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Abstract

Cytokines are pivotal mediators of the immune response, and their coordinated expression protects
host tissue from excessive damage and oxidant stress. Nevertheless, the development of lung
pathology, including asthma, chronic obstructive pulmonary disease, and ozone-induced lung
injury, is associated with oxidant stress; as evidence, there is a significant increase in levels of the
modified guanine base 7,8-dihydro-8-oxoguanine (8-0xoG) in the genome. 8-OxoG is primarily
recognized by 8-oxoguanine glycosylase 1 (OGG1), which catalyzes the first step in the DNA base
excision repair pathway. However, oxidant stress in the cell transiently halts enzymatic activity of
substrate-bound OGGL. The stalled OGG1 facilitates DNA binding of transactivators, including
NF-xB, to their cognate sites to enable expression of cytokines and chemokines, with ensuing
recruitments of inflammatory cells. Hence, defective OGG1 will modulate the coordination
between innate and adaptive immunity through excessive oxidant stress and cytokine
dysregulation. Both oxidant stress and cytokine dysregulation constitute key elements of
oncogenesis by KRAS, which is mechanistically coupled to OGGL. Thus, analysis of the
mechanism by which OGG1 modulates gene expression helps discern between beneficial and
detrimental effects of oxidant stress, exposes a missing functional link as a marker, and yields a
novel target for lung cancer.
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1. Introduction

New molecular targeted therapies and an improvement in molecular diagnostics have
marked the progress in lung cancer treatment (Hiley et al., 2016; Lee, 2017; Wagar &
Morgensztern, 2017). Nevertheless an effective framework is still needed for the use of new
targeted therapies, especially those that address interaction between tumors and the immune
system (Hirsch et al., 2017). At the same time, in spite of intensified use of next-generation
sequencing and improved selection of test samples, identification of druggable genomic
alterations is reaching a plateau (Li et al., 2017; Alegre et al., 2016). However, in the non-
coding genome, a vast genetic and epigenetic landscape exists, which encompasses
functions that include chromatin remodeling and coordination of the expression of genes
that affect the composition and function of the tissue microenvironment (Pan et al., 2016,
Pan, Zhu et al., 2016; Vlahopoulos et al., 2015).

The lung is an organ that provides a dynamic interface with the environment, and lung
inflammation is coupled to restoration of tissue barrier integrity under the coordinating
function of cytokines, with the most notable example being the protein tumor necrosis factor
alpha (TNFa) (Damjanovic et al., 2011; Quinn et al., 2017). TNFa is a pluripotent
inflammatory cytokine that elicits diverse effects on cells, including generation of reactive
oxygen species (ROS), mediation of innate immune response (IIR) and activation of both
oncogenes, and tumor suppressors (S. Vlahopoulos, Boldogh, Casola, & Brasier, 1999;
Wang et al., 2014; Balkwill & Joffroy, 2010). TNFa and TNFa-induced ROS activate many
signaling mediators, including the protein complex Nuclear Factor-kappa B (NF-xB) to
induce expression of genes that encode cytokines, chemokines, adhesion molecules, and
matrix-degrading enzymes, implicated in metastasis (Acharyya et al., 2012; Kim et al.,
2017).

Dysregulation of ROS generation is an essential factor in cancer development driven by the
oncogene Kirsten (K)-RAS (Jinesh, Sambandam, Vijayaraghavan, Balaji, & Mukherjee,
2017; Park et al., 2014). Nevertheless, a mutant, recombinant version of TNFa has shown
measurable therapeutic impact as a prospective biological agent during treatment of lung
cancer patients (X. Ma et al., 2015). This suggests that at least one part of the TNFa-
induced signal pathways elicits antineoplastic activity, while another part of the pathway has
the opposite effect. Hence, intervention in mechanisms that are involved in both cancer
progression and inflammation will require further molecular analysis, to consolidate their
translational and clinical application. To this end, rapid TNF-induced expression of several
inflammatory genes requires docking of the enzyme 8-oxoguanine glycosylase 1 (OGG1).
This enzyme has been linked to lung tissue homeostasis and cancer through epidemiological
studies, and through the analysis of cellular and animal models that we discuss here. These
studies are a step toward differentiating between beneficial and detrimental pathways
elicited by ROS in lung cancer progression.
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2. Dysregulation of NF-xB target genes is linked to the immunopathology
of non-small cell lung cancer

ROS have multiple effects on gene regulation (Kietzmann, Petry, Shvetsova, Gerhold, &
Gorlach, 2017). The main ROS function on inflammatory gene expression is via the
induction of the NF-xB-dependent network. NF-xB is heterodimer of Rel-family proteins
that in non-transformed and transformed cells under homeostatic conditions is tethered in
the cytoplasm by association with inhibitory kappa B (IxB) proteins. The 1xB proteins
thereby act as direct inhibitors (Brasier, 2006).

The “canonical” NFxB pathway is initiated by either activated cell surface receptors,
including TNF superfamily receptors, or the cytoplasmic pattern recognition receptor RIG-I
(retinoic acid-inducible gene 1), which activate IKK, the rate-limiting enzyme complex that
phosphorylates ixBa to induce its degradation. RIG-I can also activate NF-xB via a
“noncanonical” signal pathway in an IKK-y-independent manner that converges on the NF-
xB inducing kinase (NIK)-1IKKa complex. The latter initiates NFxB2/p100 processing to
release sequestered RelB/p52 and RelA complexes from a cytoplasmic NFxB2/p100
precursor (Liu, Li, Garofalo, & Brasier, 2008). Combined computational and biochemical
studies indicate that the extent of NF-xB-responsive expression of Nfkbia, which encodes
IxBa, inversely correlates with cross-talk between canonical and noncanonical NF-xB
pathways. The Nfkbia promoter shows enhanced responsiveness to NF-xB activation in
macrophages compared to that in fibroblasts (Chatterjee et al., 2016). Thereby, the insulation
of canonical and noncanonical NF-xB pathways by IxBa limits the deleterious effects of
prolonged macrophage-mediated inflammation.

During NF-xB activation 1xBa is released from cytoplasmic stores, and ROS induce
phosphorylation of RelA at Ser276. This phosphorylation is performed by the enzyme
MSK-1 in the nucleus, (Jamaluddin, Tian, Boldogh, Garofalo, & Brasier, 2009) or by a
cytoplasmic IKK-associated catalytic subunit of protein kinase A (Christian, Smith, &
Carmody, 2016; Jamaluddin, Wang, Boldogh, Tian, & Brasier, 2007). Phosphorylation at
Ser276 causes RelA acetylation by CREB-binding protein (CBP)/p300 at Lys-310. This
causes RelA association with the positive transcriptional elongation factor (PTEF-b), the
epigenetic reader (and histone acetyltransferase) bromodomain 4 (BRD4), and cyclin-
dependent kinase (CDK?9) (Brasier et al., 2011; Nowak et al., 2008; Tian et al., 2013. BRD4
with CDK9 increase transcriptional elongation of paused RNA polymerase Il to activate
expression of specific gene cohorts that include genes encoding chemokines. The NF-xB-
CDK9-BRD4 complex thereby induces expression of cohorts of “immediate early genes” for
IR, including /L-8 (interleukin-8, or CXCLS8) and GroB (CXCL2), encoding chemokines,
which are cytokines involved in leukocyte chemotaxis and activation (Brasier et al., 2011;
Nowak et al., 2008; Tian et al., 2013). Therefore pattern recognition receptors use ROS-
induced signal pathways that cause NF-xB phosphorylation to trigger IIR.

