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8-Oxoguanine-DNA glycosylase (OGG-1) is a base excision DNA repair enzyme; however, its function in
modulating allergic diseases remains undefined. Using OGG-1 knockout (KO) mice, we show that this protein
affects allergic airway inflammation after sensitization and challenge by ovalbumin(OVA). OGG-1 KO mice
exhibited less inflammatory cell infiltration and reduced oxidative stress in the lungs after OVA challenge

compared to WT mice. The KO phenotype included decreased IL-4, IL-6, IL-10, and IL-17 in lung tissues. In
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addition, OGG-1 KO mice showed decreased expression and phosphorylation of STAT6 as well as NF-kB.
Down-regulation of OGG-1 by siRNA lowered ROS and IL-4 levels but increased IFN-y production in cultured
epithelial cells after exposure to house dust mite extracts. 0GG-1 may affect the levels of oxidative stress and
proinflammatory cytokines during asthmatic conditions. OGG-1 deficiency negatively regulates allergen-
induced airway inflammatory response.

© 2011 Elsevier Inc. All rights reserved.

Asthma is characterized by airway inflammation and hyperre-
sponsiveness [1]. The pathogenesis of the allergic inflammation
involves multiple mediators, cell types, and pathways [2]. Although
the skewing of Th2 cytokines is considered the key pathogenic factor
for asthma [3], oxidative stress may also be a crucial contributor to
asthma development. Accumulating evidence demonstrates that
levels of oxidative stress are increased both in children and in adults
with asthma, not only in their lungs but also in the blood [4].
Oxidative stress triggers inflammation and can also result from
inflammation [5]. Allergen exposure induces airway inflammation
accompanying a rapid increase in reactive oxygen species (ROS)!.
ROS are secondary messengers involved in the induction of NF-«B, a
transcriptional activator that induces proinflammatory cytokines [6].
For example, intracellular ROS production modulates the gene
expression of asthma-associated Th2 cytokine IL-4 [7]. Oxidative

Abbreviations used: OGG-1, 8-oxoguanine-DNA glycosylase; ROS, reactive oxygen
species; KO, knockout mice; WT, wild type; OVA, ovalbumin; TBARS, thiobarbituric
acid-reactive substances; siRNA, small interference RNA; H2DCF-DA, dichlorodihydro-
fluorescein diacetate; HDM, house dust mite.
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stress may augment airway inflammation independent of the adap-
tive immune response [8] through multiple intracellular signaling
pathways [5,9]. Ever-diverse cellular or molecular sources of ROS
(e.g., NADPH oxidases, mitochondria, environmental exposures) are
being identified [10]. Furthermore, oxidative DNA damage in periph-
eral blood lymphocytes was shown to be significantly higher in
asthma patients than in healthy subjects [11], thus DNA repair
mechanisms may be associated with asthma development [12].

Base DNA damage induced by oxidation is repaired by the base
excision DNA repair (BER) pathway that is initiated by mammalian
8-oxoguanine-DNA glycosylase (OGG-1). Briefly, OGG-1 excises 7,8-
dihydro-8-oxoguanine (8-0xoG), which is formed by oxidative dam-
age of the DNA base guanine and has the propensity to mispair with
adenine during DNA replication. OGG-1 attacks the N-glycosidic
bond of the 8-0xo0G site using the active-site Lys249 nucleophile to
form a transient Schiff base [13]. Once 8-0x0G is removed, OGG-1
eliminates the damaged base, yielding an apurinic/apyrimidinic
(AP) site [14]. The AP site is then removed by AP endonuclease 1,
which makes incisions in the phosphodiester at the 5’ end of the
lesion. This creates an intermediate involving a single-strand break
that is filled by polymerase 3 and linked together by ligase I [15].
OGG-1 has been shown to play important roles in preventing the
accumulation of oxidative DNA damage [16]. To effectively repair
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damaged DNA, the BER pathway interacts with other DNA repair
pathways or cell signaling proteins, such as poly(ADP-ribose)
polymerase 1 (PARP1) [15,17]. PARP1 has been shown to regulate
inflammatory responses in various diseases [18]. Because OGG-1 is
down-regulated in pathological conditions [19,20] and OGG-1 knock-
out (KO) mice display accumulated 8-oxoG [21], overexpression of
0GG-1 is thought to alleviate toxicity caused by chemotherapeutics,
hyperoxia (high concentrations of oxygen), and other oxidants [22-
25]. Similar effects can be achieved through overexpression of Escher-
ichia coli formamidopyrimidine-DNA glycosylase, a functional homo-
log of OGG-1. OGG-1 may also mitigate neurodegenerative processes
by interacting with nuclear excision repair proteins CSB and XPB [26].
As oxidative stress, proinflammatory cytokines, and OGG-1 were in-
creased in rat lungs after exposure to particulate matter [27], OGG-1
may be associated with oxidative stress in allergen-induced airway
inflammation.

