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Abstract

Aging is accompanied by a decline in DNA repair efficiency, which leads to the accumulation
of different types of DNA damage. Age-associated chronic inflammation and generation

of reactive oxygen species exacerbate the aging process and age-related chronic disorders.
These inflammatory processes establish conditions that favor accumulation of DNA base
damage, especially 8-oxo-7,8 di-hydroguanine (8-0xoG), which in turn contributes to various
age associated diseases. 8-0x0G is repaired by 8-0xoG glycosylasel (OGG1) through the

base excision repair (BER) pathway. OGG1 is present in both the cell nucleus and in
mitochondria. Mitochondrial OGG1 has been implicated in mitochondrial DNA repair and
increased mitochondrial function. Using transgenic mouse models and cell lines that have been
engineered to have enhanced expression of mitochondria-targeted OGG1 (mtOGG1), we show
that elevated levels of mtOGG1 in mitochondria can reverse aging-associated inflammation

and improve functions. Old male mtOGG179 mice show decreased inflammation response,
decreased TNFx levels and multiple pro-inflammatory cytokines. Moreover, we observe that
male mtOGG179 mice show resistance to STING activation. Interestingly, female mtOGG1T9
mice did not respond to mtOGG1 overexpression. Further, HMC3 cells expressing mtOGG1
display decreased release of mtDNA into the cytoplasm after lipopolysacchride induction and
regulate inflammation through the pSTING pathway. Also, increased mtOGG1 expression reduced
LPS-induced loss of mitochondrial functions. These results suggest that mtOGG1 regulates age-
associated inflammation by controlling release of mtDNA into the cytoplasm.
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INTRODUCTION

Aging is a universal complex phenomenon affecting stochastic, genetic, and cellular
functions in multiple cell types and tissues, with the immune system undergoing multiple
profound changes. This age-associated dysregulation of the immune system results in
increased circulating pro-inflammatory cytokines including Interleukin 6 (IL-6) and tumor
necrosis factor alpha (TNFa) and acute phase protein in older people even without
infection[1]. The low level of chronic inflammation in aging is called “inflammaging”[2—
4]. The persistent inflammaging causes tissue damage and results in more inflammation
leading to a vicious cycle of inflammaging and age-related diseases including cardiovascular
diseases, atherosclerosis, dementia, and Alzheimer’s disease[5]. The brain has a highly
regulated adaptive immune system to clear pathogens. However, in the context of
inflammaging, the brain becomes more vulnerable leading to a dysregulated neuro-immune
axis. Triggered inflammation in the brain is observed in many age-related neurological
disorders[6]. However, the precise mechanism of age-related chronic inflammation and
tissue dysfunction in the brain is not understood.

DNA is continuously damaged during the aging process in which numerous exogenous and
endogenous genotoxins increase. Genomic instability due to DNA damage accumulation is
a hallmark of aging and has been linked to DNA mutations and cognitive impairment[7, 8].
Interestingly, mutations in DNA repair genes and impaired DNA repair pathways are linked
to premature aging in both humans and rodents[9, 10]. Aged cells also show an increase in
reactive oxygen species (ROS) leading to oxidative damage in the nuclear and mitochondrial
genomes[11, 12]. ROS induces high levels of 8-0xoG in the mitochondrial genome[13,

14] and 8-oxoguanine DNA glycosylase-1 (OGG1) removes 8-0xoG lesions from DNA.

It localizes to both the nucleus and mitochondria[15]. Mutational studies on OGG1™/~

mice showed accumulation of 8-0xoG levels in both nuclear and mitochondrial DNA[16].
Previous studies have shown that mRNA and protein levels of OGG1 decrease with age

in mouse brain[17] and the import of OGG1 into mitochondria decrease with age[18].
Interestingly, it has been shown that the mitochondrial OGG1 increase is protective against
Alzheimer disease-like pathologies[19]. In addition, according to the studies conducted in
recent years, release of damaged mitochondrial DNA into the cytoplasm is one of the
known events that trigger inflammation in neurological diseases through the cGAS-STING
signaling cascades [20-22]. Given the age dependent decline of mitochondrial OGG1,

we were interested in understanding the role of mitochondrial OGG1 relative to the age-
associated chronic inflammation in aging brain. To this end, we used microglial cells

in culture and naturally aged transgenic mice constitutively expressing elevated levels of
human mitochondria-targeted OGG1 (mtOGG1)[23]. Mice with this genotype are hereafter
referred to as mtOGG1T9. Here we show that mtOGG1 expression alone confers a protective
role in age-associated inflammation. Our results indicate that mtOGG1 plays a role in

the inflammatory response, and in mitochondrial metabolism via regulating release of
mitochondrial DNA (mtDNA) to the cytoplasm in vivo and in human microglial cell lines.
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MATERIALS AND METHODS