The most notable failure of the immune response is tumor recurrence, as this is exactly a
phenomenon that the immune system is aimed to prevent. With respect to lung cancer
recurrence, the chemokine CXCL1 has shown significant association with recurrence after
surgical removal of non-small-cell lung carcinoma (NSCLC) (Spaks, 2017). The patients
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that relapsed had a substantially higher (>10-fold) concentration of CXCL1 in peripheral
and tumor draining blood samples, compared with those patients that did not relapse. The
concentration of CXCL1 is critical for recruitment of Tregs in NSCLC (P < .01), which is
inversely correlated with patient survival (P< .001) (Lv et al., 2014). In the lung, natural
killer cells (NK), a key component of T-helper type 1 (Th1) inflammation, release CXCL1
(Hoegl et al., 2017). In turn, CXCL1 induces chemotaxis of Treg cells into the malignant
pleural effusion, which allows the tumor to escape the immune response (Lv et al., 2014).
This could lead to the surprising association of Thl cell accumulations in the lung tissue
with negative prognosis. Indeed, high titer of tissue-infiltrating Th1 cells is associated with
poor prognosis in NSCLC, whereby the malignant tumor is protected from the immune
system. This paradox is explained by the increased frequency of Th2 cells in the tumor nest,
which is followed by Th17 cells at the tumor boundary, and Th1 cells in the rest of the tissue
(Huang, Shen, Huang, Ling, & Zhang, 2017).

Thus, a transition between Thl, Th17, and Th2 cells toward the tumor nest is associated with
a poor prognosis. Indeed, evidence is mounting that aberrant regulation between Thl and
Th17 is critical in NSCLC, and this defect is particularly evident in aberrant expression of
the cytokine IL-17 that contributes to a poor disease prognosis (Joerger, Finn, Cuffe, Byrne,
& Gray, 2016; Xu, Yu, Zhan, & Zhang, 2014; Zhang, Han, Fang, & Ma, 2012). In adipose-
derived stem cells, 1L-17 activates the transcription factor signal transducer and activator of
transcription (STAT1), which enhances expression of the NF-xB target gene that encodes
cytokine IL-6. In turn IL-6 stimulates neighboring lung cancer cells to activate kinase JAK2,
which phosphorylates and activates transcription factor STAT3, and thereby generates a
paracrine circuit of cytokine activity that shapes the local tissue microenvironment (Guo, Jin,
& Chen, 2014; Lu et al., 2016). As a result, both STAT1 and STAT3 are active in different
cell types within the same tumor microenvironment. In this example adipose-derived stem
cells activate STAT1 and lung cancer cells STAT3. These types of molecular interactions can
generate a tissue niche suitable for growth of KRAS mutant lung cancer cells, where T-cell
mediated antitumor immunity is suppressed (Akbay et al., 2017; Caetano et al., 2016).

In regard to the Th1 and Th2 cytokines, early-stage NSCLC is characterized by a lower
concentration of TNFa (Decotiis et al., 2016). In general, however, circulating
concentrations of interleukin (IL)-1L23, IL-17A, IL-17F, IL-22, and TNFa were found to be
significantly higher in the patients with NSCLC compared with the healthy controls (P< .
05). Furthermore, higher TNFa,, IL-23, IL-17A, IL-17F, and IL-22 are found in stages I-111A
of NSCLC, compared to stages I11B-1V (Liao et al., 2015). Namely in later stages of the
disease, Th17-type cells are gradually replaced by immunosuppressive Treg cells that secrete
TGFB1 and IL-10 (Duan et al., 2015). Chemotaxis of Tregs to the tumor nest can be
explained by their expression of IL8-receptors (Eikawa et al., 2010).

Which succession of events leads to the gradual change in the types of host cells that protect
the tumor? The cytokine environment might play a key role in the differentiation of Th17
and Treg cells in NSCLC. TGF recruits and polarizes M2 macrophages, increases
expression of MMPs, and contributes to Th17 differentiation and the release of IL-17,
subsequently facilitating recruitment of IL17RA and IL17RC expressing macrophages in
lung cancer (Szebeni, Vizler, Kitajka, & Puskas, 2017). IL-17 is a negative prognostic factor
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for overall survival in NSCLC (Zeng et al., 2015; Wang et al., 2017). Within a given study
cohort, in addition to IL-17, circulating IL-6 is also a negative prognostic factor for NSCLC
(Silva et al., 2017). Analysis of bronchoalveolar lavage fluid gives a significant correlation
between the proportions of Tregs with IL-17A concentration (Kwiecien, Stelmaszczyk-
Emmel, Polubiec-Kownacka, Dziedzic, & Domagala-Kulawik, 2017).

Moreover, circulating Th17 cells and Treg cells were increased in samples derived from
patients with NSCLC, albeit with a negative correlation between Treg cells and Th17 cells.
This supports a concept of gradual replacement of Th17 with Treg. Furthermore, in patients
with NSCLC, the frequency of Th17 cells positively correlated with IL-1p, IL-6 and IL-23
and the frequency of Treg cells positively correlated with TGFp1 and I1L-10. Marking
systemic disease, the Th17/Treg ratio was significantly higher in patients with NSCLC than
in healthy controls. As proof of principle, in patients with NSCLC the Th17/Treg ratio
positively correlated with the carcinoembryonic antigen (CEA) concentration, a protein that
is normally present only at very low levels in body fluids (Duan et al., 2015).

Thus, these changes in cytokine expression and cell types indicate that NSCLC is
characterized by a defect in the network that links innate and adaptive immunity. This defect
leads to the formation of an immunosuppressive microenvironment that enables cancer
progression and facilitates the development of characteristic pathological sequelae linked to
deregulation of inflammatory genes.

In a mouse model of chronic obstructive pulmonary disease (COPD), chronic NF-xB
activation generates an immunosuppressive microenvironment in the lungs that leads to lung
adenomas (Zaynagetdinov et al., 2016). Sustained activation of the NF-xB pathway links
COPD to lung cancer through generation and maintenance of an inflammatory environment
consisting of alternatively activated macrophages and regulatory T cells. A tetracycline-
inducible transgenic mouse model that conditionally expresses IKKp in the airway
epithelium led to sustained NF-xB activity, chronic inflammation, emphysema, and later to
lung adenomas. During lung inflammation there was evidence for a substantial increase in
M2-polarized macrophages and CD4+/CD25+/FoxP3+ Tregs. Depletion of alveolar
macrophages in these mice reduced Tregs, increased lung CD8+ lymphocytes, and reduced
tumor numbers following treatment with the carcinogen urethane. Alveolar macrophages
supported increased generation of inducible Foxp3+ Tregs ex vivo through expression of
TGFp and IL-10. Targeting of TGFP and IL-10 reduced the ability of alveolar macrophages
to induce Foxp3expression on T cells in these mice (Zaynagetdinov et al., 2016).

