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Abstract

In the last decades, extensive research has uncovered functional roles and under-
lying mechanisms of DNA repair enzyme 8-oxoguanine DNA glycosylase
(OGG1) in the pathogenesis of inflammatory response in infection and other
diseases in the lung. OGGl excises 8-0x0-7,8-dihydroguanine (8-oxo-dG) lesion
on DNA that is often induced by generation of reactive oxygen species (ROS)
and has been linked to mutations, cancer development, and tissue damage. Most,
if not all, environmental toxic agents and mammalian cellular metabolites elicit
the generation of ROS, either directly, indirectly, or both, which is among the
first cellular responses. ROS in combination with other oxidative molecules/moi-
eties are recognized as a major factor for killing invading pathogens but mean-
while can cause tissue damage. ROS potentially modify proteins, lipids, and
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DNA due to the strong molecular reactivity. While oxidative stress causes
increased levels of all types of oxidatively modified DNA bases, accumulation of
8-0x0-dG in the DNA has been singled out to be a main culprit linking to various
inflammatory disease processes. Oxidatively damaged DNA bases such as 8-oxo-
dG are primarily repaired by the base excision repair (BER) mechanism, in
which OGG1, as the lesion recognition enzyme, plays a fundamental role in fix-
ing this DNA damage. In this chapter, we summarize the roles and potential
mechanistic analyses of OGGI1 in lung infection and other inflammatory
diseases.

4.1 Introduction

The lung is the vital organ in the body to supply oxygen and remove carbon dioxide
and is vulnerable to exogenous sources of oxidative stress because of the continu-
ous, direct exposure to the external environment (Vlahopoulos et al. 2018).
Pulmonary infection often has a consequence of inflammatory response in the lung
parenchyma including the terminal airway, alveolar cavity, and interstitial lung. A
variety of pathogens including bacteria, viruses, and fungi are the most common
causal agents in lung diseases (Stehle et al. 2018). Bacterial infection can lead to
serious lung injury by initiating oxidative damage and inflammatory responses to
activate a series of signaling pathways (Liu et al. 2018). Reactive oxygen species
(ROS) contain a spectrum of oxidative products that aerobic cells produce during
metabolism, including O2-, H,0,, HO,, -OH, and so on (Ewald 2018). A great deal
of research has uncovered that low concentrations of ROS can beneficially regulate
a number of signal transduction pathways in cells, while medium and high concen-
trations of ROS induce apoptosis and necrosis through cellular oxidative stress. The
two-way regulation of ROS is essential for maintaining the metabolic balance of
cells (Testa et al. 2018). Imbalance of ROS production will lead to tumorigenesis
and disease progression (Yuan et al. 2017). The occurrence of lung disease is closely
related to levels of ROS in vivo when exposed to environmental stimuli, such as
bacteria, chemicals, oxygens, etc. ROS accumulation in cells induces DNA oxida-
tive damage associated with lung diseases including pneumonia (Zhang et al. 2018).
Among the several ROS-induced DNA base lesions in the genome, 8-oxo-7,8-
dihydroguanine (8-0xo-dG) is one of the most abundant because guanine is
extremely susceptible to oxidative attack. DNA repair enzyme 8-oxoguanine DNA
glycosylase (OGG1) specifically repairs damaged DNA which arises when exposed
to ROS to prevent 8-oxo-dG accumulation and maintain cell genetic stability.
8-Ox0-dG has been linked to the pathogenesis of bacterial infection and other
inflammatory lung diseases (Ba et al. 2014). OGGI repairs damaged DNA mainly
by initiating DNA base excision repair (BER) pathway. First, OGG1, a DNA glyco-
sylase/AP lyase, hydrolyzes N-glycosyl sites to release 8-oxo as a free base, which
then cleaves the sugar phosphate backbone to form a depurination/depyrimidine
(AP) site. OGG1 would then recruit depurination/apyrimidine endonuclease 1
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(APE1) to remove the 3’-phosphate-a,f-unsaturated group and form a 3’-OH end.
DNA polymerase f carries the correct guanine insertion gap and recruits ligase 11/
XRCCI linkage. The cleaved 8-ox0-dG base is released into the cytoplasm and is
bound by OGGI to form OGG1-8-0x0G complex to activate GDP — GTP. These
actions may require a series of regulators involving multiple DNA repair enzymes
and signaling proteins within the cell (Wang et al. 2018). The expression of OGG1
is an important marker of lung infection and inflammatory processes resulted from
accumulation of ROS levels or other potential stress factors (Zhang et al. 2017).