0OGG-1 KO mice showed a decrease in lipopolysaccharide-induced
neutrophil infiltration and oxidative stress compared to wild-type
(WT) mice, suggesting its role in regulating inflammation [28].
0GG-1 deficiency also protects the gastric mucosa against inflamma-
tory lesions under Helicobacter pylori infection [29] and regulates
inflammatory response to Pseudomonas aeruginosa invasion [13]. In
addition, OGG-1 plays a role in diabetic autoimmune models of
inflammation [28]. OGG-1-deficient mice exhibited an increase in 8-
0x0G in the liver, but not in the spleen and kidneys, indicating that
OGG-1's role in oxidative stress varies in different organs [21].
However, whether OGG-1 modulates airway allergic inflammation
remains undetermined. Because of its importance in repairing oxida-
tive DNA damage, we hypothesized that OGG-1 may play a role in
oxidation-induced inflammation in asthmatic conditions. Our data
showed that OGG-1 deficiency had an impact on the development
of allergic inflammation in an ovalbumin-induced asthma model.

Methods
Animals

0OGG-1 KO mice and WT mice on a J129/C57BL/6 genetic back-
ground were generated as described in Ref. [30] and generously
provided by S. Ackerman (The Jackson Laboratory). Mice were main-
tained under specific-pathogen-free conditions and were used at 6 to
8 weeks of age. Genotyping was performed by PCR and Western blot.
Mice were housed in the University of North Dakota (UND) Center of
Biomedical Research under pathogen- and allergen-free conditions.
All animal experiments were performed in accordance with the
guidelines of the UND Institutional Animal Care and Use Committee.

Sensitization and challenge protocol

0OGG-1 KO and WT mice (six mice for each group) were randomly
grouped and sensitized by ip injection with 20 pg of ovalbumin (OVA)
in aluminum hydroxide on days 0 and 14. Mice were challenged with
intranasal instillation of 10 pg of OVA in 50 pl of PBS buffer at day 28.
Mice were also given 50 pl of aluminum hydroxide alone or 50 pl of
PBS as controls. Twenty-four hours after OVA challenge, the mice
were killed with an overdose of ketamine [31].

Histological evaluation

The left lungs were homogenized for biochemical analysis, and the
right lungs were fixed with 10% neutral-buffered formalin for
hematoxylin and eosin (H&E) staining using a standard histological
method [32]. The tissues were assessed for general morphology and
cellular infiltration. Images were obtained using a Nikon Eclipse
microscope (80i) [33]. The degree of cellular infiltration was scored
using previously described methods [34,35]. A value of 0 indicates

no detectable inflammatory cells; 1 indicates 1-3 cells thick; 2 indi-
cates 4-9 cells thick; and 3 indicates more than 10 cells thick in
most bronchi. Inflammation scores were expressed as a mean value
from at least seven randomly selected tissue section areas per
mouse. Two investigators (blinded) scored the inflammation data to
obtain objective results.

Lung tissue homogenization and cytokines assay

Lungs were removed and crushed in PBS buffer. The suspension
was sonicated three times for 30 s each and centrifuged at 3000 g
for 5 min. The supernatants were collected and quantified by Bio-
Rad protein assay (Bio-Rad Laboratories). Cytokine levels were deter-
mined in triplicate of total lung lysates from each animal by ELISA
[26]. The ELISA kits for TNF-o, IL-2, IFN-vy, IL-4, IL-6, IL-10, IL-22,
and IL-17 were purchased from R&D Systems (Minneapolis, MD,
USA) or eBiosciences (San Diego, CA, USA).