In human epidemiology, development of COPD increases circulating TNFa (Gan, Man,
Senthilselvan, & Sin, 2004; Shahriary, Panahi, Shirali, & Rahmani, 2017). In comparison
with COPD, cancer development in the case of NSCLC is associated with a decline in levels
of the cytokines that favor the immune response. This is supported by the observation that
the interferon-y/IL-10 ratio was lower in cancer patients as compared to COPD patients,
consistent with a cytokine milieu favouring tumor tolerance, while circulating TNFa
remained increased (Eide et al., 2016).
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3. Molecular drivers of inflammation-induced signaling in lung cancer

Inflammation-induced signaling has been recognized as a key factor in lung carcinogenesis,
especially in cancers driven by the proto-oncogene KRAS (Akbay et al., 2017; Kitajima,
Thummalapalli, & Barbie, 2016). At the molecular level, transcription factor NF-xB is a
core component of K-Ras driven carcinogenesis (Kim et al., 2016). In neoplastic tissue NF-
xB and its activator TRAF6 are pivotal mediators of malignant cell growth and RAS-
induced carcinogenesis (Finco et al., 1997; He, Huang, Lin, & Ye, 2016; Starczynowski et
al., 2011). At the cellular level, both upstream kinases IKKa and IKK contribute to the
development of oncogenic properties of lung cells with mutant KRAS (Basséres, Ebbs,
Cogswell, & Baldwin, 2014). In cells from lung tumors containing mutated KRAS, nuclei
stained positive for RelA (Tang et al., 2006). RelA is implicated in tumor-stroma interactions
and correlates strongly with the severity of tumor infiltration by inflammatory cells in
NSCLC patients (Giopanou et al., 2015). This could explain the finding that RelA
suppresses antitumor immunity in the mouse during Ras-induced oncogenesis (Wang,
Ratnam, Byrd, & Guttridge, 2014).

Studies suggest that inflammation, and in particular the IR, drives KRAS mutant lung
cancer and has extensive impact on transformed cells (Gong et al., 2016). In the lung cancer
cell line A 549, lysine residue 310 acetylation of RelA is essential for stability of nuclear
RelA, interaction with BRD4, TNF-a-mediated NF-xB activation, NF-xB-dependent target
gene expression, proliferation and transformation potential. Consequently, inhibition of
BRD4 suppresses tumorigenicity of A549 cells in mice with severe combined
immunodeficiency (Zou et al., 2014). NF-xB and BRD4 have specific gene targets that
enable metastasis, including matrix met alloproteinases (MMPs) (Xiao et al., 2016). NSCLC
shows increased potential for metastasis in proportion to the expression of MMPs. MMP-9,
also known as type IV collagenase, is involved in the degradation of the main constituents of
the extracellular matrix and basement membrane. MMP-9 increases NSCLC invasiveness
that facilitates metastasis (Cai et al., 2015; Gallelli et al., 2014). An effective response of
NSCLC to chemotherapy is associated with a decrease in serum concentration of MMP-9
(Qiao et al., 2016). It is important to note that through MMP-9 the lung can also be
transformed into a metastatic site for cancers originating in other organs (Hiratsuka et al.,
2002). Metastasis to the lung is especially prevalent in childhood lung cancer, which is 5:1
more metastatic than primary (Dishop & Kuruvilla, 2008).

Therefore inflammation qualifies as a lung cancer promoter, based not only on
epidemiological data, but also based on in vitro and in vivo study models. Specifically in
cancer, the feedback coordination between mechanisms that promote inflammation and the
checkpoints that limit tissue damage from inflammation is defective (Vlahopoulos et al.,
2015). This dysregulation of inflammatory mediators affects a number of cell types. In lung
cancer, aberrant induction of paracrine circuits that link cancer cells to their proximal
untransformed cells, including stem cells, mesenchymal cells, and cells of the myeloid/
monocyte/macrophage lineage, causes continuous high expression of abnormal clusters of
cytokine combinations (Guo et al., 2014; Lu et al., 2016). Sera from lung cancer patients can
contain high concentrations of both inflammatory and anti-inflammatory cytokines. This
abnormal combination impedes the function of dendritic cells that are essential in the
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immune response against the tumor, thus generating an immunosuppressive
microenvironment (Li, Fang, et al., 2017). High concentrations of abnormal cytokine
clusters are a type of variable that can be measured clinically when the effect is systemic.

In fact, combined differences in the abundance of specific inflammatory cytokines and other
types of signaling mediators can distinguish between benign healthy controls, benign
pulmonary disease and early stages of lung cancer with variable success. Data resulting from
relevant studies range from no association to a statistically significant link to cancer and its
prognosis (Liu et al., 2016; Pan, Zhou, et al., 2016). The primary reason for this variability
in the success of inflammatory biomarkers in lung cancer is the fact that, while inflammation
requires a complex interaction between organs and the immune system, cancer develops
abnormal paracrine interference between different cell types, where diverse cytokines can
have redundant effects on cancer cells.

In particular, in K-Ras-driven lung cancer, there is mounting evidence of abnormal feedback
loops between signaling pathways of transcription factors STAT3 and NF-xB (Kitajima et
al., 2016). This is very important, as KRAS mutations although common for many years
were considered undruggable, but renewed hope has been given by analysis of the signaling
mechanism (Kilgoz, Bender, Scandura, Viale, & Taneri, 2016). Aberrant feedback between
NF-xB and STAT3 is a key factor that transforms a tissue niche into a microenvironment
which mobilizes stromal cells to foster cancer cells (VIahopoulos et al., 2015). RelA Ser 276
phosphorylation drives expression of both the STATZ and STAT3genes (Martincuks et al.,
2017). Their protein products, STAT1 and STAT3 are highly activated by tyrosine
phosphorylation during severe COPD (Yew-Booth et al., 2015). Independently from
activating KRAS mutations, in cancer cells STAT1 and STAT3 have the capacity to increase
expression of antiapoptotic genes (Radhakrishnan et al., 2017). Antiapoptotic genes have an
important function, as they protect cancer cells from K-Ras-induced cell death (Tran et al.,
2011). Furthermore, STAT1 and STAT3 drive expression of checkpoint molecules that block
T-cell antitumor response, such as programmed death ligand 1 (PD-L1) (Chen, Jiang, Jin, &
Zhang, 2016; Concha-Benavente et al., 2016; Fujita et al., 2015; Wang et al., 2017; Xiong,
Ma, Wu, Lin, & Tu, 2014). In NSCLC, mutant EGFR activates NF-xB to induce expression
of PD-L1, to elicit cancer resistance to checkpoint inhibitor drug treatment (Lin, Cheng,
Yang, Li, & Zhu, 2015; Remon & Besse, 2016). As a result, lung cancers with KRAS or
EGFR mutations can express high levels of PD-L1 (Sumimoto, Takano, Teramoto, & Daigo,
2016). PD-L1 expression is one of the most frequent immune system checkpoint aberrations
in cancer, and constitutes a major block in T-cell mediated antitumor immunity. Even
chimeric antigen receptor-directed T-cell (CART) activity is improved by blocking the PD-1
response of the T-cells (Liu et al., 2016; Nuovo, Folcik, & Magro, 2017).

On the other hand, the lung cancer cell microenvironment produces factors that protect the
tumor from the immune system. Cancer cells recruit, through their secretions, macrophages
that are later polarized into an M2-like phenotype (Li et al., 2016; Spaks, 2017). In the lung,
M2-polarized macrophages induce proliferation and increase autophagy in blood vessel
endothelial cells, causing enhanced vascular permeability and abnormal angiogenesis (L. et
al., 2016). The M2 phenotype also produces mediators that promote immunosuppression,
metastasis and angiogenesis, such as transforming growth factor beta (TGF) vascular
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endothelial growth factor (VEGF) and prostaglandin E2, which support lung carcinogenesis
(Nguyen, Berim, & Agrawal, 2014). ROS produced by cancer cells and tumor-infiltrating
leukocytes, including myeloid-derived suppressor cells, tumor-associated macrophages, and
Tregs, suppress the immune responses (Chen, Song, Zhang, & Zhang, 2016). In lung cancer,
even inflammatory macrophages of the M1 phenotype show decreased antitumor capacity,
which can be explained by impaired interactions with other cell types, especially T-cells
(Schoenhals et al., 2017; Vlahopoulos, 2017). While low levels of ROS activate T cells and
anti-CD3 induced phosphorylation of extracellular signal-regulated ERK pathway, high ROS
levels reduce T cell immune responses by inhibiting recognition between T cell receptor
(TCR) and the MHC-peptide complex (Devadas, Zaritskaya, Rhee, Oberley, & Williams,
2002; Liu, Wei, Guo, & Zhou, 2015).