The dual role of DNA repair enzyme OGGI] in innate immunity and lung dis-
eases allows rapid fixation of base damage caused by different types of bacteria and
external stimuli. Our recent research showed that Oggl~~ mice exhibit significantly
challenged inflammatory response including cell infiltration after challenge of oval-
bumin (OVA), a reagent that causes asthmatic pathology (Li et al. 2012). However,
Oggl~~ mice exhibited increased lung injury after infection with P. aeruginosa .
OGGT is of importance in repairing oxidative DNA damage and activating a range
of signaling pathways. In this section, we describe the roles and related mechanisms
of what we call the DNA Repair Protein OGG1 Response (DRPOR) to lung infec-
tion and inflammatory diseases.

4.2 DNA Repair Protein OGG1 Response to Lung Infection
4.2.1 0OGG1 Plays a Role in Bacterial Infection

4.2.1.1 Pseudomonas aeruginosa

A certain concentration of ROS induces apoptosis or necrosis through different sig-
nal transduction pathways, such as oxidative stress response. Oxidative stress
responses lead to DNA fragmentation, DNA site mutation, and double-strand dis-
tortion, while DNA repair mechanism plays critical roles in host defense against
oxidative stress resulting from various ruthless attacks. The opportunistic pathogen
P. aeruginosa causes host ROS release during infection by releasing quorum sens-
ing (QS) molecules and inducing pronounced DNA damage. As mitochondrial
DNA (mtDNA) is highly sensitive to ROS/RNS (reactive nitrogen species), oxida-
tive mtDNA was found to damage the lung and cause P. aeruginosa-induced acute
lung injury(Lee et al. 2017). The P. aeruginosa caused oxidative mtDNA damage
and then resulted in a feedback cycle of mtDNA damage and DNA damage-
associated molecular pattern (DAMP) formation that leads to consequences of acute
lung injury(Kuck et al. 2015). As OGGH is the indispensable DNA repair enzyme
and its expression and enzymatic activity was found to be strikingly changed in
lungs, Wu et al. demonstrated that the OGGT1 acetylation site mutation exacerbated
Cockayne syndrome group B (CSB) expression and found that deletion of OGG1
results in lung injury during P. aeruginosa infection. Coincidentally, Cheng and col-
leagues confirmed that deacetylase sirtuin 3 (Sirt3) could slow down the degrada-
tion of OGG1 to protect mtDNA damage under oxidative stress(Wu et al. 2011;
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Cheng et al. 2013). Thus, OGG1 likely plays a key role in response to P. aeruginosa
infection via acetylation-associated signaling.

4.2.1.2 Klebsiella pneumoniae

K. pneumoniae is one of the human iatrogenic bacteria and one of the fundamental
causes of pulmonary infections and sepsis. Huang et al. found that OGG1 overex-
erted lung cells to alleviate cytotoxicity during K. pneumoniae infection, suggesting
that OGGI affects DNA damage and repair through membrane lipid-mediated sig-
nal axis against K. pneumoniae. Mechanistically, infection-induced oxidation
causes DNA damage following ROS induction in lung cells through activation of
lipid rafts, which is from a totally new angle to explain how OGGl fixes DNA dam-
age through lipid raft-mediated pathways(Huang et al. 2013). Although more stud-
ies are required to further understand the role of OGGI in coordinating a concerted
regulation of immune response in K. pneumoniae lung infection, understanding of
lipid raft-associated pathways may provide better views of OGG1’s involvement in
host response to K. pneumoniae infection.

