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Abstract

Age-associated changes in lung structure and function are some of the most important predictors
of overall health, cognitive activities and longevity. Common to all aging cells is an increase in
oxidatively modified DNA bases, primarily 8-oxo-7,8-dihydroguanine (8-oxoG). It is repaired via
DNA base excision repair pathway driven by 8-oxoguanine DNA glycosylase-1 (OGG1-BER),
whose role in aging has been the focus of many studies. This study hypothesizes that signaling and
consequent gene expression during cellular response to OGG1-BER “wires” senescence/aging
processes. To test OGG1-BER was mimicked by repeatedly exposing diploid lung fibroblasts cells
and airways of mice to 8-0xoG base. Results showed that repeated exposures led to G1 cell cycle
arrest and pre-matured senescence of cultured cells in which over 1000 genes were differentially
expressed --86% of them been identical to those in naturally senesced cells. Gene ontology
analysis of gene expression displayed biological processes driven by small GTPases,
phosphoinositide 3-kinase and mitogen activated kinase cascades both in cultured cells and lungs.
These results together, points to a new paradigm about the role of DNA damage and repair by
OGGL1 in aging and age-associated disease processes.
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Visual illustration for role of OGG1-BER in senescence/aging processes. In this model OGG1-
BER and generation of OGG18-0x0G complex (a guanine nucleotide exchange factor) increases
levels of activated small GTPases. Downstream from small GTPases transcription factors (TFs) are
activated leading to differential expression of mediators and “fueling” senescence/aging processes
as shown by gene ontology enrichment and visualization analysis. P values of biological processes
are depicted by colors.
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1. Introduction

Aging of the respiratory system leads to decrease in lung function (elastic recoil of the
lungs, inefficient gas-exchange and respiratory muscle performance) correlating well with
poor health conditions and vital functions including e.g., poorer cognitive activities,
increased levels of subcortical atrophy, dementia and decline in cardiovascular performance
in humans (Carvalhaes-Neto et al., 1995; Janssens, 2005). The physiological processes
controlling the rate of aging in mammals, at levels of development, growth, reproduction,
metabolism and resistance to oxidative stress, and so on involves the cross-talk among
various signaling cascades centered around reactive oxygen species (ROS)
(Papaconstantinou, 1994; Papaconstantinou, 2009). Despite the universal nature of aging and
age-associated complications the underlying molecular mechanism remains poorly
understood (Papaconstantinou, 1994). One of the theories of aging proposes that
accumulation of oxidized base lesions- and DNA strand breaks-induced signaling alter gene
expression leading to a decline in cellular/tissue function (Akbari and Krokan, 2008; David
et al., 2007; Rodier et al., 2009; Sohal et al., 1994; Wilson and Bohr, 2007; Wilson et al.,
2008).

The most common and abundant oxidative DNA base lesion in all aged cell types is the 7,8-
dihydro-8-oxoguanine (8-0xoG) (Chen et al., 2003; Dianov et al., 2001). A great abundance
of this lesion is attributed to guanine’ lowest redox potential among the all nucleobases in
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DNA and RNA (Dizdaroglu, 1985; Radak and Boldogh, 2010; Steenken, 1997). Repair of 8-
oxoG is initiated by the 8-oxoguanine DNA glycosylasel (OGG1) base excision repair
pathway (OGG1-BER) (David et al., 2007; Mitra et al., 2002). Despite large numbers of
publications there is a loose etiological association has been established between
accumulation of genomic 8-o0xoG lesions and aging processes (Bacsi et al., 2007; Chen et
al., 1995; David et al., 2007; Hamilton et al., 2001; Lovell and Markesbery, 2007; Szczesny
et al., 2003; Weissman et al., 2007). The lack of a strong association could well be correct as
the phenotype of OGG1 knock out (OggZ~") mice is mild. Despite the supra-physiological
increase in mitochondrial and genomic 8-0xoG levels, OggZ ™~ mice developed normally,
are fertile, showed only limited pathological changes, and have a life span similar to that of
wild type mice (Klungland et al., 1999; Minowa et al., 2000; Osterod et al., 2001; Sakumi et
al., 2003). Under experimental conditions (e.g., high-fat diet) OggZ~~ mice exhibit altered
insulin levels, glucose tolerance, adiposity, hepatic steatosis (Sampath et al., 2012).

It is estimated that several thousands 8-oxoG lesions could be formed in genome per cell
daily due to production of endogenous electrophilic molecules (Nakamura et al., 2014),
while the number of such guanine lesions can be higher upon exogenous environmental
exposures (Lindahl and Barnes, 2000). Estimates on the absolute numbers of genomic 8-
oxoG lesions in airways (nasal, bonchial, bronchiolar epithelium, or subepihelial lung
tissues) which directly interact with the environment is not available; however, the levels of
the OGG1-BER repair products (e.g., 8-0xoG base) in serum or urine correlates well with
dose and length of exposure, chemical composition, and physical nature of the inhaled
environmental agents (Ba et al., 2014; Ba et al., 2015). Moreover, an increase free 8-oxoG
levels in sputum and bronchoalveolar lavage fluid after environmental exposures (Ba et al.,
2014; Bacsi et al., 2016; Proklou et al., 2013). In experimental animal models of lung
diseases or in age-associated human lung pathologies (e.g., COPD, emphysema, and asthma)
showed that one of the most referenced DNA base damage(s) is 8-oxoG (Ba et al., 2014; Ba
et al., 2015; Deslee et al., 2009; Igishi et al., 2003).

Studies have also demonstrated that when free 8-0xoG base released from genome or added
to cells [which rapidly enter into cells (Hajas et al., 2012)] it is bound by OGG1 with high
affinity, and the resulting complex (OGG1+8-0x0G) physically interacts with small GTPases
(Boldogh et al., 2012). Importantly, the OGG18-0x0G complex caused GDP — GTP
exchange in Kirsten (K)-RAS, neuroblastoma RAS viral oncogene homolog (N)-RAS,
Harvey (H)-RAS, RHOA and RHO family member RAC1 (Aguilera-Aguirre et al., 2014;
Boldogh et al., 2012) and thus it functions as a guanine nucleotide exchange factor (GEF) in
a manner similar to that of other GEFs (Mosteller et al., 1994). In airways, OGG1+8-0x0G
complex increases KRAS-GTP, which than lead to activation of Rafl kinase (v-raf-leukemia
viral oncogene 1 (Rafl) homolog), phosphatidylinositol-, mitogen-, stress-activated as well
as 1kB (nuclear factor of kappa light chain gene enhancer in B-cells) kinases. These
signaling pathways activate various transcription factors including nuclear factor-xB (NF-
xB). The later has the capacity to alter cell proliferation, differentiation, modulate state of
the host tissue and of multiple components of the immune system (Brasier, 2006;
Vlahopoulos et al., 2015).
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In this study, we postulated that supra-physiologically generated levels of OGG1+8-0x0G
complexes by OGG1-BER, activates small GTPases leading to changes in gene expression,
which eventually results in cellular senescence/aging. To test this hypothesis, we repeatedly
challenged human diploid lung fibroblasts and airways to mimic OGG1-BER and utilized
molecular biological approaches, high throughput gene expression profiling and gene
ontology (GO) analysis. Results showed that 8-0xoG-exposed OGG1-exprssing cells showed
cell cycle arrest at G1 phase mediated by increased expression of TP53/p21/p16. Gen
ontology analysis of gene expression displayed signaling pathways and biological processes
consistent with senescence in cell culture and aging in airways.

2. Materials and Methods

2.1. Reagents

8-Ox0G (Cayman Chemical, Ann Arbor, Ml), diphenyleneiodonium chloride (DPI), 7,8-
dihydro-8-0x0-2'-deoxyguanosine and guanine (8-oxo-dG; Sigma-Aldrich, St. Lois, MO), 8-
hydroxyadenine (8-OH-Ade; Biolog Life Science Institute, Bremen, Germany), N-acetyl-
cysteine (NAC), (Sigma, St. Louis, MO); AA-861 [2,3,5trimethyl-6-(12-hydroxy-5,10-
dodecadiynyl)-1,4-benzoquinone; Sigma, St. Louis, MO], methyl arachidonyl
fluorophosphonate (MAFP) and nordihydroguaiaretic acid (NDGA, Cayman Chemical, Ann
Arbor, MI), PD98059 (Calbiochem, Gibbstown, NJ). 8-o0xoG was provided as a hydroacetate
salt and dissolved in 12 mM NaOH to a final concentration of 4 mM (stock solution). It was
prepared freshly, diluted in PBS (w/o Ca2*/Mg?2*, pH: 7.4) to attain experimental
concentrations (10, 1, and 0.1 uM), filter-sterilized and used within 1 h for experiments. All
other intact and oxidized nucleotide bases and nucleosides were dissolved in the same
manner.