Inside the cell, ROS increase formation of reversible disulfide bonds between cysteine
residues, a mechanism that inactivates important protein phosphatases (Bonham & Vacratsis,
2009). These phosphatases inactivate mitogen-activated protein (MAP) kinases that have
essential roles in cell proliferation and expression of cytokine genes. As an example protein
phosphatase MKP-1 dephosphorylates and inactivates stress-activated protein kinases p38
and JNK (Moosavi, Prabhala, & Ammit, 2017). Therefore, ROS normally enable the
transient, reversible activation of MAP kinases, which allows the cell to return to kinase
basal activity within a given time frame after stimulation (Irani, Herzlinger, & Finkel, 1994;
Sundaresan, Yu, Ferrans, Irani,& Finkel, 1995). Notably, excessively high activity of p38 has
been noted in asthma and COPD (Barnes, 2016). In vitro, mutant, constitutively active K-
Ras protein has the capacity to activate p38 and ROS persistently, and cause cell
transformation (Floyd et al., 2005; Park et al., 2014; Simanshu, Nissley, & McCormick,
2017). Evidently in cancer the response of cells to inflammatory stimuli and ROS is not
identical to normal cells. Therefore, the difference among asthma, COPD and lung cancer
can most likely be traced in the altered regulation of gene expression.

To bring all of the above in perspective, it can be summarized that in cancer, the extent and
duration of cytokine expression determines the impact of both innate and adaptive immunity
on tissue function and tumor persistence (Manning & Nemunaitis, 2017; VVlahopoulos et al.,
2015 . The impact of inflammation is more pervasive in lung cancer due to the physiological
function of the cell lineages that are involved in carcinogenesis. A pivotal difference
between cancer-infiltrated tissue and the rest of the host, is that cancer cells express
abnormal combinations of cytokines and their cognate receptors, leading to disruption of
tissue structure and function (Akbay et al., 2017; Liu et al., 2016; Vlahopoulos, 2017,
Vlahopoulos et al., 2015).

4. OGG1 mediates key ROS effects in lung inflammation: critical impact

on NF-xB

Increased generation of ROS leads to oxidant stress, causing several types of modification
on the DNA. Most notable is the oxidation of guanine base into the modified base 7,8-
dihydro-8-oxoguanine (8-0xoG) due to guanine’s lowest redox potential among the four
nucleobases (Dizdaroglu, 1985; Steenken & Jovanovic, 1997). Genomic 8-0x0G is primarily
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recognized by OGG1, which proceeds with two types of function. The first function acts on
the regulatory regions of expressed genes, and facilitates transcription factor binding (Ba et
al., 2014; Pan et al., 2017). The second OGG1 function initiates the DNA base excision
repair pathway (BER), via its glycosylase and apurinic (AP) lyase activity, which generates a
single-strand nick 3" to the AP site via a beta elimination reaction mechanism (Mitra et al.,
2002). Research has shown that AP-sites are processed by apurinic/apyrimidinic
endonuclease 1 (APEL) to form polymerase-ready 3’OH residues. Gap filling can involve 1-
nucleotide incorporation by DNA polymerase § (PolB) in the short-patch repair sub-
pathway or the displacement synthesis of 2—-8 nucleotides by either Polp or replicative DNA
polymerase & in the long-patch repair sub-pathway (Dizdaroglu, 2005; Fleming, Ding, &
Burrows, 2017; Hazra, Hill, Izumi, & Mitra, 2001; Whitaker, Schaich, Smith, Flynn, &
Freudenthal, 2017). (Fig. 1)

What is important in respect to the physiological function of OGGL1, is that cells lacking
CUX1 homeodomain protein 1 (CUXZ), which stimulates the glycosylase and AP lyase
activities of OGG1, can proliferate normally in the presence of 3% oxygen, while they
senesce when placed in 20% oxygen (Ramdzan et al., 2015). Hence the OGG1-initiated
DNA BER is essential for tissues that are exposed to high concentrations of oxygen. This
makes OGG1 uniquely relevant to the lung, which is one of the few organs exposed to
atmospheric oxygen tension. It is important to note that during mammalian development the
lung gradually adapts from normoxia to atmospheric oxygen tension (Gao et al., 2016). In
the neonatal lung, endothelial cell survival depends on basal, constitutive activity of NF-xB.
In contrast, excessive NF-xB activity in fet al lung macrophage cells disrupts airway
morphogenesis (Blackwell et al., 2011). The optimal physiological development and
function of the lungs therefore depends on the control of NF-xB activity and downstream
intracellular inflammatory signal pathways (Shahzad, Radajewski, Chao, Bellusci, &
Ehrhardt, 2016).

Expression of the OggI gene gives rise to several isoforms. Alternative splicing of the C-
terminal region of this gene classifies splice variants into two major groups, type 1 and type
2, depending on the last exon of the sequence (Ogawa, Watanabe, Shoji, & Furihata, 2015).
Type 1 splice variants end with exon 7, and type 2 variants end with exon 8. All variants
share the N-terminal region, which contains an amino acid sequence acting as a
mitochondrial targeting signal that is essential for mitochondrial localization (Nishioka et
al., 1999). The predominant form of OGG1 is 1a, which also localizes to the nucleus through
an amino acid sequence acting as a nuclear localization signal at its C terminus. An OGG1
isoform that is mainly encountered in mitochondria is 2a (Nishioka et al., 1999) (Fig. 1).
Pathological changes in the lungs during asthma, COPD, and ozone-induced lung injury are
associated with oxidant stress, evident by increased generation of 8-0xoG in the genome,
which is recognized and then repaired by OGG1-1 both in nuclear and mitochondrial
compartments (Bohr, 2002; Yang et al., 2014; Zhang et al., 2017; Ba, Aguilera-Aguirre, Sur,
& Boldogh, 2015; Campalans, Amouroux, Bravard, Epe, & Radicella, 2007; Ogawa et al.,
2015; Lee et al., 2017).

Oxidant stress elicited by TNFa in cells causes transient and reversible oxidation at
cysteines of OGG1, which inhibits base excision of 8-ox0G. Although OGGL1 is transiently
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stalled at 8-0xo0G it retains the ability to interact with the opposite cytosine and extrude 8-
oxoG from the DNA helix (Bravard et al., 2006; Morreall et al., 2015; Pan, Zhu, et al.,
2016). This interaction of OGG1 results in a sharp (~70°) bending of the DNA duplex and
architectural changes in adjacent sequences (Banerjee, Yang, Karplus, & Verdine, 2005;
Bruner, Norman, & Verdine, 2000). Such conformational changes in the DNA helix have
been shown to facilitate protein binding in chromatin (Ghosh & Karin, 2002; Ghosh, Wang,
Huang, & Fusco, 2012; Moore, Kruchten, Toomire, & Strauss, 2016). Characteristically,
upon oxidative stress or during inflammation, increased levels of ROS inhibit OGG1
enzymatic activity transiently, and transform OGGL1 into a potent chromatin recruiter of
transcription factors, such as NF-xB (Choudhary, Boldogh, & Brasier, 2016; Pan et al.,
2017; Pan, Zhu, et al., 2016). Conversely, in mouse lung, OGG1 depletion decreased ROS-
induced gene expression substantially (Ba, Bacsi, et al., 2014). This suggests that OGG1
functions initially as a ROS-induced facilitator of transcription factor binding, and upon
reestablished cellular redox state, gradually advances to facilitate the DNA repair process
(Ba & Boldogh, 2018).