4.2.1.3 Other Bacteria

Staphylococcus aureus pneumonia is an acute pulmonary purulent inflammation
caused by S. aureus. S. aureus is highly toxic by producing hemolytic toxins, plasma
coagulase, and deoxyribonucleic acid catabolism enzyme and has a serious threat to
children’s lives. Bartz et al. (Bartz et al. 2011) are a major team in studying OGG1
and mtDNA repair during S. aureus infection. Although their studies are directed to
sepsis and tested tissue injury in the kidney and liver rather than the lung, the mech-
anism they found may reflect other organs including the lungs. In their studies,
mtDNA repair and mitochondrial biogenesis were evidenced by increased levels of
OGGl1, nuclear respiratory factor (NRF), and mitochondrial transcription factor A
expression (Bartz et al. 2011, 2014). NRF is well known to play key roles in regulat-
ing mitochondrial biogenesis, which is vital for ROS production during lung infec-
tion. Hence, the function of OGG1 may be important for host defense to control S.
aureus-induced oxidative damage.

Helicobacter pylori is also a gram-negative bacterium like P. aeruginosa, mainly
distributed in gastric mucosa tissues, and 67-80% of gastric ulcers and 95% duode-
nal ulcers are caused by H. pylori (Kate et al. 2013). Earlier, H. pylori was thought
to just exist in the stomach, but now studies have suggested that H. pylori also exists
in the mucosa of the respiratory tract(Deng et al. 2013), which may be involved in
some lung diseases including pulmonary tuberculosis and chronic bronchitis(Adriani
et al. 2014). Although there is no study reported in OGGI1 to H. pylori in the lung,
OGGl is constantly linked to repairing DNA under H. pylori infection in other
organs (Touati et al. 2006; Mathieu et al. 2006) (Izzotti et al. 2007). It is possible
that OGG1 plays a critical role in lung disease associated with H. pylori too. Finally,
it will be interesting to understand the involvement and mechanisms of OGG1’s
function during infection by Escherichia coli, Streptococcus pneumoniae,
Haemophilus influenzae, and Legionnaires’ disease, which are associated with lung
infections (Fig. 4.1).
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Fig. 4.1 OGGI] response P. aeruginosa and K. pneumoniae infection: P. aeruginosa infection
induces ROS and subsequent oxidative DNA damage, which activates OGG1 acetylation. The
acetylated OGGI reacts with uncanonical CSB or Sirt3 pathways and repairs DNA damage to
rescue host cells. In contrast, inhibition of OGG1 acetylation will result in cell death and lung
injury. K. pneumoniae-induced oxidation elicits DNA damage following ROS production by acti-
vation of lipid rafts. This process can cause serious oxidative DNA damage that can be repaired by
OGG]. The same mechanism is also implicated in other bacteria

4.2.2 0OGG1 Affects Viral Infection

DNA damage-induced signaling has been recognized as a key factor in viral infec-
tion. Bovine herpesvirus-1 (BoHV-1), a bovine-derived virus that causes severe
respiratory diseases and inflammation, can induce oxidative DNA damage and
exhaust the expression level of OGGI by activating the production of ROS. OGG1
can ameliorate DNA damage and inhibit viral replication to absorb the excessive
ROS (Zhu et al. 2018). The titer of the hepatitis C virus (HCV) is inversely related
to the expression of OGG1, as high viral burdens aggravate cellular DNA damage
levels but suppressed damage-related DNA repair gene expression. gPCR and
Western blotting showed that OGG1 levels were significantly upregulated in low
viral level (LVL) cells but downregulated in high viral level (HVL) cells (Piciocchi
etal. 2016). In patients with viral hepatitis, OGG1 polymorphism is associated with
oxidative DNA damage and disease progression and patient survival rate, suggest-
ing that OGGI plays an important role in the pathophysiology of HCV and hepatitis
B virus (HBV) infection (Jung et al. 2012). The proportion of HIV genes integrated
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into host cells is significantly reduced in murine cells with deletions of the gene
Oggl, indicating that the activity of the repair gene enzyme is mediated by BER
pathway of oxidative DNA damage, which is essential for HIV viral infection
(Yoder et al. 2011). Ground-glass hepatocytes (GGHs) are a sign of the late stage of
HBYV infection, expressing the pre-S 1 and pre-S 2, two mutant types of large HBV
surface antigens (HBsAg). The HBV carrying pre-S mutation aggravates the infec-
tious process by induction of cellular oxidative stress and DNA damage and the
expression of OGGI in hepatocellular carcinoma. These results indicate that ROS-
mediated DNA damage and OGG1-mediated repair are involved in the infection of
HBYV. Using SF91 lentiviral delivery, the overexpression of OGG1 ameliorates
hematopoietic cell damage situation by repairing TEPA-induced DNA damage
(Hsieh et al. 2004).