2.2. Cell cultures and treatment

Human embryonic diploid lung fibroblasts (HDLF = MRC-5; American Type Culture
Collection (ATCC, Cat # CCL-171) were grown in MEM (Hyclone) supplemented with 10%
fetal bovine serum (FBS; HyClone). To determine population doubling levels (PDLs), cells
were subcultured at approximately 80% confluence, counted, and seeded at a density of
4x10% cells. PDL was calculated at each passage, as described above (Bacsi et al., 2007).
Mouse embryonic lung fibroblast (MELF) cultures were developed from nine days old
embryos of C57BI/6 mice and maintained in DMEM (HyClone). All media was
supplemented with 10% FBS, 100 U penicillin and 100 pg/mL streptomycin and L-
glutamine (200 mg per L) (Bacsi et al., 2007).

2.3. Animals and treatment

Animal experiments were performed according to the NIH Guide for Care and Use of
Experimental Animals and approved by the UTMB Animal Care and Use Committee
(approval no. 0807044A). Eight-week-old female BALB/c mice (The Jackson Laboratory,
Bar Harbor, ME, USA) were used for these studies. Mice (n = 5 per group) were challenged
intranasally on days 0, 2 and 4 (multiple challenge) with 60 uL of pH-balanced 8-0xoG
(Cayman Chemicals, Ann Arbor, MI) solution (pH: 7.4; 0.0005 mg per kg), or saline (mock)
under mild anesthesia (Boldogh et al., 2005). The lipopolysaccharide concentration was
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below detectable levels in all reagents. Animals were sacrificed after the last challenge on
day four at times 0, 30, 60 and 120 min.

2.4. Detection of senescent markers

Senescent associated (SA)—galactosidase (SA-p-gal) expression was undertaken as described
previously (Dimri et al., 1995). Briefly, cells were fixed in 2% formaldehyde/0.2%
glutaradehyde then incubated at 37 °C with p-gal staining solution (1 mg of X-Gal per ml in
dimethylformamide) in buffer containing 40 mM citric acid/sodium phosphate; 5 mM
potassium ferrocyanide; 5 mM potassium ferricyanide; 150 mM NaCl and 2 mM MgCI2).
Cultures were evaluated after 16 h incubation. Lipofuscin: cells on microscope cover-slips
were placed in a thermo-controlled microscopic chamber and cellular autofluorescence were
visualized at 580-630 nm. Microscopy and co-localization was performed on a NIKON
Eclipse Ti System using Nikon NIS Elements Version 3.5 (NIKON Instruments, Tokyo,
Japan). Magnification: x125.

2.5. Immunohistochemistry

Cell on coverslips were fixed in 4% paraformaldehyde at 4°C for 15 min. The air-dried cells
were permeabilized with acetone-methanol (ratio: 1:1). The cells were then incubated for 60
min at 37°C with primary antibodies to TP53-serinel®, y-pH2A.X, p16!NK4a or p21 WAF/CIP1,
After washing cells (3 times for 15 min) with PBS-Tween 20 (PBS-T), they were incubated
with affinity-purified FITC-conjugated secondary antibodies (Santa Cruz Biotechnology) for
1 h at room temperature. Nuclei of cells were stained with 10 ng/ml DAPI (4 6-diamidino-2-
phenylindole dihydrochloride) for 15 min and then mounted in antifade medium (Dako Inc.
Carpinteria, CA) on microscope slides. Microscopy was performed on a NIKON Eclipse Ti
System using Nikon NIS Elements Version 3.5 (NIKON Instruments, Tokyo, Japan).
Magnification; x125.

2.6. Analysis of cell cycle

Cells were synchronized in serum free media and treated with 8-0xo0G. Cells were harvested
after 0, 3, 6, 12, 18, and 24h treatment and processed for cell cycle analysis (Bresnahan et
al., 1996). Briefly, cells were suspended in low salt buffer containing 3% polyethylene
glycol, propidium iodine (5 pg/ml), 0.1% Triton X-100, 4 mM Na-citrate, RNase (100
pg/ml) and incubated at 37°C for 30 min. High salt buffer (3% polyethylene glycol,
propidium iodine (5 pug/ml), 0.1% Triton X100, and 400 mM NaCl) was added and the cells
were kept at 4°C overnight. The cellular DNA content was evaluated by flow cytometry
using a FACScan flow cytometer (Becton Dickinson). Histograms were analyzed using
ModFit LT cell cycle analysis software (\erity Software House, Inc) to determine the
percent of cells in various stages of the cell cycle. 12,000 events were collected for each
sample.

2.7. Mutagenicity assay

V79 cells were exposed to 8-0xoG (10 uM twice a day ) for 4 days or same concentrations
of solvent, or H,O, (10 uM) and monolayers were dissociated and subcultured into 100-mm
dishes (10° cells per dish) in growth medium containing 6-thioguanine (6-TG; 7 pg/ml).
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Colonies of 6-TG-resistant cells were allowed to develop for 7 to 8 days and, then fixed in
3.7% formalin and stained with 0.1% methylene blue. The mutation frequency was
calculated by determining the number of 6-TG-resistent colonies relative to the number of
cells seeded in the 6-TG containing medium and correcting for the plating efficiency in the
absence of the selective agent (Albrecht et al., 1997).

2.8. Immunoblotting

Cells were lysed in a lysis buffer containing 25 mM Tris-HCI (pH 7.5), 150 mM NacCl, 5
mM MgCl,, 1 mM EDTA, 1% NP-40, 1 mM DTT, 5% glycerol, 20 mM NaF, 1 mM, 1
ug/ml leupeptin and 1 pg/ml aprotinin. Protein samples (10 to 40 ug per lane) were separated
by 5-20% SDS-PAGE. Proteins were transferred to Hybond-ECL nitrocellulose (Amersham,
Biosciences, UK Limited) membrane and then blocked with 3% BSA in Tris-buffered saline
(TBS) containing 0.1% Tween (TBS-T) for 3 h, and incubated overnight at 4°C with the
primary Ab diluted in 3% BSA in TBS-T. The blots were then washed four times with TBS-
T and incubated for 1 h with HRP-conjugated secondary HPR-conjugated Ab (anti mouse
IgG, GE Healthcare, UK Ltd) in 5% non-fat dry milk in TBS-T. Immunoreactive bands were
detected using an ECL reagent (Amersham Biosciences, UK Limited) and visualized by
autoradiography.

2.9. Telomere length analysis

Proliferating and senescent cell were harvested, washed and DNA extracted with a Qiagen
DNA isolation kit (Qiagen, Valencia, CA). DNAs were eluted with Qiagen elution buffer
(pH 8.0) and stored at —80°C until use. Relative telomere length was determined by real-
time qPCR using an ABI PRISM 7000 Sequence Detection System (Applied Biosystems,
Foster City, CA) according to the protocol described previously by (Cawthon, 2002). The
assay included amplification of the telomere (Tel) and a single-copy gene (3684 gene) for
normalization. Primers for Tel: F, 5'-GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTG
AGGGT-3; R, (5'- TCCCGACTATCCCTATCCCTATCCCTATCCCTATCCCTA -3'). The
36B4u primers F, 5'- CAGCAAGTGGGAAGGTGTAATCC-3' and 36B4d: 5'-
CCCATTCTATCATCAACGGGTACAA-3'. The T/S ratio (Telomere-to-single copy gene
ratio) was defined as the difference in Cp between the telomere and single-copy gene, or
[2Cp(telomere)/2Cp(BTF3)] = 2-ACp (Cawthon, 2002).