Therefore, paradoxically a DNA repair enzyme functions also as an inducer of
inflammation. This apparent contradiction can be explained by the need of tissues,
especially the lung, to operate with an adjustable sensor that induces inflammation once
ROS exceed a critical threshold, before the process of DNA repair resumes. This way, cells
that have accumulated DNA damage will induce an immune response to limit cancer
development. Genomic 8-oxoG-bound OGGL1 facilitates recruitment not only of NF-xB, but
also other transacting factors including specificity protein 1, transcription initiation factor I1-
D, and RNA polymerase Il on their target gene promoters, resulting in the rapid expression
of cytokines/chemokines and inflammatory cell accumulation into mammalian airways (Ba,
Bacsi, et al., 2014). In particular relevance to the inflammatory response, OGG1 at 8-0xoG
facilitates the expression of cytokines that include CCL20, IL-1p, TNFa, CXCL1, and
CXCL2 (Ba, Bacsi, et al., 2014; Pan, Zhu, et al., 2016). CXCL1 and CXCL2 are two of the
chemokines expressed in mice that could provide chemotactic activity similar to the human
1L-8 (Haurogne, Pavlovic, Rogniaux, Bach, & Lieubeau, 2015). Cells involved in
inflammation express varying proportions of chemokine receptors, which cause distinct
patterns of cell migration toward chemokine gradients. For example 1L-8 receptors CXCR1
and CXCR2 mediate successive waves of chemotaxis of neutrophils, cytotoxic T-cells, and
regulatory T-cells, during the acute phases, and the resolution of inflammation (Ha, Debnath,
& Neamati, 2017; Hosoki, Itazawa, Boldogh, & Sur, 2016). In human tumor xenografts in
mice, CXCL1 activates signaling pathways of STAT3, NF-xB and H1F-1, inhibits apoptosis,
and enables tumor growth (Han et al., 2015). CXCL1 also recruits neutrophils that inhibit
proliferation of CD3 + CD4+ and CD3 + CD8+ T cells (Yuan et al., 2016).

On the genomic chromatin, TNFa-induced ROS cause enrichment of OGG1 primarily at
regulatory regions of specific genes. The time course of OGG1 enrichment is limited to the
scale required for immediate cellular responses to ROS. Depletion of OGG1 modulated NF-
xB binding and differential gene expression, especially affecting several key inflammatory
mediators (Hao et al., 2018). OGG1 therefore functions as a link between the intracellular
rise of ROS and the expression of inflammatory cytokines, including chemokines.
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Interdependence between OGG1 and ROS-induced activity of the RAS GTPases

OGG1 hinds the free 8-0xoG base with a high affinity, forming an OGG18-0x0G complex.
Remarkably, this complex interacts with the RAS family GTPases, and catalyzes
replacement of GDP with GTP. OGG1+8-0x0G, thus functions as a guanine nucleotide
exchange factor (GEF) (Boldogh et al., 2012). OGG1CEF activates K-Ras, neuroblastoma
RAS viral oncogene homolog (N)-Ras, and Harvey (H)-Ras. In turn, Ras-GTP activates
mitogen-activated protein kinase (MAPK) kinase (MEK1/2), extracellular signal-regulated
kinase (ERK1/2), and phosphatidylinositol-4,5-bisphosphate 3-kinases (P13K) (Aguilera-
Aguirre et al., 2014; Boldogh et al., 2012; Choudhary et al., 2016; German et al., 2013). This
cascade of events leads to phosphorylation and nuclear translocation of transcription factors
such as NF-xB, a key regulator of inflammation (Brasier, 2006). Accordingly, an increase in
free 8-0x0G levels in airways may cause rapid K-Ras GDP — GTP exchange, leading to
pro-inflammatory gene expression, and recruitment of inflammatory cells (Aguilera-Aguirre
et al., 2014; Choudhary et al., 2016). ROS also induce formation of 8-0xoG in the redox-
sensitive guanine quadruplexes in the KRAS promoter itself, and the ensuing recruitment of
OGG1, which provides an essential amplification of KRAS gene expression (Cogoi, Ferino,
Miglietta, Pedersen, & Xodo, 2017; Fleming et al., 2017).

On the other hand, activated K-Ras can also render cells dependent on OGG1 DNA repair
activity. In the case of neoplasia OGGL1 influences RAS-dependent cell transformation on
multiple levels. In fact, RAS transformation requires OGG1 and CUX1-dependent repair of
oxidative DNA damage to prevent cell senescence (Ramdzan et al., 2014). Additionally, the
OGG1+8-0x0G complex activates the NF-xB arm of the innate immune response (IIR). IR
of airway epithelial cells is induced after contact with environmental pollutants, or viruses,
or bacterial pathogens. These agents interact with the pattern recognition receptors (PRRs)
located on cell membranes and endosomal cellular compartments to trigger a cascade of
events needed for activation and nuclear import of transcriptional activators (Choudhary et
al., 2016). NF-xB and its intracellular activator TNF receptor-associated factor 6 (TRAF6)
are well-characterized mediators of RAS-induced carcinogenesis (Finco et al., 1997;
Starczynowski et al., 2011). Moreover, the NF-xB subunit p65 RelA is essential to suppress
antitumor immunity in the mouse during Ras-induced oncogenic transformation, by
inhibiting surveillance of both innate and adaptive immune cells (Wang, Ratnam, et al.,
2014).

In respect to the IIR, the signal pathways activated via OGG1+8-0x0G complex are
accompanied by increased expression of inflammatory chemokines and cytokines, as well as
the induction of an IIR in the airways. Downstream of OGG18-0x0G, K-Ras-GTP activates
PI3K, MEK1,2, ERK1,2, p38, mitogen-stress related kinase-1 (MSK-1) and the IxB kinase
(IKK) enzyme complex (Aguilera-Aguirre et al., 2014; Floyd et al., 2005). IKK activates the
nuclear translocation of RelA and thereby the NF-xB pathway, a central mediator of airway
mucosal inflammation, while MSK-1 phosphorylates RelA at Ser 276 and enables
expression of inflammatory genes (Aguilera-Aguirre et al., 2014). All of the above events
converge on the full activation of NF-xB-dependent inflammation via transcriptional
activation of immediate early pro- inflammatory gene subnetworks (Fig. 2). However, these
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events also activate mechanisms that form the basis of a cancer niche during lung
tumorigenesis (Brichkina et al., 2016).

4.2. ROS and OGG1 modulate NF-xB - driven gene expression and lung tissue

physiology

Epidemiological studies and basic research show that a balance between OGG1 DNA repair
activity and the OGG1-mediated enhancement of inflammatory gene expression is essential
for the protection and recovery of the mammalian host from inflammation and neoplastic
disease (Janik et al., 2011; Peng et al., 2014). A specific range of ROS is critical in tissue
physiology and immunity, and therefore it is necessary to define the exact mediator of ROS-
induced chemokine expression in a given tissue (Battisti et al., 2017; Chougnet et al., 2015).
ROS-triggered antigen presentation by dendritic cells is essential in T-cell driven immunity
(Peng et al., 2012). ROS induction of the NF-xB pathway is linked to the DNA damage
response, via both the enzymes “ataxia telangiectasia mutated (ATM)” and OGG1. ATM
mediates TNF-induced activation of PKAc, via an ATM/PKAC interaction in the cytoplasm,
to induce phosphorylation on RelA at Ser276 (Fang et al., 2014). And OGG1, as already
mentioned, mediates both the effects of RAS-induced signal cascades, as well as the
recruitment of transcription factors.

