNO exposure on proteins
downstream of AAG is FM-HCR. To perform this assay, we transfected GSNO-exposed
cells with plasmids containing an abasic site analog (tetrahydrofuran) in the EGFP
cassette. The THF plasmid requires APE-1 to cleave the abasic site and for downstream
intermediates to be completely resolved in order for the EGFP protein to be expressed.
In our system, we observed a significant decrease in the reporter expression in GSNO-
exposed cells, indicating a decrease in the activity of APE-1 and/or downstream enzymes
remaining in the BER pathway. The observed decrease in activity is perhaps due to the
effects of S-nitrosation on multiple proteins. For example, previous studies have shown
that ligases can be inactivated by nitric oxide, suggesting that Ligase | or Ill may have

reduced activity in a GSNO environment (47). In addition, studies on PARP-1 have shown
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that S-nitrosation reduces its activity (48). While, to our knowledge, there have not been
studies on the effects of S-nitrosation on other BER proteins such as XRCC1 and POL,
there is a possibility that these proteins might be degraded, translocated, or inactivated
by S-nitrosation. The results of THF reporter assay suggest that in aggregate, the BER

proteins downstream of AAG have reduced activity following GSNO exposure.

Here, we extended previous studies of hepatocytes and kidney cells (24) to analyze the
localization and activity of APE-1 following GSNO exposure in MEFs. We observed an
increase in the percentage of cells with APE-1 protein in the cytoplasm following GSNO
exposure. Previous studies analyzing the effects of GSNO on APE-1 have shown that
GSNO exposure can induce site-specific S-nitrosation of APE-1 and causes the protein
to be exported from the nucleus into the cytoplasm (24). The concentration of GSNO used
and the methodology of GSNO exposure in the published studies are similar to those
methodologies presented here. Together, these results provide strong support for a
model wherein APE-1 is S-nitrosated and S-nitrosation induces a significant percentage
of APE-1 protein to translocate into the cytoplasm. While the exact mechanism by which
S-nitrosation causes APE-1 export is unknown, current models suggest that the

nitrosation causes a conformational change that exposes a nuclear export sequence (24).

If the GSNO-induced export of APE-1 had affected its ability to cleave abasic sites, one
would predict the level of abasic sites would increase. Here, we indeed detected an
increase in abasic sites in GSNO-exposed cells immediately after MMS challenge

suggesting an initial imbalance in AAG and APE-1 activities. Interestingly, previous
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studies have shown that Aag deficiency in animals causes susceptibility to colon cancer
(9, 49). Since AAG substrates can be cytotoxic and mutagenic (e.g., €A), it may be that
either too much or too little AAG puts the genome at risk, and that outcome can be
dependent on combined effects, such as co-exposure to inflammation and alkylation

damage.

Taken together, the aforementioned results suggest that GSNO exposure induces inverse
effects on BER proteins. While increasing the excision activity of AAG, S-nitrosation also
reduces the activity of downstream BER proteins, resulting in a BER imbalance and an
accumulation of repair intermediates. Previous studies have shown that BER imbalances
are toxic to cells and tissues (6, 9, 10, 13, 50). Here, we have revealed that GSNO
exposure causes increased toxicity in cells challenged with MMS compared to unexposed
cells, suggesting that the BER imbalance and the accompanying increase in BER

intermediates contributes to the toxicity in the cell.

4.2 Conclusions

The observations that GSNO exposure alters the activities of BER proteins leading to an
increase in repair intermediates and reduced cell viability following MMS challenge,
suggest that S-nitrosation reduces the cell’s ability to repair and survive alkylation-
induced damage. Previous studies have shown that S-nitrosation can affect the activity
of other glycosylases, such as Ogg1l (51), a bifunctional glycosylase that repairs oxidative
lesions. Our work here suggests that additional proteins in the BER pathway are affected

by S-nitrosation, leading to higher levels of intermediates. A key inflammatory chemical
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can alter BER activity, which in turn can cause increased susceptibility to alkylation

damage. For people who have chronic inflammation, such as inflammatory bowel

disease, co-exposure to alkylating agents is unavoidable, since alkylating agents are

ubiquitous in the intracellular environment, in environmental pollutants, and in food. These

insights into combined exposures contribute to our understanding of the key molecular

processes that affect cancer risk.
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