4.2.3 0GG1 Affects Fungus Infection

Fungal infections can also cause DNA damage similar to bacterial and viral infec-
tions. Proanthocyanidins can extenuate aflatoxin B1-induced oxidative DNA dam-
age and carcinogenesis by regulation of the expression of Ogg/ (Bakheet et al.
2016). OGGI has a different role in maintaining the genetic stability of endogenous
genes and coping with exogenous stress. OGG1 can protect genetic stability by
reducing the accumulation of endogenous mutagenic lesions. However, OGG1 can
incite toxicity and mutation when 4-nitroquinoline-1-oxide (4-NQO) treatment
induces a potent intracellular oxidative stress in a ccc2-deficient strain of S. cerevi-
siae (da Silva et al. 2015). Aflatoxin B1, a carcinogenic molecule in the process of
Aspergillus fungal infection, can accelerate cancer development by increasing base
excision repair activity and OGG1 levels in mouse lungs (Guindon-Kezis et al.
2014).

4.3 0GG1 Is Linked to Inflammatory Lung Diseases
4.3.1 0OGG1 Responses in Pulmonary Hyperoxia

Standard oxygen therapy functions as a supportive strategy for curing acute respira-
tory distress syndrome (ARDS) patients, which provides oxygen into the lungs to
maintain the normal function while exchanging carbon dioxide in the blood at pul-
monary alveoli (Ragaller and Richter 2010). Although there is no direct cure for
ARDS, supportive therapies by providing sufficient oxygen for the patient are criti-
cal measure to heal the lungs from the injury (Bulger et al. 2000). However, it
should be cautioned that hyperoxia is also toxic to the lung that receives oxygen
therapy (Kallet and Matthay 2013), which is a proverbial cause antecedent of injur-
ing alveolar epithelial cells (AECs) to developing lung disease (Li et al. 2018). The
activation of p21- and p53-mediated signaling pathway produces similar results to
those brought out by hyperoxia, resulting in extensive injury to AECs, especially
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type II AECs, and an elevated risk of jeopardizing the lungs’ functional integrity
(O’Reilly et al. 1998; McGrath-Morrow et al. 2011; Yee et al. 2011). The injury or
death of type Il AECs is a devastating event for the alveoli because the type II cell
is considered as the progenitor of alveolar epithelial cells, which may disrupt sur-
face tension at the air/liquid interface and prevent the collapse of alveoli (Whitsett
and Alenghat 2015). DNA damage derived from high concentrations of oxygen is
one of the hyperoxia-derived pathogenic factors that is responsible for AEC injury
in lung tissues by creating vast amounts of ROS, resulting in excessive inflamma-
tion (Ye et al. 2017). Fortunately, the damage done to DNA during hyperoxia can be
repaired by OGG1, preventing programmed death of lung epithelial cells (Dvrevik
et al. 2010). Overexpression of OGGI alleviates the toxic effect of hyperoxia-
derived injury in lung cells (Wu et al. 2002). Therefore, enhancing expression levels
of OGG1 functions represents a potential approach to defend the lung against
hyperoxia-induced lung injury.

OGGTH plays an important role in hyperoxia-induced inflammatory response. A
recent study showed that high concentrations of oxygen could result in excessive
proinflammatory cytokine, such as TNF-a, IL-6, and IFN-f, in Ogg/-deficient mice
(Ye et al. 2017). Although not immediately evident, autophagy also plays a role in
the regulation of inflammation associated with OGG1, along with a broad spectrum
of DNA repair proteins (Ye et al. 2017; Van Houten et al. 2016). In cardiomyopathy,
autophagy plays an important role in keeping a balance between ROS production
and loss of OGGI1(Ye et al. 2017; Ryter and Choi 2013). Moreover, pulmonary
hyperoxia also stimulates autophagy, but OGG1-mediated control of autophagy
results in reduced damage of lung tissues and inflammatory responses. The OGG1/
Atg7 axis inhibits NF-kB phosphorylation process that exhibited attenuated inflam-
matory cytokines such as TNF-a, IL-6, and IFN-f, demonstrating that OGG1 asso-
ciates with autophagy to regulate inflammatory responses to pulmonary hyperoxia.
Taken together, in pulmonary hyperoxia, OGG1 is associated with autophagic path-
way to repress the production of inflammatory cytokines, which alleviates hyperoxia-
induced lung tissue injury (Ye et al. 2017). These findings imply that OGG1 plays a
significant role in innate immunity against hyperoxia as well as novel targets for
clinical therapy.