Thiobarbituric acid-reactive substances (TBARS) assay in lung tissue

To determine lipid peroxidation, the TBARS (substrates for detect-
ing ROS released from lipids) assay was used [36]. Briefly, lung tissue
samples were crushed in RIPA lysis buffer (1% sodium deoxycholate,
1% Triton X-100, 5 mM iodoacetamide, 1% bovine hemoglobin, and
0.025% NaN3). The suspension was sonicated three times for 30s
and centrifuged at 3000 g for 10 min at 4 °C. One hundred microliters
of supernatant was added to 200 pl of ice-cold 10% trichloroacetic
acid to precipitate proteins and incubated for 15 min on ice. The sam-
ples were centrifuged at 2200 g for 15 min. Two hundred microliters
of supernatant was added to an equal volume of 0.67% thiobarbituric
acid and incubated in a boiling water bath for 10 min. Samples were
measured at 532 nm [26].

OGG-1 activity assay in lung tissue

OGG-1 activity assay was done as described previously [22]. Oligo-
nucleotides containing a single 8-0xoG residue (ATCACCGGC[8-0x0G]|
CCACACGAGCTG) were synthesized. The 5’ end was 3?P-labeled by T4
polynucleotide kinase. Labeled probe and samples were diluted in
OGG-1 activity buffer (10 mM Hepes-KOH (pH 7.4), 100 mM KCl,
10 mM EDTA, and 0.1 mg/ml bovine serum albumin). Reaction
mixtures contained 25 fmol probes and samples in a total volume of
13 pl. After the samples incubated for 1 h at 37 °C, 5 ul DNA loading
dye was added to terminate. The products of the reaction were run
on 20% denaturing DNA sequencing gels [23]. The migration of
radiolabeled DNA products was visualized and the extent of nicking
was quantified.

Lung tissue immunohistochemistry and Western blot

Lung tissues fixed with OCT (frozen at —70 °C) were sectioned
onto slides and stained using standard histological methods for
immunohistochemistry [32]. The sections were fixed in cold acetone
and blocked at room temperature. Tissue sections were incubated
with phospho-STAT6 (signal transducer and activator of transcrip-
tion) mouse monoclonal, STAT6 rabbit polyclonal, NF-xB mouse
monoclonal, and phospho-NF-«B rabbit polyclonal antibodies (p65
Ser276; Santa Cruz Biotechnology). FITC-conjugated goat anti-
mouse antibodies or TRITC-conjugated goat anti-rabbit antibodies
were used to bind primary antibodies. Tissue sections were viewed
with a Zeiss 510 META confocal microscope [37]. The results were
quantified using Image] software [38]. Lung tissues were homoge-
nized in RIPA lysis buffer for Western blot analysis. Lysates (20 pg)
were run on 10% SDS-polyacrylamide gel at 100V for 2 h and
transferred to microporous polyvinylidene difluoride membrane at
100 mA for 2 h. The membranes were blotted with OGG-1/2 goat
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polyclonal (Cat. No. sc-12074) antibodies, GAPDH mouse monoclonal
antibodies, and those antibodies described above (Santa Cruz Bio-
technology) and processed via enhanced chemiluminescence (Pierce)
[39].

Measurement of ROS in cultured epithelial cells

MLE-12 cells (murine lung epithelial cell line) were grown to 85%
confluence in Dulbecco's modified Eagle's medium (DMEM) and
DMEM/F12 culture media (1/1) and were transfected with mouse
OGG-1 siRNA (sc-44850; Santa Cruz Biotechnology) with LipofectA-
mine 2000 according to the manufacturer's instruction. We obtained
70-90% knockdown efficiency as determined by Western blotting.
After 24 h, the cells were loaded with 50 uM H2DCF-DA (Molecular
Probes) at 37 °C for 30 min. After excess probe was removed, the
cells were treated with 10, 20, or 50 pg of house dust mite (HDM) ex-
tract in serum-free culture medium for 4 h. The change in fluores-
cence intensity was assessed in a fluorescence microplate reader
(Bio-Tek) at 488 nm excitation and 530 nm emission [26].

Studies of dust mite effect on cultured epithelial cells

To define the impact of OGG-1 deficiency on allergic inflamma-
tion, MLE-12 cells grown to 85% confluence were transfected with
mouse OGG-1 siRNA. After 24 h, 50 pg HDM extracts in serum-free
culture medium were added to cells for 4 h, and cell lysates were

Airway

collected to assess NF-kB, STAT6, and OGG-1. Cytokine secretion in
the culture supernatant was determined using ELISA.

Statistical analysis

The results were expressed as means + SE. Statistical analysis was
performed using one-way ANOVA (Tukey's post hoc) or Mann-Whitney
test and the significance level was defined as P<0.05 between two
groups [40]. The data were analyzed statistically by SPSS 10.0 software.