Animals

The construction and characterization of mtOGG179 mice were previously described [23—
26] and were a gift from R. Stephen Lloyd, Oregon Health & Science University. These
mice express the human OGG1-1a isoform, which has been previously modified for
mitochondrial localization using sequences derived from the MnSOD gene which drives
increased mitochondrial OGGL1 activity without elevated levels detectable in nuclear OGG1.
Mice were produced by mating between male and female transgenics, and all breeding and
care of animals were in accordance with the protocols approved by the Animal Care and Use
Committee of Oregon Health & Science University, Portland, Oregon. Following transfer
of mice from OHSU to NIA, all breeding and care of animals were in accordance with the
protocols approved by the Animal Care and Use Committee of the National Institute on
Aging. Mice were fed ad libitum and were on a 12h light dark cycle.

Cell lines and transfection

Human microglial cells (HMC3) were grown in EMEM media (Gibco) containing 10% FBS
and Pen-Strep 50 I.U./mL penicillin and 50 (ug/mL) streptomycin at 37°C in a 5% CO»
humidified incubator. Cells were purchased from ATCC and tested for mycoplasma. For the
generation of mtOGG1 stable cell lines, HMC3 cells were transfected with the pCMV/myc/
mito-hOGGL1 or vector plasmids using Lipofectamine plus (Invitrogen, Life Technologies)
per manufacturer’s directions. Post 48 hours transfection, cells were screened using G418
(400ug/mL). The presence of exogenous OGG1 was confirmed using anti-Myc tag antibody
in mitochondrial fraction.

RNA isolation and Nanostring ncounter

NanoString analysis was performed on the hippocampus of mtOGG179 and WT mice.
Total RNA was purified with a PureLink™ RNA Mini Kit (Thermo Fisher Scientific,
#12183018A) as per the manufacturer’s protocol. Purified RNA was quantified on a
NanoDrop ND-1000 spectrophotometer and diluted in nuclease-free water to 20 ng/uL.
The Nanostring neuroinflammation panel v1 was employed to study the changes in

gene expression related to neuroinflammation. The panel contains 757 genes covering

the core pathways and processes that define neuroimmune interactions, and 13 internal
reference genes for data normalization. It was hybridized in CodeSet Master mix carrying
hybridization buffer, Reporter Code Set, and Capture Probe Set for 16 to 24 hours at 65°C
(NanoString Technologies, MAN-10056-05) and thenapplied to the nCounter Prep Station.
The hybridized RNA was loaded onto the nCounter Prep Station for immobilization in the
sample cartridge according to the manufacturer’s high sensitivity protocol (MAN-CO0035).
The sample cartridge was subsequently processed for 2.5 hours in the nCounter Analysis
System. Next, the nCounter Digital Analyzer which was a multichannel epifluorescence
scanner collected data by taking images of the immobilized fluorescent reporters in the
sample cartridge with a CCD camera through a microscope objective lens. The results were
directly downloaded from the digital analyzer in RCC files format. NanoString Advanced
analysis (nSolver 4.0) was used for data analysis. Genes with a fold-change cut-off of
>|0.5| and p-value less than 0.05 were considered statistically significant. No genes were
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significant after multiple testing. Pairwise T-test was used to determine which pathways
were significant with p-values of less than 0.05 considered significant.