4.3.2 0GG1 Mediates Pulmonary Fibrosis

Pulmonary fibrosis is a chronic and progressive respiratory disease, in which a scar
is formed in distal lung interstitial tissue over time (Richeldi et al. 2017). The scar
tissue is formed by excessive extracellular matrix collagen deposition following the
injury of overlying epithelium and activation of local myofibroblasts (Darby et al.
2014). The scarring and consequent stiffening of the lungs make breathing difficult
and cannot afford for sufficient oxygen supply to the blood. Asbestosis is one of the
widespread pulmonary fibroses that is caused by asbestos exposure (Walters et al.
2018). Thus far, asbestos-related pulmonary fibrosis remains a common public
health issue around the world. The injured AECs are associated with pulmonary
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fibrosis induced by asbestosis (Cheresh et al. 2015). Asbestos-associated AEC
injury and inflammatory cells lead to ROS production to promote disease occur-
rence (Cheresh et al. 2015). In this process, mtDNA is more sensitive to crocidolite
asbestos-induced DNA damage leading to the production of iron-derived free mito-
chondrial ROS and apoptosis (Kim et al. 2015). Moreover, the AEC-mediated apop-
tosis plays an important role in pulmonary fibrosis (Kim et al. 2015; Malsin and
Kamp 2018). In addition, oxidative stress caused by asbestos exposure induces
mitochondrial dysfunction by affecting mitochondrial ROS-mediated mtDNA dam-
age, p53 activation, apoptosis, and inflammatory signaling (Shetty et al. 2017). It
demonstrates that oxidative stress in asbestos fibrosis plays an important role for
AEC-mediated mtDNA damage to promote the development of pulmonary
fibrosis.

OGGT is primarily responsible for mtDNA damage repair that facilitates ensur-
ing of long-term cell survival, indicating that OGG1 as a bifunctional base excision
repair protein shows importance for asbestos-induced pulmonary fibrosis (Cheresh
et al. 2015). OGG1 mutant shows exacerbated lung fibrosis scores compared to WT
mice. Moreover, ineffective base excision repair pathway results in increased
mtDNA, and asbestos-induced AEC injury is strongly associated with apoptosis via
p53 activation (Kim et al. 2015; Panduri et al. 2009, 2003, 2006). Furthermore,
OGGT deficiency augments caspase-3 activation in lung AEC cells to aggravate the
pulmonary fibrosis (Cheresh et al. 2015). In addition, asbestos also induces an
increased endoplasmic reticulum (ER) stress response in Oggl~'~ mice. Taken
together, OGG1-mediated prevention of asbestos-induced AEC mtDNA damage
and apoptosis is through p53 pathway to protect cell integrity and alleviate the
extent of pulmonary fibrosis (Liu et al. 2013). This demonstrates that lung AEC
integrity maintained by OGG1 plays an important role in pulmonary fibrosis dis-
ease, which represents a novel and useful therapeutic approach.

4.3.3 0GG1 Controls Allergic Airway Inflammatory Diseases

Asthma is a complex, chronic inflammatory lung disease and is thought to be heav-
ily influenced by genetics as well as epigenetic changes induced by environmental
factors (Ho 2010; Lambrecht and Hammad 2012). The genetics, development,
immunopathogenesis, and ventilator/gas exchange impairment associated with the
disease are dictated by multiple inflammatory mediators in addition to the oxidative
stress induced by ROS (Zuo et al. 2013).