2.10. Assessment of DNA strand breaks in telomeres

Parallel coverslip cultures of cells were fixed with 2% formaldehyde, permebilized as we
described previously (Bacsi FRBM) and incubated with monoclonal antibody against -y-
H2A.X (Ser 139) (Upstate Biotechnology, Lake Placid, NY, USA), diluted 1:2000 for 1h at
room temperature and binding was visualized by Alexa Fluor 594-goat anti-mouse 1gG
(1:4000; Molecular Probes, Eugene, OR, USA). The specimens were then washed to
perform immuno-FISH (Ksiazek et al., 2007). In brief, cells were washed with SSC/0.5%
Tween, air dried and baked at 60 °C and incubated with 4 ng/ul of Cy3-labeled telomere
specific (CCCTAA)3 peptide nucleic acid probe (Dako, Glostrup, Denmark), followed by
denaturation at 85°C and hybridization for 2 h. Cells were stained with DAPI and
microscopy was performed on a NIKON Eclipse Ti System using Nikon NIS Elements
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Version 3.5 (NIKON Instruments, Tokyo, Japan). Magnification: x125. Colocalization was
visualized using Nikon NIS Elements Version 3.5 (NIKON Instruments, Tokyo, Japan).

2.11. siRNA-mediated depletion of gene expression

NRAS, HRAS and KRAS expression was down-regulated using a simultaneous siRNA
transfection and plating method (Omerovic et al., 2008). In brief, cells were transfected with
control siRNA (siGENOME Non-Targeting siRNA) or target-specific siRNAs for Harwey
(H)-Ras (# M-004142), Kirsten (K)-Ras (# M-005069), neuroblastome RAS viral oncogene
homolog (N)-Ras (#M-003919) and/or OGG1 (#NM-010957) (SiIGENOME SMARTpools,
Thermo Scientific) using INTERFERin™ reagent (Polyplus-transfection Inc., NY), and
incubated in growth medium for 72 h. The levels of RNA for the target sequences were
determined with melting curve analysis using the ABI PRISM 7000 sequence Detector
software (Applied Biosystems, Foster City, CA, USA). A AACT analysis was performed as
we described previously (Aguilera-Aguirre, 2009).

2.12. Assessment of GTP-bound small GTPases

The active form of GTPases was determined using pull-down affinity purification assays
(Active Ras Pull-Down and Detection Kit, Thermo Fisher Scientific) as described previously
(Boldogh et al., 2012). Briefly, cells (or lungs) were washed with ice-cold PBS and lysed
with 1x Lysis/Binding/Washing buffer [25 mM Tris-HCI (pH 7.5), 150 mM NaCl, 50 mM
MgCl,, 5 mM EDTA, 1% NP-40, 1 mM DTT, 5% glycerol, 20 mM NaF, 1 mM, 1 ug/ml
leupeptin and 1 pug/ml aprotinin]. Lysates were cleared by centrifugation at 12,000xg,
protein concentrations were determined, and active-GTPase was captured by the binding
domain of Rafl (Ras-RBD) (Taylor et al., 2001). The proteins were fractionated on 4-20%
PAGE, and changes in the levels of activated GTPases were determined by Western
immunoblot analysis using type-specific antibodies to HRAS, KRAS, N-RAS or anti-pan-
RAS (Aguilera-Aguirre et al., 2014; Boldogh et al., 2012; Hajas et al., 2013).

2.13. RNA isolation

RNA was extracted using an RNeasy kit (Qiagen, Valencia, CA) per the manufacturer’s
instructions. Briefly, cells or lung tissue lysates were loaded onto an RNeasy column and
RNA was isolated. The RNA concentration was determined spectrophotometrically on an
Epoch Take-3™ system (Biotek, Winooski, VT) using Gen5 v2.01 software. The quality of
the total RNA was confirmed spectrophotometrically via the 260/280 nm ratio, which varied
from 1.9 to 2.0.

2.14. Affimetrix gene array and data analysis

Affymetrix GeneChip® Human Genome Focus Arrays were used to analyze gene
expression, which were performed in UTMB’s Next- Generation Sequencing (NGS) Core
Facility (Director: Dr. Thomas G. Wood). Gene expression data were analyzed by Microsoft
Excel 2003 software (Microsoft, Redmond, CA), the Affymetrix NetAFFX Analysis Center
online tools, and the Spotfire Decision Site 9.0 software (TIBCO Spotfire, Somerville, MA).
The array data from all samples were normalized by the overall expression level of the given
array. As a background corresponding to approximately 200 units of fluorescent intensity
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level in the raw data file) was used. Genes with increased or decreased expression levels (=
1.5-fold) were selected for further analysis. Network-, pathway-, and functional analyses
were performed using the Ingenuity Pathway Analysis (IPA) software (Ingenuity Systems,
Inc., Redwood City, CA; www.ingenuity.com). Each gene identifier was mapped to its
corresponding gene object in the Ingenuity Pathways Knowledge Base. These genes, called
focus genes, were overlaid onto a global molecular network developed from information
contained in the Ingenuity Pathways Knowledge Base. These networks were ranked based
on the significance score value calculated by the IPA software. A graphical representation of
the molecular relationships between genes/gene products for each of the top ranked
networks was generated where genes or gene products are represented as nodes, and the
biological relationship between two nodes is represented as an edge (Szaniszlo et al., 2009).

2.15. RNA sequencing

Poly-A+ RNA was selected from total RNA (1 pg) with poly-T oligo-attached magnetic
beads. Bound RNA was fragmented by incubation at 94°C for 8 minutes in 19.5 pl of
fragmentation buffer (Illumina, Part # 15016648). First- and second-strand synthesis, adapter
ligation, and amplification of the library were performed using the lllumina TruSeq RNA
Sample Preparation kit per the manufacturer’s instructions. Samples were tracked through
the “index tags” incorporated into the adapters. Library quality was evaluated using an
Agilent DNA-1000 chip on an Agilent 2100 Bioanalyzer. Library DNA templates were
quantitated by gPCR and a known-size reference standard. Sequencing analysis were
performed in UTMB’s Next- Generation Sequencing (NGS) Core Facility (Director: Dr.
Thomas G. Wood) on an Illumina HiSeq 1000 sequencing system (lllumina Inc., San Diego,
CA, USA).

Cluster formation of the library DNA templates was performed using the TruSeq PE Cluster
Kit v3 (Illumina) and the Illumina cBot workstation under the conditions recommended by
the manufacturer. Template input was adjusted to obtain a cluster density of 700-1000 K/
mm?2. Paired-end 50-base sequencing-by-synthesis was performed with a TruSeq SBS kit v3
(1lumina) on an Illumina HiSeq 1000 per the manufacturer’s protocols. Base calls were
converted to sequence reads using CASAVA-1.8.2. Sequence data were analyzed with the
Bowtie2, Tophat and Cufflinks programs using NCBI’s mouse (Mus musculus) genome
build reference mm10. RNA-Seq data have been deposited in the NCBI’s Gene Expression
Omnibus (GEO) and are accessible through GEO Series accession number GSE65031.

2.16. Gene ontology analysis

A ranked list was generated from GeneCards human gene data base (http://
www.genecards.org/) including the key words “lung” and “aging”. The search generated a
4956 genes ranked list. A minimum relevance score of 5 was used to render a top ranked list
containing 1551 genes. These genes were overlaid on our RNA-sequencing data set to
identify differentially expressed genes induced by 8-0xoG challenge. The identified 1351
differentially expressed genes were submitted to GENE-E online software (version 3.0.204)
from the Broad Institute (http://www.broadinstitute.org/cancer/software/ GENE-E/) to
generate heat-map. Gene ontology (GO) analysis was performed using the Gene Ontology
enrichment analysis and visualization (GOrilla) data base (http://cbl-
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gorilla.cs.technion.ac.il/), which employs the hypergeometric distribution to determine
overrepresented GO categories in a ranked set of genes (Eden et al., 2009).

2.17. Statistical analysis

Statistical analysis was performed using Student’s £test or ANOVA, followed by post hoc
tests: Bonferroni’s and Dunnett’s T3 with SPSS 14.0 software. The data are presented as the
means + the standard error of the mean. Differences were considered statistically significant
atp <0.05. (*p < 0.05; **p < 0.01; ***p < 0.001).