Immunoblotting

Cell extracts were prepared with RIPA lysis buffer (Thermo scientific pierce) containing
protease inhibitor cocktail (Thermo Scientific Pierce) and nuclease (0.1U/uL). Lysates were
clarified by centrifugation at 14000 xg at 4°C and 50-100 ug of the cell extracts were boiled
in 4X LDS dye (Invitrogen). Samples were loaded on SDS-PAGE gels (Invitrogen) and then
transferred to PVDF membranes. Membranes were blocked with 5% nonfat milk in TBST
for 45 min at RT followed by incubation with indicated a primary antibody overnight at 4°C.
The HRP-conjugated secondary antibodies (Cell Signaling Technologies) were added to the
membranes. Blots were developed using the ECL western blotting substrate (Perkin Elmer)
and images were obtained via the Bio-Rad ChemiDoc. The antibodies used in the study are
STING (13647, CST), Phospho-STING (Ser366) (E9A9K) (50907, CST), cGAS (D1D3G)
(15102, CST), IL-6 (D3K2N) (12153, CST), IL-8 (E5F5Q) (94407, CST), TNF-a Antibody
(3707, CST), IBAL (019-19741, WAKO chemicals), IL1B (12242, CST), P62 (5114S, CST),
ACTIN (SC-47778, Santa cruz), pSTING (72971S, CST) and STING (13647S, CST).

Immunofluorescence staining

Mice were deeply anesthetized by isoflurane and then perfused with 1x phosphate
buffered saline (PBS) through the heart. Brains were removed from the skull, fixed in

4% paraformaldehyde (PFA) for 24 h at 4 °C, and dehydrated in 30% sucrose in PBS
solution for 24-48 h until sunk to the bottom. Coronal brain sections were obtained by

a cryostat (Tissue-Tek cryo, Flex) at 20 um and every eight sections were collected in

one well. The sections were placed on the slide and treated with RNAse A (5mg/mL) for
60mins at 37°C. slides were then washed gently three times with 1X PBS and blocking was
performed in 5% donkey serum and 0.3% Triton X-100 in PBS solution for 1 h at room
temperature. Slides were gently washed three times with 1xPBS for 10 min each, followed
by overnight incubation with the primary antibody at 4 °C. After three 10 min washes in
PBS, slides were incubated with the appropriate fluorescent probe-conjugated secondary
antibodies for 1 h at room temperature while protected from light. mtOGG1 stable and
mock cells were either treated with lipopolysaccharide (LPS) or vehicle. 4 Hr after the
treatment, immunostaining was performed for the presence of cytosolic dsDNA. Nuclei
were stained with 4,6-diamidino-2-phenylindole (DAPI) with mounting medium (Fisher
Scientific, #P36962). Pictures were taken using an Axiovert 200M microscope (ZEISS) or
a Leica confocal microscope scanner (Aperio versa 200). The specific primary antibodies
used include AlF-1/Ibal (1:500, WAKO, #019-19741), NeuN (1:250, Millipore Sigma, #
MAB377), Doublecortin (1:250, Cell Signaling Technology, #4604), dsDNA (1:250, Sigma,
#MAB1293) and 8-0x0G antibody (1:500, Millipore, #MAB3560). Image analysis and
quantification were performed using ImageJ.

Subcellular fractionation

Subcellular fractionation and mitochondrial DNA quantification were adapted and modified
from previous studies [27, 28]. HMC3 cells expressing mtOGG1 or vector were lysed in MS
buffer (225 mM Mannitol, 75 mM Sucrose, 5 mM Hepes, 1 mM EGTA, 0.1% Fatty acid free
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BSA, with the pH adjusted to 7.4 with KOH) and incubated on a rotator at 4°C. Samples
were centrifuged at 2,200 g for 3 min at 4°C. The cytosolic fractions were generated

by centrifugation of the supernatants at 22,000 g for 10 min at 4°C and transferring
supernatants to fresh tubes. The pellet was resuspended in 1 ml mitochondrial suspension
(MS) buffer and centrifuged at 22,000 g for 10 min at 4°C, with the pellet constituting the
mitochondrial fraction. DNA was subsequently extracted from the appropriate cytosolic

and mitochondrial fractions using the QIAmp DNA Mini Kit (QIAGEN Cat 51304).
Cytosolic and mitochondrial DNA were used for qPCR analysis using gene-specific
primers. The primers used to amplify each transcript are as follows: mt-ND1 (forward: 5’-
CACCCAAGAACAGGGTTTGT-3" and reverse: 5’-TGG CCATGGGTATGTTGTTAA-3"),
mt-DLOOP (5’-CTATCACCCTATTAACCACTCA-3’ and reverse: 5’-
TTCGCCTGTAATATTGAACGTA-3’), mt-CO2 (5’-AATCGAGTAGTACTCCCGATTG-3’
and reverse: 5’-TTCTAGGACGATGGGCATGAAA-3"), mt-

ATP6 (5’-AATCCAAGCCTACGTTTTCACA-3’ and reverse: 5’-
AGTATGAGGAGCGTTATGGAGT-3’).