Results

Effect of OGG-1 deficiency on inflammatory cell infiltration in OVA-
challenged mice

After being sensitized (day 0) and challenged (day 14, day 28)
with OVA (see Methods), mice were sacrificed 24 h later and OGG-1
WT mice showed a significant inflammatory response in lungs and
airways compared to KO mice. Specifically, 0GG-1 WT mice exhibited
an increased inflammatory cell infiltration in the airway, around
blood vessels, and in alveoli after OVA challenge (Figs. 1A and C). In
contrast, 0GG-1 KO mice showed much less inflammatory cell infil-
tration in the airway, around blood vessels, and in alveoli (Figs. 1B
and D). The degree of inflammatory cell infiltration was then scored
as previously described [35,41], and the data showed that infiltration
in the airway system was decreased in OVA-challenged OGG-1 KO
mice compared to WT mice (*P<0.043, Mann-Whitney-Wilcoxon
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Fig. 1. 0GG-1 deficiency decreases infiltration of inflammatory cells. (A-D) Lung samples were stained with H&E. WT mice and OGG-1 KO mice were sensitized and challenged by
OVA in aluminum hydroxide. 0GG-1 KO and WT mice were also treated and challenged by aluminum hydroxide alone or PBS. (E) The degree of cell infiltration was scored in OVA-
challenged WT mice and OGG-1 KO mice. OVA-challenged OGG-1 KO mice showed less infiltration of inflammatory cells than WT mice (P<0.043, Mann-Whitney-Wilcoxon test).
(F) Inflammatory cell penetration in the BAL fluid (Mann-Whitney test). Results are representative of three experiments and data are shown as means + standard error.
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Fig. 2. 0GG-1 deficiency modulates cytokine levels in OVA-challenged mice. Cytokine levels were determined in lung homogenates by ELISA. (A) TNF-a; (B) IFN-vy; (C) IL-6;
(D) IL-10; (E) IL-2; (F) IL-4; (G) IL-22; and (H) IL-17. Results are representative of three experiments and data are shown as means + standard error (one-way ANOVA).

analysis; Fig. 1E). WT control mice, OGG-1 KO control mice, and alu- Effect of OVA challenge on OGG-1 activity in mice

minum hydroxide-only (vehicle) mice had no apparent inflammatory

cell infiltration in lung tissues (Figs. 1A and B). Correlating with the To define the direct role of 0GG-1, we measured 8-0xodG-DNA re-

changes in the airway and alveoli, similar patterns of inflammatory pair activity specific for OGG-1 in lung homogenates. We found that

cell penetration in the bronchoalveolar lavage (BAL) fluid were also OVA-challenged WT mice exhibited an increase in OGG-1-associated

observed (Fig. 1F), suggesting that inflammatory cell infiltration may DNA repair activity compared to control mice (Fig. 3A). Quantification

be a critical contributor to oxidation and subsequent inflammation. with densitometry showed an increase in OGG-1-associated DNA
repair activity in OVA-challenged WT mice (Fig. 3B), indicating that

Effect of OGG-1 deficiency on cytokine production in allergen-challenged OGG-1 participates in the response to allergic challenge in the lung.

mice DNA repair activity was observed even in the OVA-challenged KO
mice, as similarly reported by others [42]; this activity may be due

Before OVA immunization and challenge, OGG-1 KO mice showed to the contribution of other DNA repair enzymes.

increased levels of IL-6, IL-17, and IL-22 compared to WT mice as

determined by ELISA. After OVA immunization and stimulation, WT Effect of OGG-1 deficiency on STAT6 and NF-wB levels in allergen-

mice exhibited increased levels of IL-4, IL-6, IL-10, IL-2, IL-12, TNF- challenged mice

«, and IFN-y. Similarly, WT mice showed increased IL-17 and IL-22

(Fig. 2). In contrast, OGG-1 KO mice demonstrated decreased levels To determine the molecular mechanism of OGG-1 in regulating

of IL-4, IL-6, IL-10, IL-2, IL-12, TNF-a, and IFN-y as well as IL-17 allergic inflammation, we analyzed a variety of cell signaling proteins

after OVA challenge. However, OVA challenge did not alter IL-22 in lung lysates by Western blotting. OVA challenge resulted in increased

levels in OGG-1 KO mice (Fig. 2). These data suggest that 0GG-1 defi- expression of OGG-1 and STAT6 as well as phosphorylation of STAT6

ciency significantly decreased the airway inflammatory response. and NF-xB (Ser276 of p65) in WT mice (Figs. 4A and B). Recently,