3. Results

3.1. Exposure of OGG1l-expressing cells to 8-OxoG base accelerate senescence

Parallel human diploid lung fibroblast cell (HDLF; between 16 and 20 passages) cultures
were treated with increasing concentrations of 0.1, 1, and 10 uM, pH-balanced 8-oxoG
solution. At 90% confluence cells were sub-cultured and population doublings (PD) were
calculated. Results show that 8-0x0G (10 uM, every 24h) treatment significantly decreased
PDs after 4 to 5 passages and after an additional 3-4 passages cells entered into a growth
arrest (passage 26-27; population doubling level [PDL]: 29 £4.4) (Fig. 1A). Treating cells
with 1 pM 8-oxoG (every 24h) cell proliferation was not affected for 14 passages, but
thereafter a decline in cell replication was significant and cells entered into senescence.
Treatment of cells with 0.1 pM 8-0xoG twice a day was required to observe a decrease in
life span (Fig. 1AB). Cells’ life-span of those exposed to 8-oxodG, guanine,
deoxyguanosine, oxazolone, FapyG, 7-hydroxy-adenine, adenine, deoxy-adenosine were
similar to those solvent- or un-treated ones and they reached replicative senescence (RS) at
passage 38-39 (PDL: 79 +4 (Fig. 1C).

To test whether 8-oxoG-accelerated senescence is a general phenomenon, we undertook
lifespan assays in which mouse embryonic lung fibroblasts (MELF) were used. Under
regular culture conditions the mock- and un-treated cells replicated through 7 to 9 passages
(14-16 PDs) (Fig. 1D,E). When treated with 10 pM 8-o0xoG solution daily, cells entered into
growth arrest at a point between 4 to 5 passages (average of 8.6 PDs). The low
concentrations (0.1 or 1.0 uM) of 8-oxoG had no significant effect (Fig. 1D). 8-OxodG,
guanine, deoxyguanosine, adenine, deoxy-adenosine, 7-hydroxy-adenine did not affect
lifespan (Fig. 1E). Notably, frequency of immortalization in 8-0xoG-treated MELF cultures
was under detectable levels, while mock-treated cells immortalized with high frequency. The
second wave of proliferation in mock-treated cells is in line with previous observations
(Parrinello et al., 2003).

There were no morphological differences between 8-0xoG-exposure-induced pre-mature
(passage 26; PDL: 29 +4.4) and RS cells (passage 38: PDL: 79 +4) (Fig. 2 ABC). We also
showed that 8-0x0G-senesced cells expressed typical senescence markers, including
expression of senescence-associated p-galactosidase (SA-pGal; Fig. 2DEF), and
accumulation of lipofuscin (Fig. 2FGH). Similar results were obtained for RS cells (data not
shown).
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To examine if 8-0xoG exposure alters cell cycle progression, HDLF cells were passaged 4
times with or without 8-0xoG exposure (pre-treatment and treatment (total) passage number
= 23). Cells were synchronized by serum starvation, and then these cells were either exposed
to 10 uM of 8-ox0G or solvent (mock-exposed) or were left unexposed, and cell cycle was
initiated by addition of FBS (10%). Cells were harvested at 6-h intervals and subjected to
DNA content analysis (Materials and Methods). Results from these experiments show that in
non- or solvent-exposed cultures cells enter the S-phase between 12h and 18h after initiation
by serum addition. In contrast, 8-0xoG exposure decreased cell cycle progression as shown
by lower numbers of cells entering the S-phase of the cell cycle (Fig. 2K) as defined by
ModFit LT cell cycle analysis software. We found that 8-oxoG-exposed and RS cells were
both arrested at G1 stage of cell cycle (Fig. 2M,N). Fig. 2L shows cell cycle distribution of a
replicating HDLF culture (passage 16).

3.2. 8-Ox0G exposure-induced senescence is independent from telomere shortening

The replicative lifespan of human normal diploid cells is limited by the erosion of the
protective caps (telomeres) of chromosomes of which generates signals, leading to
senescence (Campisi and d'Adda di Fagagna, 2007). To test if 8-0xoG exposures-generated
signals accelerate telomere length shortening we performed gPCR and the results are
expressed as telomere-to-single copy gene ratio (T/S ratio; Materials and Methods). Results
from qPCR showed that there are no significant differences in telomere length between 8-
0x0G-senesced and PDL-matched controls. In contrast, telomere length of RS cells were
significantly shorter (Fig 3A) compared to PDL-matched HDLF cells.

The signaling pathways activated by persistent DNA lesions, such as DNA single- (sshs) and
double-strand breaks (dsbs) have been associated with cellular senescence (Rodier et al.,
2009). To test whether repeated 8-0xoG exposures lead to the formation of DNA strand
lesions, cells were stained by using antibody to phosphorylated histone H2A.X (-y-H2A.X)
(Celeste et al., 2003). Results showed 3 or more DNA damage foci only in 3.3+1,4% of 8-
0x0G-senesced and 4.5+£3.5% of PDL-matched control (mock-treated) cells (Fig. 3B, right
panel). On the other hand, RS cells exhibited 3 or more DNA damage foci per cells in >50%
of the cell populations (Fig 3B). In Fig 3B, right panels show representative images of -
H2A . X-stained cells. Although a low percentage of 8-0xoG-senesced cells showed DNA
strand lesions, they were examined for telomere localization using co-staining of -y-H2A.X
foci with telomere-specific (CCCTAA)3 peptide [using immuno FISH technology (Ksiazek
et al., 2007)]. 8-OxoG-senesced cells -y-H2A.X foci were undetectable at telomeric DNA
whereas in RS cells (Fig. 3C) 9,5% of y-H2A.X foci localized to telomeres (data not
shown). Together these data and those from gPCR suggest that 8-oxoG-driven senescence is
not associated with telomere erosion. Moreover, it is unlikely that multiple treatments with
an 8-0xoG increase in mutation frequency (MF) in cells, as MF is similar to those observed
in mock-treated V79 cultures (Fig. 3D).

3.3. OGG1 down-regulation increased lifespan of diploid lung fibroblasts

To investigate the physiological relevance of 8-0xoG released from DNA to accelerate
senescence processes, OGG1 was depleted by stable expression of specific ShRNA
(Materials and Methods) and colonies were isolated (antibiotic selection) from cultures of
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diploid lung fibroblasts. Only colonies with mRNA levels of OGG1 less than 75% of control
plasmid transfected cells were utilized. A decrease in protein levels was confirmed by
immunoblotting (Fig. 4B). At the first passage, clones were divided and 8-0xoG- (10 uM) or
solvent-exposed daily. Cell clones with or without 8-oxoG exposure were maintained and
total cell numbers (cells yield) were determined. Cell-yield attained by OGG1 depleted
colonies are significantly higher than that of OGG1 expressing ones (control ShRNA) (Fig.
4A). Importantly, 8-o0xoG exposure had minor impact on total cell numbers in OGG1-
depleted clones, while the same dose of 8-0xoG significantly decreased total cell numbers in
clones expressing control ShRNA similar to those shown in Fig. 1AB. These data together,
suggest roles of both OGG1 and 8-0x0G base in senescence processes.

3.4. Activation of NRAS in response to 8-oxoG base exposure

Expression of oncogenic RAS (HRAS-V12; protein lacks GTPase activity, so it is
constitutively activated) in primary human and rodent cells results in a permanent G1 arrest
and prematured senescence (Benanti and Galloway, 2004; Serrano et al., 1997). Therefore
we asked whether and which RAS family member is activated by repeated 8-0xoG exposure
of human diploid fibroblast cells. Results in Fig. 5A, show a time-dependent increase in total
GTP-bound RAS levels in response to challenge. However, activated RAS pull-down assay
show that only NRAS is activated, while GTP-bound HRAS and KRAS were not increased
(Fig. 5B). These results are consistent with previous observations showing increase in level
primarily of the NRAS-GTP in human (and mouse) lung fibroblast (Aguilera-Aguirre et al.,
2014).