Mitochondrial respiration analysis

The oxygen consumption rate (OCR) was assessed using a Seahorse Bioscience XF96
analyzer (Seahorse Bioscience, Billerica, MA, USA). MtOGG1 stable and mock HMC3
cells were seeded in the XF96 cell culture microplate (Seahorse Bioscience, Cat#
102601-100) and grown to 80% confluency in 200 pL of growth medium prior to

analysis. On the day of the assay, culture media were changed to assay medium with

175 pL (Dulbecco’s Modified Eagle’s Medium, Cat# 12800 — 017). Prior to assay,

plates were incubated in a non-CO,, 37 °C incubator for 30 min. Thereafter successive
OCR measurements were aquired consisting of basal OCR, followed by OCR level

after the automated injection of 25 pL oligomycin (10 pM), 25 pL carbonyl cyanide 4-
(trifluoromethoxy) phenylhydrazone (FCCP) (1 uM), and a combination of 25 L rotenone +
antimycin A (1 uM), respectively. After plate reading, cells were carefully washed with PBS
and lysed with 1X RIPA lysis buffer (50mM Tris—HCI, pH 7.4, 150mM NaCl, 1mM EDTA,
1mM EGTA, 1.2% Triton X-100, 0.5% sodium deoxycholate, and 0.1% SDS, Enzo Life
Sciences, Cat# ADI-80-1496) containing protease inhibitors cocktail (Roche, Indianapolis,
IN, USA). Then, proteins were quantified by the Bradford assay. OCR determination was
normalized by the protein concentration of its respective well.

8-0x0-dG ELISA

Data

HMC3 WT or mtOGGL1 cells were grown and treated with or without LPS treatment for

6 hours. Mitochondrial DNA was isolated as described previously[28]. DNA was extracted
using the DNA minikit (Qiagen) according to the manufacturer’s instructions. 8-oxo-dG
was quantified using the HT 8-ox0-dG enzyme-linked immunosorbent assay (ELISA) kit 1
(R&D systems Cat#4380-192-K). Samples were assayed in biological triplicate.

GEO Accession GSE227426
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RESULTS

Male mice expressing enhanced levels of mtOGG1 exhibit reduced inflammation in the
hippocampus

Age-associated immune dysregulation leads to elevated levels of pro-inflammatory markers
that can trigger frailty and premature death [1-3]. To assess the role of mitochondrial
OGG1 in inflammation-related gene expression changes due to aging, we employed the
NanoString’s Neuroinflammation panel. This panel contains 757 genes associated with
neuroinflammation and 23 neuroinflammatory pathways. NanoString analysis was carried
out using total RNA isolated from the hippocampus of mice brains. We further analyzed
the correlation of pathway scores that are altered between aged mtOGG1T9 with regard

to WT mice, and the matrix indicated that mtOGG179 male mice conferred significant
changes in gene expression compared to WT aged mice (Figure 1A). Interestingly, females
did not show any differences across the genotypes (Figure 1B). Next, we investigated
individual terms affected by mtOGG1 expression among male mice. As shown in Figure 1C,
mtOGG1T9 male mice showed significant changes in pathway scores including increases

in growth factor signaling and astrocyte function, and decreases in inflammatory signaling,
innate and adaptive immune responses, and cellular stress but female mtOGG179 mice

did not show significant differences (Figure 1D). Figure 1E heatmap shows differentially
expressed genes in aged mtOGG1"9 when compared to age-matched control mice.
Together, these results suggest that enhanced mtOGG1 expression impacts age-associated
neuroinflammatory pathways. Interestingly, the male mice, but not females, showed more
significant effects of the enhanced mtOGG1 expression.