A B *P=0.01

23bp

9bp

substrate WT OGG1 KO WT OGG1 KO substrate WT OGG1KO WT OGG1KO
No OVA OVA No OVA OVA

Fig. 3. OVA challenge alters 0GG-1 enzymatic activity in mice. The oligonucleotides were y->2P-labeled using T4 polynucleotide kinase. A radiolabeled synthetic short double-
stranded oligonucleotide was incubated with nuclear extracts. (A) The results were analyzed by DNA-denaturing polyacrylamide gels. (B) Densitometry analysis (relative to con-
trols) of OGG-1 incision activity (one-way ANOVA). Results are representative of three experiments and data are shown as means = standard error.
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bacterial oxidants were also reported to induce significant OGG-1
expression and enzymatic activity [13,43]. However, nuclear OGG-1
activity increase (Fig. 3) did not seem stoichiometric to the protein
levels. The explanation may be twofold: (1) mitochondrial OGG
(OGG-2 or OGG-1p) does not seem to exhibit in vitro incision activity
[44] and (2) other repair enzymes may contribute to the enzymatic ac-
tivity. OVA challenge induced less expression of STAT6 and phosphory-
lation of NF-kB and STAT6 in OGG-1 KO mice versus WT mice (P> 0.05,
Figs. 4A and B), whereas STAT3 expression remained unchanged (not
shown). The expression of NF-B in OGG-1 KO mice was also increased,
but phosphorylation was drastically decreased compared to that in WT
mice. These data suggest that OGG-1 may regulate cytokine expression
through the STAT6/NF-<B pathway. We then determined the expres-
sion and localization of STAT6 and NF-B using immunohistochemistry.
After OVA challenge, WT mice showed increased expression as well as
phosphorylation of STAT6 and NF-xB in the airway epithelium
(Fig. 4C). However, OGG-1 KO mice exhibited significantly decreased
expression as well as phosphorylation of STAT6 and NF-kB in lung
tissues (Fig. 4C), whereas the changes in STAT3 were insignificant
(data not shown). These data suggest that OGG-1 deficiency down-
regulates STAT6 and NF-kB, thus diminishing inflammatory responses.
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Effect of OGG-1 deficiency on oxidative stress in mice and ROS levels in
cells

Because increased oxidation can also cause airway tissue damage
by lipid degradation, we evaluated lipid peroxidation in lung homog-
enates using a TBARS assay. We found an increase in TBARS levels in
OVA-challenged WT mice compared to control WT and KO mice. The
data suggest that OVA-challenged OGG-1 KO mice showed a decrease
in TBARS levels compared to WT mice (Fig. 5A). It should be noted
that inflammatory cells may also contribute to the increase in
TBARS levels at 24 h post-OVA challenge. Importantly, previous stud-
ies suggest that OGG-1 may be involved in regulating ROS levels [45].
To determine whether OGG-1 regulates oxidative stress response
under allergen-exposure conditions, OGG-1 siRNA was transfected
into MLE-12 cells, which are widely used for studying respiratory mech-
anisms [13,36,46]. Alveolar type Il pneumocytes were recently found to
express cystic fibrosis transmembrane conductance regulator and may
regulate the ion and fluid transport in the upper airway [47]. HDM
extract, an inducer of airway asthmatic pathology and ROS [48], was
used to challenge cultured cells. Complementing the OVA animal
model, the dust mite in vitro model may probe for a broader role for
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Fig. 4. 0GG-1 deficiency influences activation of STAT6 and NF-kB in allergic airway inflammation. (A) Phosphorylation of STAT6 and NF-kB in lung homogenates from OGG-1 WT and KO
mice was determined by Western blotting. (B) Densitometry analysis of pSTAT6 and pNF-kB in lung tissues (change for (A), one-way ANOVA). (C) Frozen lung sections were stained with
polyclonal antibodies against pSTAT6 and pNF-kB followed by incubation with FITC-conjugated secondary antibody (green) or TRITC-conjugated secondary antibody (red). Sections were
observed using confocal microscopy (original magnification x 400). Results are representative of three experiments and data are shown as means + standard error.
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Fig. 5. 0GG-1 deficiency modifies oxidative stress in mice and ROS levels in cells. (A) OGG-1 KO mice showed decreased lipid peroxidation (TBARS) levels compared with WT type
mice after OVA challenge (Mann-Whitney test). (B) OGG-1 siRNA decreased ROS levels induced by HDM extract compared to control MLE-12 cells (Mann-Whitney test). (C) Effect
of antioxidants on ROS levels (Mann-Whitney test). N-acetylcysteine (NAC; 10 mM) and vitamin C (10 mM) were added to pretreat MLE-12 cells for 2 h before the challenge with
HDM extract (50 pg/ml). (D) Effect of antioxidants (as in (C)) on OGG-1 levels determined by Western blotting. Results are representative of three experiments and data are shown

as means =+ standard error.