8-Ox0G exposure of HDLF cells induced activation of NRAS, and therefore its possible role
in senescence was evaluated. NRAS expression was depleted using a simultaneous siRNA
transfection and plating method (Omerovic et al., 2008). In controls, HRAS and KRAS
expression was down-regulated by using a similar method. Control and target-specific,
siRNA-transfected HDLF cells were maintained up to their life-span in the presence of 8-
0x0G (10 uM). Results showed that NRAS depletion significantly increased the life-span
and the number of cells from 2x108 to 59.4 + 3.1 x10° (Fig 5C). Compared to cont-siRNA-
transfected cells, depletion of HRAS or KRAS did not significantly change total cell
numbers (Fig 5C). Together these data imply that NRAS-driven signaling is the primary
cause of pre-mature senescence (Fig. 1) and possibly of the G1-phase arrest of the cell cycle
at stage of senescence (Fig. 2N,M).

3.5. Gene expression profiles of 8-0x0G- and naturally-senesced cells are similar

To obtain data on gene expression maintaining senescent phenotype, RNAs were isolated
from 8-0x0G- and naturally-senesced cells and subjected to microarray analysis using the
Affymetrix gene arrays (Materials and Methods). Genes with increased or decreased
expression levels (= 2-fold) were identified and selected for analysis. To define genes
associated with senescent on the array 1617 genes were selected based on the key word
“senescence” in the GeneCards data base. The 1617 genes were then overlaid on
significantly modulated gene lists corresponding to those from 8-0x0G- and RS cells and
1116 senescence-associated genes were found. To visualize similarities in gene expression
patterns the list were submitted to GEN-E online software and heat maps were generated.
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The heat-maps show that gene sets and their expression level maintaining terminal cell cycle
arrest is similar between 8-0xo0G- and RS cells (Fig. 6A). Specifically, out of 1116, genes
959 (86%) showed nearly similar expression patterns.

To analyze gene sets expressed in senescent cells, the gene networks were ranked based on
the significance score calculated by the IPA software. As immuno-staining showed increased
levels of TP535€r15 (Fig. 6B,C), we selected one of the top ranked signaling networks
regulating TP53 expression and its post-translational modifications central to maintaining
G1 phase arrest in 8-0xoG-senesced diploid fibroblasts (Fig. 6D). This network includes key
transcription factors such as nuclear factor kappa B1 (NVFKBJI); the Kruppel family of
transcription factor 4 (KLF4, regulates 7P53 expression); activating transcription factor 1
and 3 (ATF1,3); twist basic helix-loop-helix transcription factor 1 ( 7TWI/STI); signal
transducer and activator of transcription 1 (S7A7I); polycomb group RING finger protein 1
(BMII); forkhead Box O3 family of transcription factors (FOX0J3); and Msh Homeobox 1
(MSX1, a transcriptional repressor). Genes encoding for cytokines upstream from TP53
include interferon gamma family protein 16 (/F/16); tumor necrosis factor ligand
superfamily member ( 7A/F); tumor necrosis factor receptor superfamily 10B (7ANFRSF10B);
growth factors such as fibroblast growth factor 2 (FGF2) and transforming growth factor,
betal (7GFBZ, regulates proliferation, differentiation, adhesion, migration, and cell tissue
remodeling).

DNA damage-activated genes such as ataxia telangiectasia mutated (A7M), xeroderma
pigmentosum group C-complementing protein (XPC), S. cerevisiae homolog, double strand
break repair protein (RAD50) and others listed in the legend to Fig. 6D were also
modulated. The change in gene expression resembles persistent DNA damage response
signaling, an unexpected observation as 8-oxoG-mediated, prematurely-senesced cells did
not show increased DNA damage. A nearly identical TP53 top-ranked network was
identified in RS cells (data not shown). Thus it appears that genes upstream from TP53 not
only modulate its function, but encode for multifunctional proteins that alone or in
combination with other proteins in this network is associated with the irreversible arrest of
cell proliferation and pre-matured senescence by the product of OGG1-BER.

To examine the validity of microarray data, cells were immuno-stained with antibodies to
phosphorylated TP53 at serinel® (TP535€r15) p16!NK4a or np1 WAF/CIPL cyclin kinase
inhibitors. Results summarized in Fig. 6C,D show that the nuclei of 8-0xoG- and naturally
senesced cells accumulate TP535€r15 p16!NK4a gnd p21WAF/CIPL These observations were
not surprising for RS cells, which have DNA strand damage as shown by y-H2A.X staining
(Fig. 3B). However, it is unexpected that 8-oxoG-senesced cells, which do not have
significant levels of DNA damage (Fig. 3A,B,C), to accumulate TP535€r15 p16!NK4a gng
p21WAF/CIP1 These results could be due to unscheduled signaling by activated NRAS (Fig.
5B) and are in line with the microarray analysis of gene expression (Fig. 6B). In support,
constitutively active RASVa!12 expressed in diploid fibroblast cells induced the activation of
TP53 and p16'NK4a tumor suppressor proteins (Hara et al., 1996). In early passage-cells
TP535er15 n16INK4a or p21WAFL were at under detectable levels (data not shown).
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To document the biological processes that are associated with terminal cell cycle arrest in 8-
oxoG-senesced cells, the list of differentially expressed genes (600 top-ranked out of 1116
genes based on GeneCard’s significance score >5) were submitted to Gene Ontology
enrichment analysis and visualization tool (GOrilla) (Eden et al., 2009). Results show that
the gene ontology (GO) categories involve regulation of cell aging (= 9.11E-08), cell
proliferation (P= 1.92E-09), positive regulation of cell aging (£ = 8.53E-07) and regulation
of cellular senescence (P= 3.98E07). The analysis also identified processes associated with
regulation of cell cycle G1/S phase transition (= 2.11E-06), and negative regulation of cell
cycle G1/S phase transition (£ = 8.96E-06). Although no significant increase was observed
in level of DNA strand breaks (Fig. 3B) GO analysis identified processes that were regulated
via intracellular signal transduction modulating G1 DNA damage check points (P=
5.11E-05). Accordingly, DNA damage response signal transduction by TP53 class mediators
resulting in significant cell cycle arrest (£ = 2.18E-05). Additional biological processes and
their P-values are shown in Fig. 7 visually and numerically in Table 1 (SUPPLEMENTARY
MATERIAL). GOrilla database-defined biological processes were consistent with 8-0xoG
exposures-induced delay in G1-S phase of the cell cycle (Fig. 2K) and arrest of cells in the
G1 phase (Fig. 2M). Furthermore, GO analysis supports our observations showing
accumulation of TP535€r15 and p16!NK4a a5 well as p21 WAF/CIPL jn nyclei of OGG1-
expressing 8-oxoG-senesced cells (Fig. 6B,C,D). These data together strongly suggest that
biological processes induced by OGG1-BER (mimicked via 8-0xoG exposures) play a role
in terminal cell cycle arrest of cultured HDLF cells.

3.6. OGG1-BER — KRAS signaling induces aging-associated gene expression in airways

Exposure of lungs to environmental pollutants, changes in osmotic, temperature and oxygen
levels, and oxidative burst by immune cells leads to 8-oxoG formation, consequently OGG1-
BER. To test whether liberation of genomic 8-0xoG base caused aging-associated gene
expression in lungs mouse airways were repeatedly challenged with 8-0xoG base (Materials
and Methods). First, changes in activated ras family protein levels were examined. Results
summarized in Fig. 7A shows a time-dependent increase in GTP-bound levels of KRAS,
while activation of HRAS or NRAS was under detectable level in line with previous
observations (Aguilera-Aguirre et al., 2014). Next whether 8-oxoG challenge-induced
KRAS signaling in airways resembles that of aging-associated gene expression was also
queried. RNAs were isolated at 0, 30, 60 and 120 min after challenge and subjected to RNA-
sequencing and gene ontology analysis (Materials and Methods) (Aguilera-Aguirre et al.,
2015; Aguilera-Aguirre, 2015).

RNA-sequencing analysis showed a rapid response (from 30 min on) at mMRNA levels to 8-
oxoG challenge. Utilizing gene identification programs and NCBI’s mouse data base
(Materials and Methods) we identified 3252 differentially expressed transcripts (2435 up-
and 817 down-regulated) including 2080 protein-coding mRNAs, 144 microRNAs, and 326
non-coding, full-length RNAs as we published previously (Aguilera-Aguirre, 2015). To
identify genes associated with lung aging, a ranked list was generated from the GeneCards
gene data base based on the key words “lung” and “aging.” The search generated a 4956-
gene-ranked list. A minimum relevance score of 5 was used to render a top ranked list
containing 1551 genes that had previously been linked to lung aging. This list was overlaid
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on RNA-sequencing data and fold changes in gene expressions were added. Out of 1551
(score 5 or higher; defined by GeneCards) 1,357 (462 were up-regulated (>3-fold) 825 were
unchanged or modulated <3-fold) and 70 genes were down-regulated) were modulated by 8-
0xoG challenge of airways containing genes (Fig. 7). To visualize the changes and
expression patterns a heat maps was generated (Fig 7) by using GENE-E online software
(Broad Institute) (Aguilera-Aguirre et al., 2014).