mtOGGL1 expression reduces inflammatory proteins in both cortex and hippocampus

We measured the levels of mitochondrial OGG1 across age and genotypes. Our western blot
results indicate that both aged male and female mtOGG1T79 mice have equal amounts of
OGGL1 present in mitochondria. Also, consistent with a previous report [18], we found an
age-dependent decline in mitochondrial OGG1 in WT aged mice compared with WT young
mice (Supp. Figure 2A). Our transcriptome analysis indicated specific altered inflammation-
related gene expression patterns of mtOGG1 overexpression only exhibited in aged male
mice. To this end, we analyzed multiple inflammatory markers by western blot using mice
brain lysates. As seen in Figure 2A, mtOGG1T9 male mice showed significant decreases in
different inflammatory markers, including TNFa, NLRP3 and IBA1. Cleaved interleukin-1
beta (IL1B) showed a decreasing, but not significant trend compared to that in control aged
mice (P = 0.08). Cyclic GMP-AMP synthase (C-Gas) stimulates inflammatory interferon
gene pathways through activation of STING upon sensing cytoplasmic DNA. Activated
pSTING regulates downstream proinflammatory genes including TNFa, IL1p and IL6 [29].
Interestingly, mtOGG179 males displayed a significant decrease in pSTING levels compared
to control mice, whereas females did not show any difference among all investigated
markers between controls and mtOGG1T9 mice (Figure 2A).

Abnormal neuroinflammation is associated with aging and is characterized by the
accumulation of activated microglial cells [30]. We therefore evaluated the microglial
activation marker, IBA1 in mtOGG1T9 and control mice brain sections. As shown in Figure
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2B and 2C, brain sections of mtOGG179 male mice showed decreased IBA1 staining
compared to control mice in both cortex and hippocampus, respectively. NeuN staining
indicates that there was no difference in the number of mature neurons in hippocampus and
cortex between mtOGG1 and control mice (Figure 2B and 2C). Consistent with our previous
results, female mice did not show any difference in IBA1 or NeuN staining between
mtOGG1T9 and control (Supp. Figure 1A and B). These results indicate that mtOGG1
overexpression reduces neuroinflammation possibly by reducing pSTING activation.

mtOGG1 removes accumulation of 8-0xoG in aged male brain tissues

Oxidative stress and mitochondrial dysfunction have been implicated in aging and aging-
related neurodegenerative disorders [31]. 8-0xoG accumulates on DNA in an age-dependent
manner [32]. To determine if the increased inflammation in aged mice correlated with
8-0x0G content in the brain, we measured 8-0xoG levels in hippocampus and cortex of male
brain tissue. Brain sections were treated with RNAse and immunofluorescence staining was
performed using 8-0xoG antibody. As shown in Figure 3A and 3B, aged mtOGG1T9 male
mice showed significantly decreased levels of 8-0xoG staining in both the hippocampus and
cortex regions compared to control counterparts. We also investigated structural integrity
and mitochondrial length in brain tissues of mtOGG1T9 and control aged mice by electron
microscopy. Figure 3C shows that mtOGG179 male mice have normal mitochondrial length,
aspect ratio and more cristae than control aged male mice. mtOGG1 expression did not
improve mitochondrial structure in female mice (Supp. Figure 2). These data suggest that
mitochondrial expression of 8-0xoG helps remove age associated accumulation of 8-oxoG
and has a protective mitochondrial role in aged mouse models.

mtOGGL1 expression in human microglial (HMC3) cells decreases the inflammatory
response by reducing cytosolic accumulation of mtDNA

To investigate how mtOGG1 regulates the inflammatory response, we generated HMC3
cells stably expressing Myc-tagged OGG1 with a mitochondrial targeting sequence (COX8)
(Figure 4A left panel). Inflammation was induced using LPS for 6 h and then cell lysates
were prepared for western blot analysis. As shown in Figure 4A (right panel), treatment
with LPS induced STING activation as evidenced by phosphorylation (pSTING) and