0OGG-1 in allergic conditions. HDM significantly increased ROS levels in
MLE-12 cells in a dose-dependent manner. We transfected MLE-12
cells with OGG-1 siRNA and obtained 70-90% knockdown efficiency as
determined by Western blotting. As expected, down-regulation of
OGG-1 by siRNA markedly decreased ROS levels in MLE-12 cells
(P<0.01, Fig. 5B). These data indicate that OGG-1 knockdown decreased
oxidative stress responses, consistent with the results from OVA-
challenged OGG-1 KO mice. To further determine the link between
0GG-1 and ROS, we pretreated MLE-12 cells with antioxidants (N-
acetylcysteine, 10 mM, and vitamin C, 10 mM) for 2 h before HDM
challenge. Compared with the sham control, ROS levels were inhib-
ited by antioxidants (Fig. 5C) and OGG-1 levels were also decreased
(Fig. 5D). These results suggest that OGG-1 may increase after aller-
gen stimulation to regulate inflammatory response and oxidation,
whereas inhibition of ROS by antioxidants may offset the response
by OGG-1. Combined with the observations from KO mice, our data
suggest that OGG-1 is associated with ROS levels.

Effect of 0GG-1 knockdown in epithelial cells on HDM-induced cytokines

To dissect the impact of OGG-1 on cytokine production, we treated
MLE-12 with 50 pg HDM and found that the levels of IL-2, IL-4, and IL-
17 were increased compared to sham controls (P<0.01, Fig. 6). However,
IFN-y was not significantly changed in HDM-treated MLE-12 cells
(P>0.05). To determine whether OGG-1-deficiency regulates allergen-
induced cytokine responses, we transfected MLE-12 cells with OGG-1
siRNA. After HDM treatment, OGG-1 knockdown in these cells signifi-
cantly increased IFN-vy, but decreased IL-2, IL-4, and IL-17 compared to
WT MLE-12 (P<0.01). These results demonstrate that OGG-1 down-
regulation decreased IL-4, indicating a potential role for OGG-1 in asth-
matic inflammation (Fig. 6).

Effect of 0GG-1 knockdown in epithelial cells on expression and activa-
tion of STAT6 and NF-~B

To further confirm the role of OGG-1 in cytokine release and the
related pathway, we treated MLE-12 cells with HDM and showed an
increase in phospho-STAT6 and phospho-NF-xB at 1 and 4 h. HDM

treatment also increased OGG-1 expression in MLE-12 cells at 0.5 h
(Fig. 7A), consistent with a previous study showing that OGG-1 can
increase as early as 10 min [49]. The OGG-1/2 antibodies from Santa
Cruz react with both OGG-1 (39 kDa) and OGG-2 (47 kDa) isoforms
[44]. To determine the effect of OGG-1 on STAT6 and NF-kB, OGG-1
siRNA was transfected into MLE-12 cells. OGG-1 siRNA transfection
inhibited the expression of STAT6 and OGG-1 as well as phosphoryla-
tion and nuclear translocation of STAT6 and NF-«B compared to OGG-
1 WT cells or scrambled-siRNA-transfected cells (Fig. 7B). STAT1 and
STAT3 levels were also examined but no significant changes were
observed (data not shown). Therefore, OGG-1 siRNA diminished the
inflammatory response to HDM challenge in cell culture (Figs. 7C
and D). Dust mite treatment induced marked NF-<B nuclear translo-
cation, which was abolished by OGG-1 siRNA transfection (Fig. 7E),
suggesting that NF-kB activation may contribute to the dysregulated
cytokine response. Taken together, our studies identified a novel
pathway involving OGG-1 regulation of the airway inflammatory
response by affecting, at least in part, the STAT6/NF-<B axis and key
cytokines such as IL-4 (Fig. 7F). 0GG-1 may also affect allergic inflam-
mation and oxidation directly or through other mechanisms.