To examine the integrated roles of 1,357 genes induced by 8-oxoG challenge of airways in
biological processes, they were submitted to GOrilla for gene ontology analysis (Eden et al.,
2009). The GOrilla database defined top-ranked biological system processes in lungs as
summarized in Table 2 (SUPPLEMENTARY MATERIAL). Examples of the most
significantly modulated biological processes include negative regulation of the biological
process (P= 2.70E-07), negative regulation of the developmental process (P = 1.84E-07),
regulation of multicellular organismal process (£ = 9.67E-08), negative regulation of cell
motility (P = 7.21E-08), regulation of cell differentiation (P = 6.63E-08), negative regulation
of cell differentiation (P = 5.42E-06) and others (Table 2, SUPPLEMENTARY
MATERIAL). Among GOrilla GO database-defined biological processes for detailed
analysis, we selected regulation of cell signaling (P= 1.37E-07) and regulation of cell cycle
process (P = 3.96E-10).

According to GOrilla GO database positively/negatively regulated signal transduction
pathways were mediated through small GTPases [e.g., regulation of Ras protein signal
transduction (P = 4.52E-04); positive regulation of small GTPase mediated signal
transduction (P= 1.73E-04)]. Down-stream from GTPases, highly significant changes were
identified regarding positive regulation of phosphatidyl-inositol 3-kinase signaling (P =
6.60E-06), regulation of MAPK (P = 3.48E-11) and positive regulation of MAPK cascade (P
= 4.95E-13) and others (Fig. 8C and Table 3 (SUPPLEMENTARY MATERIAL).
Interestingly, Janus kinase/signal transducers (£ = 3.88E-02) and activators of transcription
(JAK/STAT) pathways (P = 3.88E-04) were only marginally significant. The signaling
cascades generated in lungs by 8-0xoG challenge are in line with 8-oxoG-driven GEF
activity of OGGL1 and consequent activation of small GTPase KRAS (Aguilera-Aguirre et
al., 2014; Boldogh et al., 2012).

GOrilla GO database generated images (Fig. 8D and Table 4 (SUPPLEMENTARY
MATERIAL) showed biological processes [(regulation of cell cycle process (P = 3.96E-10)]
modulated by 8-0xoG challenge of OGG1 expressing lungs. Top-ranked processes include
positive regulation cell cycle process (P = 2.22E-08), regulation of cell cycle phase transition
(P=6.87E-06), regulation of mitotic cell cycle phase transition (P = 6.87E-06), regulation of
G1/S transition of mitotic cell cycle (P= 2.21E-07), and negative regulation of G1/S
transition of mitotic cell cycle (P= 7.53E-06). It is interesting to note that 8-oxoG challenge
of airways mediated regulation of cell cycle process similar to that HDLF (shown in Fig. 7).

4. Discussion

It has long been suspected that DNA base and strand lesions have important etiological role
in senescence, aging processes and age-associated diseases (Beckman and Ames, 1998; Hart
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and Setlow, 1974; Sohal et al., 2002; von Zglinicki et al., 2001). Although signaling by DNA
strand breaks convincingly mediate senescence, the role of base lesions is however not fully
understood. The most commonly observed DNA lesion in all types of aged is the oxidative
modified guanine 8-0xoG. It is removed from the genome as a free base by OGG1-BER.
Here we show that repeated activation of OGG1’ guanine nucleotide exchange factor activity
by 8-0x0G base resulted in pre-matured senescence. Permanent OGG1 down-regulation
extended life span of cells upon 8-0xoG exposures. Importantly, 8-0xoG exposed airways
displayed differential gene expression, which are consistent with lung aging, These data
point to a novel paradigm wherein life-long release of oxidatively-modified base 8-oxoG
from DNA mediate differential gene expression, which wires cellular senescence/aging
processes.

Repeated 8-0x0G exposure terminally arrested cells after 7-8 passages, while mock-
(solvent) exposed cells needed 20-22 passage to reach senescence state. 8-0xoG exposures
first decreased proliferative potential and subsequently cells entered a state of permanent
growth arrest (at G1 phase of cell cycle), expressed SA B-Gal and accumulated lipofuscin as
well as displayed morphological changes. Permanent growth arrest was not associated with
accumulation of DNA strand breaks, increased frequency of mutations or shortening of
telomeres; however, phenotypic cellular characteristics are fully satisfy the previously
described “senescence” or Hayflick limit (Hayflick and Moorhead, 1961).

Studies have shown that DNA-damage signaling mediates arrest of cell proliferation and
consequently inducing senescence (Jackson and Bartek, 2009; Sedelnikova et al., 2008; von
Zglinicki et al., 2001). Indeed, in RS cells levels of DNA strand lesions were significantly
increased and showed excessive telomere shortening. In contrast, 8-oxoG-senescence may
not be linked to DNA damage signaling as cells did not show significant accumulation of
DNA strand breaks or telomere length shortening. Although it requires additional studies
these results could be explained by small GTPases-driven senescence as previously proposed
(Benanti and Galloway, 2004; Campisi, 2005). Repeated addition of 8-0xoG to cells
persistently increased GTP-bound levels of NRAS in HDLF cells, so it is feasible to propose
that senescence is associated with continuous/intermittent unscheduled activation of small
GTPases. In support, NRAS-depleted (but not K or HRAS) HDLF cells were partially
refractory to 8-oxoG exposures-induced senescence. These results not only imply, but
warrant contribution of other small GTPases-signaling in establishment of senescence
phenotype. Indeed, 8-0x0G base-induced conformational changes in the OGG1 molecule
allow its interaction with and activation of other small GTPases including RHO and RAC
family GTPases (Hajas et al., 2013; Luo et al., 2014). There were profound changes
observed in morphology of cells at proximity and in the state of permanent growth arrest
implying changes in cytoskeleton that required actions of the small GTPase RAC1 and/or
RHOA (Kaibuchi et al., 1999). Indeed, independent studies documented that 8-oxoG base
exposure of cells increased activity of RAC1 and RHOA-GTPases in association with
smooth muscle alpha-actin (a-SMA) polymerization into stress fibers, and thus increased
the level of a-SMA in insoluble cellular/tissue fractions (Hajas et al., 2013; Luo et al.,
2014).
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To address the molecular mechanism by which the senescence state is developed and
maintained in 8-0xoG-induced senescent cells unexpected increase were observed in the
expressions of DNA damage-regulated genes, including TP53, p21WAFL and p16!NK4a, |t js
intriguing that expression of these key mediators of cell cycle progression is similar to those
in RS cells. Our goal was to compare expression of potential mediators of cell cycle
progression between 8-0xoG- and replicatively-senesced cells, therefore their kinetic
activation were not examined. In line with expressions of DNA damage-regulated genes, a
significant increase in DNA dsbs was observed only in RS cells. 8-OxoG-senesced cells
DNA damage was similar to PDL-matched proliferating control cells. Thus one may propose
that enhanced levels of phosphorylated TP53 and increased expression of p21WAFL and
p16'NK42 in 8-0xoG-senesced cells could be due to activation of small GTPases. Expression
of p19ARF another functional regulator of TP53 was not investigated, but it is most likely to
be activated as it has a role in the stabilization of TP53 by interfering with its negative
regulator MDM2 (Palmero et al., 1998; Weber et al., 2000). Activated (stabilized) TP53
induced the expression of the p21WAFL which can inhibit cyclin E- and A, thus promote cell
cycle arrest shown previously (Benanti and Galloway, 2004; Bringold and Serrano, 2000;
Zhu et al., 1998). In support, studies have shown that cells lacking expression of cyclin
kinase inhibitors (p21WAFL or p16!NK43) fajl to undergo senescence in response to activated
RAS (Benanti and Galloway, 2004; Zhu et al., 1998). Signaling by activated small GTPases
of TP53 and cyclin kinase inhibitors is also well documented (Benanti and Galloway, 2004;
Zhu et al., 1998). Thus increased levels of phosphorylated TP53, expression of p21WAFL and
p16!NK4a jn 8-oxoG-senesced cells can occur via OGG1’ GEF-induced RAS activation in
lack of DNA strand damage. .