other pro-inflammatory interleukins in the control cells. Notably, mtOGG1-expressing cells
were resistant to LPS-induced STING activation and display reduced pro-inflammatory
cytokines and TNFa compared to control cells after LPS treatment at both protein and
mRNA levels (Figure 4B and 4C). As discussed above, cytosolic DNA can stimulate pro-
inflammatory response through STING activation. Hence, we measured cytosolic DNA by
immunofluorescence using dsSDNA antibody. The mtOGG1 expressing cells had reduced
LPS-induced dsDNA accumulation in the cytoplasm as compared to the mock control
(Figure 4D). We further explored the possibility that mtOGG1 expression reduces release of
mtDNA into cytoplasm, since liberated mtDNA can induce STING dependent inflammation
[33]. Cells expressing mtOGG1 and vector were fractionated into mitochondrial and
cytosolic fractions to quantify the level of mitochondrial specific DNA (MT-ND1, D-loop,
MT-CO2, and MT-ATP6). Results shown in Figure 4E indicate that upon LPS treatment
mtDNA is enriched more in cytoplasmic than in mitochondrial fraction. When compared to
the mock cells response, mtOGG1 expression significantly reduced the release of mtDNA
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into the cytosolic fraction. High-throughput analysis of 8-0xoG levels in mitochondrial DNA
indicated that mtOGG1 expression significantly decreased LPS induced mtDNA 8-0x0G
levels compared to control treated with LPS (Supp. Figure 4). These results indicate that
enhanced expression of mtOGG1 decreases inflammatory responses by reducing the amount
of 8-0x0G load in mtDNA and mtDNA in the cytoplasm.

Enhanced mtOGG1 expression improves mitochondrial health and upregulates metabolic

pathways

To assess whether enhanced mtOGG1 expression improves mitochondrial functions, we
measured the OCR in live cells using the Seahorse XF96 analyzer. The OCR was measured
under basal conditions followed by the sequential addition of oligomycin (ATP synthase
inhibitor), carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP; mitochondrial
uncoupler), and rotenone plus antimycin A (Complex I and 11 inhibitor) to assess ATP-
linked and non-mitochondrial respiration, respectively. Consistently, treatment with LPS
reduced both basal respiration and ATP-linked respirationin control cells. In contrast, LPS-
treated mtOGGL1 expressing cells showed improved basal respiration, ATP-linked and non-
mitochondrial respiration compared to controls treated with LPS (Figure 5A-D). Further,
mtOGG1 expression also decreased LPS-induced ROS generation in mitochondria (Figure
5E) and improved the mitochondrial membrane potential compared to similarly treated
mock cells (Figure 5F). Importantly, we did not observe any change in mitochondrial
content between mock and mtOGG1 expressing cells (Figure 5G). Mitochondria play

a central role in energy metabolism and biosynthetic processes. Thus, we carried out
transcriptomic analysis using the NanoString metabolism panel for metabolic pathways and
found significantly upregulated terms including arginine metabolism and IDH12 activity

in the hippocampus of mtOGG1T9mtOGG1 79 male mice compared to WT (Figure 5H).
Notably, mtOGG1T9 mice showed lower pathway scores in cell cycle, cytokine/chemokine
signaling, and TCR/costimulatory signaling terms compared with control mice (Figure 5H).
Consistent with our previous data, the mtOGGL1 expression did not show any significant
effects in female mice model (Supp. Figure 3). These results suggest that mtOGG1 plays a
protective role against age-associated decline in mitochondrial health and functions.

DISCUSSION

Higher steady state levels of 8-0xoG accumulation in different tissues during aging may
be due to the inability of the DNA repair system to handle the increasing load. An
age-dependent decline in the OGGL1 expression and its import into mitochondria indicate
that mitochondrial OGG1 plays an important role in mitochondrial dysfunction[17, 18].
mtDNA released from oxidatively-stressed mitochondria triggers inflammation via the c-
GAS-STING pathway[27]. A recent study demonstrated that mice expressing mtOGG1
show resistance to the LPS-induced inflammatory response. They also showed that
mtOGG1 expression limits the release of oxidized mtDNA into the cytoplasm, which
activates inflammation [34]. mtOGG1T9 mice show protection against diet-induced obesity,
insulin resistance, and inflammation [25]. In this study, we show that mice expressing
mitochondrial OGG1 are resistant to age-dependent neuroinflammation, and this effect is
sex-dependent. Young male mice have been used in most of the studies conducted so
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far. The greatest contribution of our study is that it shows how mtOGGL1 is an effective
protein against age-related cellular stress and neuro-inflammation using aged animals of
both sexes. We showed that multiple inflammatory markers are significantly downregulated
in male mtOGG1T9 mice while females did not show a significant difference (Figure