Environmental agents, acting individually or in combination, mainly affect air-
way epithelium and immune cells through increasing the generation of ROS levels,
leading to the beginning and worsening of asthma (Birben et al. 2012). ROS genera-
tion significantly enhances genomic 8-oxo-dG levels that are connected with OGG1
protein. Moreover, OGG1-initiated repair of damaged DNA is an indispensable for
neutrophil accumulation that is implicated in deregulation of the immune system
and fundamental to histopathological changes in allergic airway inflammatory dis-
ease (Bacsi et al. 2013; Ba et al. 2015). OGGl-dependent KRAS activation
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participates in the recruitment of airway allergic inflammatory cells and releases
chemokine/cytokine Cxcll, TNF-a, Ccl20, Ccl3, IL-la, and IL-1p (Aguilera-
Aguirre et al. 2014). In addition, OGG1-driven MAPK, PI3K, and MSKI1 pathways
on NF-kB/RelA activation could also be linked to airway allergic inflammatory
disease. It activates IkB phosphorylation that becomes a target for ubiquitination
and proteasome-mediated degradation leading to liberation of NF-kB/RelA activa-
tion. Moreover, OGG1 deficiency also modifies allergic airway inflammation by
alleviating the expression and phosphorylation of STAT6 and IL-4, IL-5, IL-6,
IL-10, IL-13, and IL-7 but increasing IFN-y production in the lung tissue (Li et al.
2012). Taken together, OGG1 plays an important role in the regulation of allergic
immune response via generating different endogenous signals for inflammation.

4.3.4 0GGT1 Response Is Related to Other Diseases

OGGl is etiologically linked with several other inflammatory diseases, including
Alzheimer’s disease, atherosclerosis, metabolic syndrome, rheumatoid arthritis,
cancer, or diabetes. In the atherosclerosis disease, OGG1-mediated BER represses
NLRP3 (NLR family pyrin domain containing 3) inflammasome activation and
decreased apoptosis resulting in less IL-1p and IL-18 secretion to prevent the dis-
ease progression of atherosclerosis (Tumurkhuu et al. 2016; Bennett et al. 2018). It
shows that OGG1 functions as a protective effector on atherosclerosis by restricting
excessive inflammasome activation (Baldrighi et al. 2017). Alteration of OGG1-
BER is an event preceding Alzheimer’s disease so that the level of OGGI1 as a
potential diagnostic biomarker contributes to neuronal cell death in dementia
(Sanyal 2007). On the other hand, single nucleotide polymorphism (SNP) of Ogg/
gene associated with the control of the level of oxidative DNA damage has a notable
role on the development of rheumatoid arthritis (Yosunkaya et al. 2012), cancer
(Moghaddam et al. 2016), and Alzheimer’s disease (Kwiatkowski et al. 2016). For
example, increased rheumatoid arthritis risk is linked to Ogg/ C285T and A5954G
polymorphisms. Moreover, OGG1 is associated with low rates of obesity and
Syndrome X (metabolic syndrome), due to its role in monitoring energy and fat bal-
ance, especially the alteration of lipid and mitochondrial metabolism (Vartanian
et al. 2017). Lastly, in the type II diabetes disease, OGG1 is involved in AMPK-
mediated NRF2 signals, which diminishes renal cell destruction by minimizing oxi-
dative DNA damage (Habib et al. 2016). Overall, it is clear that the novel discovery
of OGGI1-mediated DNA repair has broad implications for the determination of
multiple human disease mechanisms.

4.4  Conclusion and Perspective

Genomic instability is a hallmark of disease that increases due to the alteration of
DNA damage response. OGGl1 localizes in both nucleus and mitochondria and has
been investigated for its role in DNA repair in many pathways modulating
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pulmonary infection and other inflammatory responses. We highlighted OGG1-
mediated DNA repair mechanisms that impact ROS production, DNA damage, p21/
p53 activation, apoptosis, and autophagy. These researches provide insights into the
molecular basis of OGG1-associated signaling in bacterial infection and inflamma-
tion, which may foster the development of novel therapeutic strategies for infection,
degenerative disease, tumors, and aging. The OGG1/pulmonary disease paradigm
will shed light into the molecular basis underlying diseases in other organs, such as
the liver, heart, and kidney, which will provide an improved understanding of the
pathogenesis of many common diseases, for which effective treatment regiments
are urgently required. Furthermore, we may witness a flux of novel discoveries in
elaborating basic principles of how OGGI1 regulates inflammatory response and
other cell signalings, such as the molecular binding partners, transcriptional control,
promoter activation, and structural alterations in various disease conditions.
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