To address gene expression networks by which the senescence state is maintained as well as
define the differences and similarities between 8-oxoG-senesced and RS cells, microarray
analysis was performed. Intriguingly, 86% of the differentially expressed genes between 8-
0x0G- and RS cells were similar. Sets of the differentially expressed genes were submitted
for gene ontology analysis (GOrilla-data base). As examples, the top biological processes
indentified were regulation of cell aging (P = 9.11E-8), positive regulation of cell aging (P=
8.53E-7), and negative regulation of cell cycle G1/S phase transition (P = 8.9E-6) in cells
pre-maturely senesced by 8-0xoG exposures. Strikingly, nearly similar results were seen for
RS-senesced cells. In both 8-0x0G- and RS-senesced cells positive regulation of cells aging
and negative modulations of G1/S phase transition are in line with roles of phosphorylated
TP53, and expression cyclin kinase inhibitors (p16!NK4a p21 WAF/CIPLy These results
together suggest that signaling and molecular networks maintaining are similar to those in
RS after repeated 8-0x0G exposures.

To extend our understanding on senescence/aging OGG1-initiated BER were mimicked by
challenging lungs with low doses of 8-0xoG (0.0005 mg/kg body weight). We have chosen
lungs as it forms a barrier between environment and vertebrate organisms and its decreased
function impacts entire health e.g., correlates with poorer cardiovascular performance,
cognitive activities and increased subcortical atrophy, and dementia in humans (Carvalhaes-
Neto et al., 1995; Janssens, 2005). In addition, environmental pollutants, osmotic,
mechanical stress, and oxidative burst by immune cells in airways leads to 8-oxoG
formation, consequently OGG1-BER rev in (Ba et al., 2014; Ba et al., 2015; Bacsi et al.,
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2016; Radak and Boldogh, 2010). Challenge of lungs with 8-0xoG base robustly increases in
GTP-bound levels of KRAS but not activation of HRAS or NRAS in line with previous
observations (Aguilera-Aguirre et al., 2014). Studies also showed that KRAS-GTP binds to
its effecter protein (Raf proto-oncogene homolog serine/threonine kinase kinase) and
activate it, leading to phosphorylation of MAP and P13 kinases, which are strongly
interconnected and play a central role in inflammation, cell growth, differentiation and
tumorigenesis. Indeed, analysis by RNA-sequencing showed that 8-oxoG challenge induced
differential expression of 1551 genes, out of which 1357 are associated with senescence/
aging processes.

Differential gene expression-driven top-ranked processes included regulation of biological
processes, negative regulation of developmental processes, cell motility, and cell
differentiation (P-values are highly significant). Intriguingly, GOrilla analysis also showed
that differential gene expressions are regulated by small GTPase-signaling and down-stream
kinases (PI3K, MAPK). To this end, recent studies revealed that OGG1-BER or when it is
mimicked by 8-0xoG base challenge resulted in increased phosphorylation levels of MAPK,
PI3K and 1xB kinases in airways (Aguilera-Aguirre et al., 2014). Activation of these kinases
were prerequisite events in induction of biological processes including positive/negative
regulation of signal transduction, intracellular signal transduction, cell communication and
others (Aguilera-Aguirre et al., 2015). Studies have also shown that OGG1-8-0xoG — small
GTPases significantly upregulated signaling pathways including cadherin, integrin, Rho
GTPase, transforming growth factor beta (TGFp), and those modulated by wingless type
(Wnt) family growth factors as well as cytokines/chemokines (2 values are between
7.61E-04 and P=7.61E-09) (Aguilera-Aguirre, 2015). These signaling pathways have
previously been related to airway remodeling --well characterized changes in aged and
diseased lungs (Chilosi et al., 2013; ljaz et al., 2014). It has also been shown that Wnt-,
TGFp- and catenin-signaling pathways are key to lung parenchyma damage-repair,
development, and control of cellular senescence as well as tissue remodeling (Cabrera-
Benitez et al., 2012; Halder et al., 2012; Konigshoff et al., 2009).

It has been documented that OGG1-8-0x0G — small GTPases-induced signaling involved
gene expression linked to regulation of immune-system, immunohomeostasis and
macrophage functions, which were mediated by chemokines, cytokines, and interleukin
signaling after 8-oxoG challenge (Aguilera-Aguirre et al., 2015). From these data one may
propose that OGG1-BER signaling not only induce and maintain a senescence phenotype
directly via activated small GTPases — TP53 and cyclin kinase inhibitors, but also through
supra-physiological expression pro-inflammatory mediators. If it is proven to be correct
maintenance of OGG1-BER-induced senescence is even more complex involving gene
expression similar to that of senescence-associated (SA) “secretome” described previously
(Campisi, 2005; Coppe et al., 2010). Because OGG1-BER is continuous process may
maintain inflammatory state and contribute to progressive aging processes. Indeed, discrete
clusters of senescence cells (SA secretomes) are documented in various pulmonary diseases,
including asthma, COPD, emphysema and IPF (Campisi, 2005; Chilosi et al., 2013;
Minagawa et al., 2011).
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Attempt were made to compare senescence/aging-associated gene expression networks
between HDLF and mouse lungs; although previous cross-species comparisons suggests
only a potential relationship between senescence of cultured cells and organ aging or
organismal life span, and the connection was neither quantitative nor direct (Campisi, 2001).
However, we show that GO analysis of differentially expressed genes in both HDLF and
lungs were related to regulation of cell cycle. The common, top-ranked biological processes
in both were regulation of cell cycle G1/S phase transition, regulation of G1/S transition of
mitotic cell cycle, and negative regulation of cell cycle G1/S phase transition. The difference
between lung and cultured cells was that in HDLF the cell cycle, G1/S phase transition/
arrest was primarily linked to signal transduction by TP53, while in lungs, GO analysis
linked cell cycle and G1/S phase transition to signaling by RAS-PI3K and MAPK cascades.
However, these results are not controversial as RAS-PI3K-MAPK pathways up regulate
TP53 signal transduction. Based on these data one may propose that OGG1-BER could
indeed be linked to aging processes at cellular and organ level. We note that increased
OGGL1 activity and release of 8-0xoG base from mitochondrial DNA of Oxys rats was
previously associated with accelerated aging and progression of age-related diseases such as
cataract, macular dystrophy, hypertension, osteoporosis, cognitive behavioral dysfunctions,
lungs and liver pathologies (Kemeleva et al., 2006a; Kemeleva et al., 2006b).

In conclusion, efficient OGG1-driven DNA BER conventionally thought to maintain genome
integrity, prevent mutagenesis, and increase heath-span via releasing the mutagenic 8-oxoG
from the genome. However, current data suggest that generation of 8-0xoG base,
unscheduled activation of small GTPases via OGG1’s GEF activity and downstream
signaling, led to differential gene expression, consequently biological processes resulting in
senescence and aging. It is well recognized that he senescence response is highly efficacious
tumor suppressive mechanism. So it is feasible to propose that upon excessive stress the
DNA repair protein OGGL is also utilized to induce senescence in order to protect cells at
risk from unwanted proliferation, malignant transformation and potential tumorigenesis.
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HIGHLIGHTS
O Aging is genetically regulated, and is accelerated by stress from environment
O Generation of genomic 8-oxoguanine and aging are parallel processes

O OGG1-BER of 8-0x0G, fuels activation of small GTPases and gene
expression

O GO analyses of OGG1-BER-associated gene expression are relevant to
senescence-aging

O Pharmaceutical modulation of guanine oxidation in DNA should decelerate
aging processes
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Figure 1.