Discussion

Deficiency in OGG-1, a DNA repair enzyme for oxidation damage,
is associated with decreased inflammatory lesions and genotoxicity
in bacterial infection [13,28]. However, it is unknown whether OGG-
1 can contribute to airway allergic response. Our current study is
the first to evaluate its role in an asthmatic model, demonstrating a
decrease in inflammatory cell infiltration in the lung and airway of
0GG-1 KO mouse after OVA challenge. Our observations indicate
that OGG-1 deficiency drastically alleviated airway inflammation,
particularly lowering cytokine IL-4 production through a STAT6/NF-
KB pathway. In addition, we show that the role of OGG-1 in asthmatic
conditions may be associated with the regulation of ROS levels.

It is believed that Th2-type cells play a critical role in the develop-
ment of allergic disease. Th2-type cells secrete IL-4, IL-5, IL-10, and IL-
13, whereas Th1-type cells produce IL-2, IL-12, IFN-vy, and TNF-a [50].
Recently, Th17-type cells have also been shown to play a role in
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Fig. 6. OGG-1 knockdown increases IFN-y but decreases IL-2, IL-4, and IL-17 in MLE-12 cells. After HDM treatment, supernatant cytokines from OGG-1 siRNA-transfected MLE-12 cells
were measured by ELISA compared to transfection control cells (Mann-Whitney test). Results are representative of three experiments and data are shown are means 4 standard error.

regulating neutrophilic and macrophage inflammation in the lung, in
turn suggesting a potential role for Th17-type cells in severe, steroid-
insensitive asthma, as well as chronic obstructive pulmonary disease
[51]. IL-22 is a member of the IL-10 cytokine family, which also plays
an important role in inflammatory responses; however, it is unclear
whether IL-22 is involved in asthma pathogenesis [52]. Our study dem-
onstrates that TNF-o, IFN-v, IL-2, IL-4, IL-6, IL-10, and IL-17 were all sig-
nificantly decreased in OGG-1 KO mice (P<0.01), suggesting that OGG-
1 broadly influences asthmatic inflammation. On the other hand, the
levels of IL-22 in OGG-1-deficient mice were not significantly changed,
suggesting that IL-22 may not be associated with allergic pathogenesis
in this model. It has been reported that under inflammatory conditions
OGG-1 activity is decreased in parallel with a significant increase in 8-
0x0G levels [53]. However, we found that OGG-1 repair activity and
expression levels were significantly increased in lung tissues in OVA-
challenged WT mice, indicating that airway allergic inflammation may
be different from other inflammatory conditions.

Binding of a cytokine to its receptor leads to the activation of
members of the JAK family of receptor-associated kinases. These ki-
nases subsequently activate STATs via tyrosine phosphorylation
[54]. In addition, activation of STAT6 may be critical in allergic inflam-
mation, as PARP1 was shown to affect ovalbumin-induced IL-5
expression through the STAT6 pathway [55]. However, DNA repair
proteins have not been previously linked to asthma. We found that
OVA-challenged OGG-1 KO mice exhibited lowered STAT6 expression

and phosphorylation, resulting in increased IL-4. Previous studies
have shown that STAT6 may stimulate the secretion of IL-4 and IL-
13, which aggravates inflammatory cell penetration, triggers airway
hyperresponsiveness, and eventually leads to airway remodeling
[56]. Studies also indicate that a tandem NF-kB/Rel binding motif is
required for the y3 evolutionarily conserved sequence responsive-
ness to IL-4, whereas a STAT6-binding site is also critical for up-
regulating IL-4. Thus, we speculate that STAT6 activation may affect
NF-kB, whose phosphorylation occurs predominantly in the epitheli-
um of conducting airway diseases [57]. Indeed, we found that de-
creased allergic airway inflammation is associated with decreased
NF-KB phosphorylation in lung tissues in 0GG-1 KO mice.

The balance between antioxidants and oxidants is critical to main-
taining normal physiological functions in the lung. Increases in
oxidants or decreases in antioxidants disrupt this balance. This is
the case in asthmatic airways owing to an excess accumulation of
ROS [58]. The resulting oxidative stress may also aggravate airway
inflammation and hyperreactivity in asthma [59]. In turn, accelerated
inflammation intensifies oxidation. In our study, OVA-challenged WT
mice exhibited increased TBARS levels, whereas OVA-challenged OGG-
1 KO mice displayed a significant decrease in TBARS levels. In addition,
we found that allergic airway inflammation enhanced OGG-1 repair
activity in OVA-challenged WT mice. These results demonstrated that
0OGG-1 deficiency down-regulates oxidative stress during allergic
inflammation. Lower oxidative stress might result from decreased
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inflammatory response in OGG-1 KO mice in response to OVA chal-
lenge. This is consistent with previous studies showing that OGG-1
may affect oxidative stress and ROS levels [45].