Consequently, whole transcriptome analysis reveals an OGG1-driven gene expression linked
to essential biological processes that include macrophage activation and airway remodeling.
OGG1-driven transcripts include mRNAs of chemokines, cytokines, gonadotropin-releasing
hormone receptor, integrin, and interleukin signaling pathways. Upon chronic stimulation,
the resulting gene expression led to modulation of the actin family cytoskeleton,
extracellular matrix, cell adhesion, cadherin, and cell junctions, regulation of liquid-surface
tension, affecting biological processes such as tissue development, cell-to-cell adhesion, cell
communication, homeostatic response, and the immune system (Aguilera-Aguirre et al.,
2015a; Aguilera-Aguirre et al., 2015b; Luo et al., 2014).

The role of OGG1 in the activation and DNA occupancy of NF-xB explains the following
intriguing finding that is relevant to the control of lung immunity: OggZ-knockout mice
exhibited decreased inflammatory cell infiltration and oxidative stress in the lungs after
ovalbumin challenge, when compared to wild-type mice. At the molecular level, the absence
of OGGL1 caused decreased NF-xB phosphorylation after ovalbumin challenge (Li et al.,
2012). Consequently in comparison to wild-type controls, Ogg1 knockout mice were
resistant to lipopolysaccharide (LPS)-induced organ dysfunction, diabetes, and contact
hypersensitivity reactions as well as oxidative stress (Mabley et al., 2005). At the level of
tissue homeostasis, OGG1 regulates expression of genes that mediate cellular movement and
interactions during the immune response. NF-xB activation and its DNA recruitment by
OGGL1 is a key point during inflammatory signaling that affects function of both the cell and
its microenvironment. On the other hand OGGL1 protects against several types of lung injury
that correlate with genomic 8-oxoG abundance (Deslee et al., 2010; Yang et al., 2014;
Zhang, Li, et al., 2017).

After allergen challenge in the mouse alveolar epithelium, OGG1 mediates inflammation
with expression of T helper 2 (Th2) cytokines, including interleukins (ILs) IL-4, IL-5, IL-13,
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IL-6, IL-10, and IL-17. These cytokines facilitate the accumulation of eosinophils, airway
metaplasia and mucus production (Bacsi et al., 2013; Li et al., 2012). NF-xB activity in
epithelial cells is already known to elicit activation of lung resident and recruitment of
monocyte-derived macrophages, cells that can persist in a tissue over the life span (Cai,
Batra, Lira, Kolls, & Jeyaseelan, 2010; Misharin et al., 2017; Saxon et al., 2016). This
suggests that NF-xB activity renders lung tissue particularly sensitive to factors that control
epithelium and immune cell phenotypes (Choudhary et al., 2016). Activation of Ras via
OGG1+8-0x0G complex activates expression of numerous cytokines and chemokines,
including TNFa, IL-1a, IL-1b, IL-10, CCL3, CXCL1, CXCLS5, and transiently CCL2, IL-3,
IL-4, IL-13, and several others, and causes recruitment of neutrophils at a magnitude similar
to TNF itself (Aguilera-Aguirre et al., 2014; Ba et al., 2014). A similar observation was
made with ovalbumin challenge that elicits allergic response in the lungs. Knockout of the
0gg1 gene decreases inflammatory cell infiltration, RelA phosphorylation at Ser276, and
expression of IL-4, IL-6, IL-10, and IL-17 in lung tissues (Li et al., 2012).

To map the binding sites of the TNF-induced OGG1 synergy with RelA on chromatin in
epithelial cells, we treated an epithelial cell line with TNFa and precipitated chromatin with
antibodies against OGG1 and RelA (Fig. 3). Analysis of genes with the highest enrichment
for both OGG1 and NF-xB binding by gene ontology indicated that the IR process
manifests in the generation and secretion of soluble mediators. The most significantly
modulated processes involve the positive regulation of cytokine production (= 1.81E-10),
including TNFa (P=3.18E-06), IL-6 (P= 3.62E-07), C-X-C motif chemokine ligand 8
(IL-8) (P=1.39E-07), interleukin-1 (P= 3.22E-06), the heterodimeric cytokine interleukin
23 (IL-23, 3.34E-04) and IL-17 (P= 1.4E-04). Therefore, it is evident that not only the
release of NF-xB from inhibitory complexes in the cytoplasm and its nuclear translocation
but also access of NF-xB to specific classes of binding motifs in the chromatin are also
actively controlled (Ghosh et al., 2012; Pan, Zhu, et al., 2016). These DNA repair-associated
changes within the chromatin are considered epigenetic regulatory and are utilized by
cellular transcriptional machineries as a mechanism of gene expression enhancement under
inflammation-generated oxidative stress. Thus, it may be concluded that oxidative
modification of guanine to 8-o0xoG has an epigenetic role in promoters that is driven by
oxidative stress.

However, inflammation can also provide feedback regulation on OggZ itself and affect tissue
function. Impaired regulation of the OggI gene, as well as repair activity of OGGL1 are
associated with pathology in the lung and other tissues. In NSCLC, promoter methylation of
Ogg1 can decrease expression, depending on the position of the DNA sequence that is
methylated. In particular, increased promoter methylation of OggZ in NSCLC is likely due
to hyperactivity of the NF-xB target gene DNA-methyltransferase 1 (DNMTI) in bronchial
epithelial cells (Qin et al., 2017; Zhou, Lei, & Wang, 2012). DNMT1 activity can decrease
Nfkbia, (IxBa) expression, and thereby enhance expression of antiapoptotic and
inflammatory genes (O’Gorman, Colleran, Ryan, Mann, & Egan, 2010). As opposed to the
activation of inflammatory genes, RelA phosphorylation at Ser276 induces RelA-DNMT1
interactions, chromatin loading of DNMTZ1, and subsequent promoter methylation and
transcriptional repression of the tumor suppressor gene “breast cancer metastasis suppressor
1”7 in NSCLC cells (Liu et al., 2012). This links RelA activation, and promoter methylation
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to cancer. In breast cancer, higher methylation of the Ogg gene promoter was significantly
associated to lower gene expression (Fleischer et al., 2014). The same inverse correlation
between methylation and OggZ expression was noted in mouse brain tissue during aging, to
explain decreased BER activity (Langie et al., 2017). Increased DNMT1 activity in a tissue
causes cellular senescence, which can be prevented by OGGL1, thus constituting irrefutable
evidence of the need for sufficient OGG1 expression and activity for optimum tissue
function (Grasso et al., 2015; Ramdzan et al., 2014). Consequently, increased all-cancer
incidence was found in study participants with higher baseline OggZ genetic locus
methylation in a single promoter CpG site, which suggests an essential role of OGG1 in
tissue homeostasis (Gao et al., 2016).

5. Innate immunity and OGGL1 influence lung carcinogenesis and

prognosis

Lung cancer is one of the main causes of death from malignancy in the world (Formisano,
Jansen, Marciano, & Bianco, 2017; Singh, Williams, Siahpush, & Mulhollen, 2011,
Syriopoulou, Bower, Andersson, Lambert, & Rutherford, 2017). The majority of lung cancer
cases belong to the NSCLC type (Chan & Hughes, 2015; Schallenberg, Merkelbach-Bruse,
& Buettner, 2017). Systemic inflammation is more pronounced in patients with lung cancer
than in patients with other cancers (Wieshammer & Dreyhaupt, 2017). Lung cancer lobes
show increased TNFa and decreased antitumor capacity in macrophages from
bronchoalveolar lavage (Schoenhals et al., 2017). Inflammatory mediators have an
established prognostic value in lung cancer. For example, increased concentration of
circulating interleukin-6 (IL-6) and C-reactive protein (CRP) were significantly associated
with poor prognosis especially in patients with unresectable NSCLC (Liao et al., 2014). In
resected NSCLC cases, high preoperative neutrophil-to- lymphocyte ratio and concentration
of CRP predict poor survival (Tomita, Shimizu, Ayabe, Nakamura, & Onitsuka, 2012).
Furthermore, baseline neutrophil-lymphocyte ratio is a significant prognostic indicator in
locally advanced NSCLC patients who receive chemoradiation with or without surgery
(Scilla et al., 2017). Statistical evidence shows that in the lung, pathologies caused by a
severe imbalance in ROS turnover such as COPD are associated with an increased risk for
cancer (Durham & Adcock, 2015; Spyratos, Papadaki, Lampaki, & Kontakiotis, 2017).