Exposure to 8-oxoG accelerate senescence of diploid cells. A, 8-0xoG base exposure
decreases the life-span of HDLF cells. Parallel cultures of HDLF cells were exposed serially
passaged and exposed to 10, 1 or 01 uM 8-0xoG (final concentration) or to solvent only.
Population doubling (PD) was calculated at passage and when it decreased under 0.5 cells
were considered senescence. B, Graphical depiction of HDLF cell’s life-span (as given by
number of passage). *** < 0.001; * < 0.05. C, 8-0x0G but not 8-oxodG, guanine, guanosine,
FapyG, 7-OH-A or adenine induce pre-matured senescence. Cells were exposed nucleotides/
nucleosides daily until PD decreased under 0.5 and total number of passage calculated. D, 8-
0x0G-base exposure decreases life-span of MELF cells. Experiments were performed as
described to legend B. E, Only 8-0x0G base exposure decreases life-span of MELF cells.
Experiments were performed as described in legend C.
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Figure2.
Morphology and senescence markers developed upon 8-0xoG exposure of HDLF cells. A,

Morphology of HDLFs at passage 26; B,C Morphological changes in 8-0xoG-exposed
HDLF cells at passage 26 is similar to those in cells attained at replicative senescence (C,
passage 39). Microphotographs were captured on a NIKON TE system. Magnification 40 X.
D-J, Marker of senescence. D,E,F, Expression of B-galactosidase (p-Gal) and G,H,1,J
accumulation of lipofuscin (shown by increased autofluorescence) in cells senesced by 8-
oxoG exposure (G,H) or replicatively (1,J). Cells were photographed at a magnification of 40
X. K, Kinetic changes in cell cycle progression after repeated 8-oxoG-exposure. Cells were
exposed to 8-0x0G (10 pM)- or solvent or were left unexposed. After the 4™ passage cells
were plated and at 60% confluence were serum starved (but exposed to 8-oxoG or solvent)
and the 5t day cell cycle was initiated by the addition of FBS (10%), and DNA content of
cells was analyzed by using flow cytometry (Materials and Methods). L, Cell cycle stage
distribution is shown in solvent-exposed control cell culture. M, Cell cycle arrest in G-phase
is shown in 8-oxoG-senesced and N, RS cultures of cells. DNA contents of cells were
analyzed by flow cytometry (Materials and Methods)
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Figure 3.
Telomere length and levels dsbs in DNA of 8-oxoG-senesced cells. A, Decreased telomere

length in RS, but not 8-oxoG-senesced cells. T/S ratio was determined as described in
(Materials and Methods). B, Percentage of cells showing DNA dsbs. Cells at stage of
senescence were fixed and immunostained by using antibody to y-H2A.X. The number of
positively stained (3 or more -y -H2A.X foci) cells are expressed as a percentage of 100
counted cells. *** = 0.001. Right panel, representative images of g-H2A.X-stained cells. C,
DNA dsbs are in non-telomeric regions of the genome in 8-oxoG-senesced cells. Cells were
immunostained by using antibody to y-H2A.X, and immuno FISH staining was performed
by using telomere-specific (CCCTAA)3 peptide nucleic acid probe (Materials and Methods).
Images were visualized on a NIKON Eclipse Ti System by using Nikon NIS Elements
Version 3.5. Magnification x320. D, Repeated exposure to 8-0xoG does not increase
mutation frequency. Low density cultures of V79 cells were exposed to 8-oxoG (10 pM)
twice a day for 4 days, and the number of 6TG-resistant colonies was determined. In A, B,
and C, RS, replicative senescence; 8-0xoG-, 8-oxoG-induced senescence; Non-T, non-
treated cells; Mock-, solvent treated; MF, mutation frequency; T/S ratio, telomere-to-single
copy gene ratio; and Non-E, non-exposed.
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Figure 4.

OGG1 depletion prevented 8-oxoG-induced premature senescence. A, 8-0xoG exposures do
effect life-span of OGG1-depleted cells. Cells were transfected with shRNAs to OGG1 and
shRNA-expressing stable cell clones were developed and passaged serially + 8-0xoG (10
UM daily). Total cells numbers were calculated at the end of their life span. B,
Characterization of shRNA expressing cell clones. Level of OGG1 mRNA in clones of
expressing OGG1-shRNA and control ShRNA was determined by gPRC. I nset, OGG1
protein levels in lysates of cells stable expressing target specific and control ShRNA

(immunoblotting).
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Figureb.

Activation of small GTPases upon 8-0xoG exposure of HDLF cells. A, Changes in total
RAS-GTP levels. Cells were exposed to 8-0xoG (10 uM) or serum (20%, for 15 min) lysates
were prepared and RAS-GTP levels were assessed by an ELISA (Materials and Methods).
B, 8-0x0G exposure activates NRAS in human fibroblasts. Cells exposed to 8-0xoG (10 uM)
lysates were prepared at the times indicated. Active RAS was collected by pull-down assays
(Materials and Methods). Eluted proteins were subjected to SDS-PAGE, and RAS isoforms
were identified by immunoblotting using type-specific antibodies. C, NRAS depletion
increased cell numbers. Parallel cultures of cells were NRAS, KRAS or HRAS depleted by
using siRNA transfection and 8-0xoG exposed. Results are expressed as total number of
cells.
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Figure 6.
Signaling network associated with TP53 in 8-0xoG senesced cells. A, Similar differential

gene expression in 8-oxoG-senesced and RS cells. A list of differentially expressed genes
(1116) was submitted to GENE-E online software and heat-maps were generated. Upper
heat-map, signal intensities of genes expressed in 8-oxoG-senesced cells; lower panel, signal
intensities of genes in RS cells. B, Visual depiction of TP53-associated network in 8-0x0G-
senesced cells. Expression was analyzed by Affimetrix gene array. Microarray data sets
containing differentially expressed genes were overlaid onto molecular network of the
Ingenuity Pathways Knowledge Base. The intensity of the node color corresponds to the
degree of change in gene expression. Red, up-regulated, green: down-regulated. ——, direct
interactions, ----, indirect interactions.

C,D Expression of TP53%¢15 and cyclin kinase inhibitors in 8-oxoG- and RS cells. Senesced
cells were subcultured onto coverslips, fixed and immuno-stained using antibodies to
TP535€er15 n16!NK4a o p21WAFL Microscopy was performed on a NIKON Eclipse Ti
System using Nikon NIS Elements Version 3.5 (NIKON Instruments, Tokyo, Japan).
Magnification: x125.

Gene symbols: SUPPLEMENTARY MATERIAL
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Figure7.

Biological processes associated with 8-oxoG-induced senescence. A list of differentially
expressed genes was submitted to GOrilla analysis data base for identifying and visualizing
enriched GO terms. P-valueis the proportion of group of genes modulated under 8-0x0G-
induced senescence that are annotated to that GO term. Inset: P-value ranges. P-values of
each biological process are numerically shown in Table 1 (SUPPLEMENTARY

MATERIAL)
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Figure8.
OGG1+8-0x0G-KRAS signaling-induced biological processes in airways. A, Increases in

KRAS-GTP levels upon 8-0xoG challenge of lung. Lungs were challenged with 60 pl of 8-
0x0G (1 pM) solution for 0, 15, 30 and 45 min, and extracts were prepared. GTP-bound
RAS levels were determined by using active RAS pull down assays. Proteins were
fractionated by SDS-PAGE and transferred, and RAS was detected by type-specific
antibodies (Materials and Methods). B, 8-OxoG challenge induces gene expression
consistent with aging in lungs. Lungs were repeatedly challenged on day 0, 2 and 4 with 8-
0x0G base (60 pl of 8-0xoG; 10 pM solution). After the last challenge (41" day), RNAs were
isolated at 0, 30, 60 and 120 min and subjected to RNA-seq (Materials and Methods). Then,
1357 gene products were identified by overlaying them on gene sets that had previously
been associated with lung aging as defined by the GeneCards database. The selected genes
along with their associated fold changes were heat mapped and hierarchically clustered
using GENE-E online software (Aguilera-Aguirre, 2015). C,D, Regulation of biological
processes induced by 8-0xoG exposure of lungs. The list of 1357 genes (up- down-regulated
as well as unchanged) was submitted to the GOrilla data base to identify GO categories and
their association with biological processes. Significance levels of processes are color-coded
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(D, lower panel). P-values of each biological process in D and C are numerically shown in
Table 3 (SUPPLEMENTARY MATERIAL) and Table 4 (SUPPLEMENTARY MATERIAL)
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