Oxidative stress is reportedly associated with allergic inflammatory
responses and exposure to environmental oxidants [60]. The pollen
NADPH oxidases, for example, rapidly increase ROS levels in the lung
epithelium [61]. Cell types involved in regulating oxidative stress
seem to be complex, as Bacsi et al. found that OGG-1 KO fibroblasts con-
sist of two subpopulations: low-ROS cells (~84%) and high-ROS cells
(164+5%) [45]. We also observed that HDM extracts induced a signifi-
cantincrease in ROS levels in MLE-12 cells in a dose-dependent manner.
To further define the role of OGG-1 in oxidative stress, we used an OGG-
1 siRNA strategy and assessed ROS production in cell culture. Down-
regulation of OGG-1 by siRNA decreased ROS levels in HDM-treated
MLE-12, confirming the largely identical effect in OGG-1 KO mice.
Furthermore, antioxidant pretreatment decreased ROS levels and low-
ered OGG-1 expression. In contrast to limited prior studies, which indi-
cate that antioxidant nutrients may have an impact on DNA repair levels
[62], our study directly dissected OGG-1 levels in relation to ROS levels
in allergen challenge. These results suggest that OGG-1 may influence
airway inflammation through the regulation of oxidative stress.

HDM extracts contain various proteins of known and unknown char-
acteristics, including Der p 1, Der p 2, and Der p 5. Der p 1 contains cys-
teine protease activity, which causes cytokine release, facilitates allergen
translocation across epithelial cell layers [63], and increases neutrophil
ROS levels [48]. A recent study reported that HDM induced proinflam-
matory cytokines IL-6 and IL-8 in a dose- and time-dependent manner
[64]. Our study demonstrated a similar cytokine profile, namely induc-
tion of IL-2, IL-4, and IL-17 in MLE-12 cells. However, HDM extracts
did not induce IFN-v. In addition, OGG-1 siRNA significantly inhibited

IL-2, IL-4, and IL-17, while enhancing IFN-y. It is worth noting that
there are differences in cytokine expression between the OVA and the
HDM models, as HDM extracts induce inflammation, largely as a result
of their protease activities [65]. Nevertheless, our HDM in vitro model
identified a potential regulatory role for OGG-1 in ROS levels because
antioxidants prevented the increase in ROS and OGG-1 levels after
HDM challenge. One important finding of this study is the link between
oxidative stress and OGG-1 in asthmatic conditions. Der p 1 promotes
activation of NF-<B by interfering with the function of its cytoplasmic
inhibitor IkBa [66]. Our study also showed that NF-<B was phosphory-
lated and translocated to the nucleus, which may up-regulate IL-4
cytokine. OGG-1 inhibition decreased phosphorylation and nuclear
translocation of NF-kB and expression of STAT6, which may down-
regulate IL-4. These results indicate that OGG-1 plays a critical role in
the development of allergen-induced inflammatory responses through
the regulation of cytokine levels. Consistent with our animal and in
vitro studies, we recently noticed that 0GG-1 was increased in airway
tissue from chronic asthmatic patients (data not shown), suggesting
that OGG-1 may be a true regulator in both asthmatic oxidation and in-
flammation. OGG-1 regulation of oxidation and cytokine production is
fascinating and warrants further assessment.

This study demonstrated for the first time that OGG-1 is involved
in regulating allergic inflammation. OGG-1 KO mice exhibited de-
creased allergic airway inflammatory response and oxidative stress.
This regulatory role is associated with down-regulation of cytokines
IL-4, IL-6, and IL-17. The reduction in airway allergic inflammation
also accompanies the regulation of STAT6 and NF-«xB in OVA-
challenged mice. Using an siRNA approach to knock down OGG-1,
we confirmed similar roles for OGG-1 in regulating cytokine release
and oxidative stress in cultured epithelial cells. Taken together, our
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results indicate that OGG-1-deficiency plays a negative regulatory
role in allergen-induced airway inflammatory response.
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