Epidemiologically, cytokines IL-6 and IL-8, which are encoded by OGG1-responsive genes,
are associated with the risk for developing lung cancer, both in blood samples taken close to
diagnosis, as well as in those taken >15 years post-diagnosis (Brenner et al., 2017). In lung
cancer, KRAS mutant cell subclones are frequent and have the potential to cause resistance
to EGFR inhibitors (Myers, McKim, Meng, & Parsons, 2015). Consequently, in a KRAS
mutant mouse model COPD-like airway inflammation elicits NF-xB-induced cytokines and
chemokines, and thereby promotes lung cancer (Caetano et al., 2016). In particular IL-8 is a
chemokine that is encoded by a characteristic gene expressed through TNF-induced, ROS-
dependent NF-xB transcriptional activity (Vlahopoulos et al., 1999). In lung cancer patients
treated with anti-PD-1 antibodies nivolumab or pembrolizumab, increased IL-8 predicts lack
of response (Sanmamed et al., 2017).
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High systemic IL-6 is associated with worse prognosis in patients with NSCLC (Silva et al.,
2017). Excess of IL-6 inhibits differentiation of dendritic cells that are essential in antigen
presentation (Yu et al., 2007). Moreover, IL-6 generates a microenvironment with increased
regulatory T (Treg) cells and immunosuppressive neutrophils that secrete IL-1, and do not
respond to PD-1 inhibiting antibodies (Kitajima et al., 2016; Koyama et al., 2016). This
leads to the hypothesis that signaling from 1L-6 and the STAT3 activators, Janus kinases
(JAK), is involved in immunosuppression. Actually JAK/STAT3 readily induce PD-L1
expression in cultured NSCLC cells (Zhang et al., 2016; Zhang et al., 2017). Preclinical
research suggests that combination of inhibitors that target MEK/ERK kinases and the JAK/
STAT3/IL-6/PD-L1 pathway can be more effective than either approach alone in killing K-
Ras-driven cancer cells (Kitajima et al., 2016).

Decreased OGG1 BER activity is a significant variable in the epidemiological
characterization of lung cancer (Leitner-Dagan et al., 2012; Sevilya et al., 2014). In
particular, OGG1 enzyme activity in peripheral blood mononuclear cells from lung cancer
patients has been found to be significantly lower than in control subjects (Leitner-Dagan et
al., 2012). Analysis of DNA repair activities in peripheral blood mononuclear cells suggests
that the integrated score of three enzyme activities that include OGG1, methylpurine DNA
glycosylase (MPG), and APEL, is an important protective factor against lung cancer (Sevilya
et al., 2014). In advanced inoperable NSCLC patients who received treatment with platinum-
based chemotherapy, Ogg1 genetic allele variant carrying a C-to-G substitution at codon 326
was associated with poor progression-free survival (Peng et al., 2014). This allelic variant
gives rise to OGG1 with a cysteine in place of serine residue 326, which does not recover
within an hour from oxidant stress after stimulation of cells with physiological concentration
of TNFa (Morreall et al., 2015). Thus, the polymorphism giving rise to the protein product
with the Ser326Cys substitution generates an inefficient enzyme (Kaur et al., 2014).
Consequently, repair of oxidative DNA damage is delayed by several hours in cells that
contain only the Ser326Cys variant of OggI (Kershaw & Hodges, 2012). The DNA repair
activity of OGGL1 offers significant protection from lung cancer. This is evident both in
peripheral blood mononuclear cells and lung tissue of human study volunteers in comparison
to NSCLC patients, as well as by development of lung cancer in mice lacking a functional
0Ogg1 gene (Paz-Elizur et al., 2003; Sakumi et al., 2003).

Some studies have shown association between the OGGZ Ser326Cys polymorphism and
lung cancer susceptibility, while other studies show no effect of this genetic variant (Geng,
Yao, & Zhu, 2014; Xu, Yu, & Zhang, 2013). A potential explanation is that the wildtype
enzyme and its variant differ substantially only under an excessive burden of oxidant stress,
as is evident during conditions that involve chronic inflammation. Furthermore, the
association of the Ser326Cys gene polymorphism and lung cancer becomes significant when
including only studies that are consistent with the Hardy-Weinberg equilibrium principle,
which could provide a further explanation for at least a portion of the divergent results
(Kang, Kim, Park, Chung, & Ban, 2017). The odds for developing lung cancer with the
Ser326Cys polymorphism increase in smokers, as suggested by a study in Taiwan, and a
subsequent meta-analysis for Asian volunteers (Chang et al., 2009; Yin et al., 2014). The
effect of smoking can be linked to ROS-induced effects on OGG1, and to ROS-associated
lung pathology. The alveolar wall of COPD patients shows increased nucleic acid damage,
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including genomic 8-0xo0G, which is modeled both in study using mice and in cultured
human alveolar fibroblasts by exposure to cigarette smoke that induces ROS (Deslee et al.,
2010). The imbalance between the Ser326Cys OGG1-enhanced inflammation and the
delayed Ser326Cys OGGL1 repair activity would be expected to impact lung pathology,
especially in neoplastic tissue. Indeed, Ser326Cys OggI was linked to shorter progression -
free survival in inoperable NSCLC (Peng et al., 2014).

6. OGG1 as a criterion in the selection of intervention targets

All of the above suggest that ROS regulate cytokine gene expression through OGG1, and
therefore defective OGG1 derails control of ROS and coordination between innate and
adaptive immunity in the lung. Coordination is crucial because targeting inducers of
oncogenic pathways such as RAS has not yet led to an effective treatment, due to aberrant
expression of cytokines (S. A. Vlahopoulos et al., 2015). In the lung OGG1 mediates ROS-
induced cytokine expression on the one hand (by recruiting RelA on DNA and inducing
RelA S276 phosphorylation) and on the other hand DNA BER, helping restore tissue
homeostasis (Aguilera-Aguirre et al., 2015a; Deslee et al., 2010; Lee et al., 2017).

RelA phosphorylated on S276 recruits BRD4 and expression of RelA/BRD4-responsive
genes such as CXCL8 can be blocked by BRD4 inhibitors. For example, the abundance of
the CXCL8transcript decreases by BRD4 inhibition in airway inflammation and COPD
(Khan, Kirkham, Barnes, & Adcock, 2014). Consequently, clinical trials for bromodomain
and extra-terminal motif (BET) inhibitors include NSCLC (Andrieu, Belkina, & Denis,
2016) (Table 1). In vitro, BET inhibitors sensitize KRAS-mutated NSCLC to pro-apoptotic
agents such as cisplatin or to tyrosine kinase inhibitor dasatinib (Klingbeil, Lesche, Gelato,
Haendler, & Lejeune, 2016; Xu et al., 2015).

Tumors that grow independently of ROS and Rel A-276-phosphorylation can be targeted by
inhibition of proteins that interact with RelA directly. Such a downstream cofactor is
poly(ADP-ribose) polymerase (PARP)-1. Prevention of PARP-1 activation and RelA-536-
phosphorylation protects against both ROS-induced airway epithelial cell injury in vitro and
airway inflammation in vivo (Beck, Robert, Reina-San-Martin, Schreiber, & Dantzer, 2014).
OGG1, PARP-1 and RelA have the capacity to interact physically, share NF-xB gene targets
as in the case of CXCLZ2in asthma, and show complementary patterns of activity in cancer
cells as well (Dziaman et al., 2014; Ghonim et al., 2015; Tempka et al., 2018; Wang et al.,
2018). The cancer drug olaparib can induce cell death by suppressing PAR-associated NF-
xB signaling (Kwon, Jang, Kim, & Roh, 2016).

In spite of the difference in enzymatic activities and interactions between OGG1 and
PARP-1, it would be interesting to determine if during lung cancer, in phases with low
OGG1 expression, PARP-1 acquires a stronger role as a RelA cofactor (Kim, Naura, Errami,
Ju, & Boulares, 2011; Sethi, Dharwal, & Naura, 2017; Zerfaoui et al., 2008). In fact,
0Ogg1(—/-) cells are more sensitive to PARP inhibitors alone or in combination with a DNA-
damaging agent (Noren Hooten, Kompaniez, Barnes, Lohani, & Evans, 2011). This
observation can be encouraging in light of the discovery that in cells from several cancer
types, inhibition of BET activity has been shown to sensitize homologous recombination-
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proficient cancers to PARP inhibition (Yang et al., 2017). This sensitization can be achieved
with BRD4 inhibitors, which decrease expression of enzymes essential to homologous
recombination. Thus PARP/RelA and OGG1/RelA/BRD4 are two complementary targets for
cancer, as they induce alternative mechanisms of RelA-mediated inflammation.

In chromatin RelA can bind to cognate sites of other transcription factors through protein-
protein interactions (Fig. 3). This enables a cell to induce expression of diverse genes and a
multiplicity of biochemical programs in response to OGG1-driven RelA activation
(Aguilera-Aguirre et al., 2015a). Moreover, acting through an alternative signaling pathway
in the tumor microenvironment, myeloid cell RelA also promotes lung cancer cell
proliferation through activation of Wingless-type MMTYV integration site family protein
(Wnt)/p-catenin signaling (D. Li et al., 2014). p-Catenin selectively represses subsets of NF-
B target genes involved in apoptosis, while increasing uncontrolled expression of other
genes, such as IL-6 (Du & Geller, 2010; Koopmans, Eilers, Menzen, Halayko, & Gosens,
2017). However, endogenous agents exist that can overcome the cytokine-induced
immunosuppression in the lung. One example is melatonin, which is decreased in advanced
lung cancer, and shows promising oncosuppressive effects in lung cancer study models (Ma
et al., 2016; Mazzoccoli, Carughi, De Cata, La Viola, & Vendemiale, 2005). In a normal
tissue melatonin functions as an antioxidant and decreases the burden of 8-oxoG
(Karbownik, Reiter, Cabrera, & Garcia, 2001). It is possible that in cancerous tissue
melatonin generates cytotoxic metabolites (Patterson, Gonzalez, & Idle, 2010). Even though
melatonin is an endogenous substance, when administered exogenously it inhibits several
mechanisms of NSCLC progression, including both intracellular signal pathways, as well as
the immunosuppressive microenvironment; a few clinical trials indicate that melatonin can
be used in combination with other drugs in NSCLC (Ma et al., 2016). However, although
melatonin decreases the 8-0xoG burden in NSCLC patients, it does not improve survival in
combination with chemotherapy (Sookprasert et al., 2014). Therefore melatonin still needs
effective tissue targeting and improved drug combinations, possibly with immunotherapeutic
agents. Immunotherapeutic agents that directly inhibit checkpoints downstream of NF-xB
include PD-L1 antibodies, and have shown the capacity to induce tumor responses across
adenocarcinoma, squamous-cell carcinoma, and SCLC (Tan et al., 2016). This is clear
evidence of the ability of the immune system to eradicate cancer cells. However, as innate
immunity has a pivotal impact in the expression of checkpoint molecules, it is imperative
that controlling the innate immune response will help streamline combinatorial schemes.

7. Conclusion

Lung cancer elicits detectable changes in key mediators of immunity. OGG1 is a mediator of
the homeostatic response of a tissue exposed to oxidant stress, which regulates
inflammation. Optimum tissue function requires a timely change in OGGL1 activity from a
chromatin recruitment factor for NF-xB to an enzyme that contributes to DNA repair.
Cytokine-induced ROS temporarily transform OGG1 into an epigenetic regulator of
inflammatory gene expression with substantial impact on the cytokines that control lung
cancer. In contrast to any attempt for a systemic intervention on ROS signaling with
antioxidants, the disruption of NF-xB recruitment by stalled OGG1 is selective for the
inflammatory genes. This selective effect will enable a precise intervention on the
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immunopathology of lung cancer. Therefore activity of OGGL, and the level of its substrate
8-0x0G, constitute candidate markers for lung cancer progression.
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NSCLC non-small cell lung cancer

8-ox0G 8-oxoguanine

0OGG1 8-oxoguanine glycosylase 1

PARP poly(ADP-ribose) polymerase

PD-L programmed death ligand

RelA v-rel avian reticuloendotheliosis viral oncogene homolog A
RIG-I retinoic acid-inducible gene |

ROS reactive oxygen species

STAT signal transducer and activator of transcription
TGFB Transforming growth factor beta

Th T-helper cell type

TNFa tumor necrosis factor alpha

Treg regulatory T cell
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Fig. 1.
(a) Two functional isoforms of OGGL1. The predominant form of OGGL1 is 1a, which

localizes both to the nucleus and mitochondria. The OGG1 isoform 2a mainly localizes to
the mitochondria. (b) Two distinct phases of OGG1 activity on inflammatory gene promoters
with the 8-0xoG lesion: 1) DNA-binding and recruitment of transacting factors including
NF-xB. Not shown are the DNA structural changes that OGG1 causes and the proteins that
participate in the induction of transcriptional activity. I1) Catalytic activity of OGG1 leaves
an abasic site, which is processed by apurinic/apyrimidinic endonucleasel (APE1). The
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single nucleotide gap is filled by DNA polymerase B and the DNA strand is sealed by
ligases. Several essential interacting proteins are not shown in this depiction. (c) Impact of
the interaction between NF-xB and OGG1 on inflammation. By recruiting NF-xB, OGG1
reprograms nuclear chromatin for inflammatory gene expression.
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Fig. 2.

Rgles of OGG1-regulated genes in NSCLC pathology, and dynamics of ROS impact on
OGGl1 and inflammation. Expression of immediate early genes increases during the acute
phase, to become repressed during resolution of inflammation, due to negative feedback
from anti-inflammatory genes that give products which gradually accumulate. Genes such as
IL-10 ultimately contribute to termination of inflammation. In malignant cells feedback to
NF-xB-mediated signaling is defective, disrupting tissue homeostasis, and permitting cancer
progression.
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Fig. 3.

The OGG1 and NF-xB proteins bind to characterized DNA recognition sites of a number of
transcription factors, on the chromatin. Cells from the human embryonic kidney cell line
HEK293 were exposed to 20 ng/ml TNF for 30 min. Chromatin was precipitated with
antibodies either against OGG1, or against the NF-xB subunit p65 (RelA), and the bound
DNA was amplified, and sequenced. DNA binding motifs of transcription factors were
identified as previously described (Pan et al., 2016).
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