2A). Interestingly, both male and female mtOGG1T9 mice show decreased inflammation
mediator genes like Lcn2 (lipocalin 2), Fos (C-fos) and Arc (activity regulated cytoskeleton
protein). However, female mtOGG1T9 did not show any difference in inflammatory markers
compared to WT aged mice. This indicates that these genes are affected by mtOGG1
expression irrespective of sexes but may not be involved in regulating inflammatory
responses. We also explored the possibility that this sex-specific difference could be due
to different mtOGG1 levels in aged mice. Interestingly, our western blot analysis indicates
that there is no difference between the mitochondrial OGG1 levels in female and male
mtOGG179 aged mice (supp. Figure 2A). However, detailed pathway analysis indicates a
clear difference in male and female responses to mtOGGL1 expression. Male mtOGG1 Tg
mice display decreased gene expression profile of key inflammatory pathways including
adaptive immune response, innate immune response and inflammatory signaling (Figure
1C). They also exhibit better microglia function, astrocyte function, and growth factor
signaling (Figure 1D). Female mtOGG1 Tg mice did not show any significant differences
in these pathways. Further, Our results demonstrate that enhanced expression of mtOGG1
reduces the inflammatory response and 8-0xoG content in different regions of the brain

in male but not in female mice, suggesting there is sex differences in the response

of mtOGG1-regulated inflammation [35]. In humans, women generally live longer than
men and have distinct genetic determinants of longevity. The best described explanations
for these sex-specific differences are hormonal differences and sex chromosome-linked
mechanisms[36]. Endocrine changes with aging can be caused by sex hormones. In
addition to the dimorphic phenotype and gender characteristics, hormones also play

vital roles in differential metabolic programming between males and females, which is
manifested in many metabolic diseases during aging [37]. A previous study from our lab
demonstrated that male mice exhibited impaired maximal brain mitochondrial respiration
during oxidative phosphorylation, reduced glutathione peroxidase activity, and are more
susceptible to mitochondrial oxidative damage than females following hypoxic ischemia
[38]. This demonstrates sex-dependent mitochondrial respiratory function and oxidative
damage responses may contribute to male susceptibility to mitochondrial dysfunction. On
the other hand, this study approaches the problem from a different perspective and shows
that mitochondrial repair mechanisms are more effective in male mice than in females.

Emerging evidence suggests that the c-GAS-STING pathway induces inflammation through
sensing cytoplasmic DNA accumulation. In the cytoplasm, DNA fragments interact with c-
GAS leading to STING phosphorylation at Ser365, which is required for the IRF3 mediated
IFN response [39, 40]. This pathway is also activated in age-related neurodegeneration
disorders such as Parkinson’s and Alzheimer’s diseases[41]. Here, we found that expression
of mtOGG1 decreased STING activation and the inflammatory response (Figure 6). Our
results also showed that overexpression of mtOGGL1 reduced LPS-induced accumulation of
mtDNA in the cytoplasm (Figure 6). This observation is in agreement with existing reports
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demonstrating the aberrant release of mtDNA to cytoplasm due to cellular stress or injury
triggers inflammatory responses in humans [42].

8-0x0G is one of the most abundant DNA maodifications generated by reactive oxygen
species. 8-0xoG is located in different gene regulatory regions, and OGG1 binding to
8-0x0G acts as a transcription regulator which induces allosteric G-quadruplex structure
that recruits chromatin remodelers [43, 44]. Proinflammatory genes have high GC-content
promoters, which are more vulnerable to being oxidized by oxidative stress [45]. OGG1
deficiency significantly reduces the induction of proinflammatory genes [46, 47]. Helleday
et al. developed a selective active inhibitor for OGG1 (TH5487), which hampers OGG1
binding to 8-ox0G. Using this inhibitor, they show impaired OGG1 binding to guanine
rich promoters of proinflammatory genes, including TNFa, which in turn decrease multiple
pro-inflammatory genes [48]. Recently, they also developed a small molecule for OGG1
activation (TH10785). Cells treated with TH10785 show increased OGG1 recruitment

at oxidative damage sites and increased repair [49]. In a separate study, Rumsey et al.
demonstrated that 9-deaazagunaine activates OGGL1 in an allosteric mechanism. Further,
they also show that paraquat, as a highly effective and nonselective herbicide, mediated
mitochondrial dysfunction can be normalized using OGG1 small molecule activators [50].
Thus, OGGL1 small molecule activators may be used to improve mitochondrial function in
oxidative stress-related diseases. It is now widely believed that regulation of inflammation
could be a potential anti-aging intervention. Our results demonstrate that mtOGGL1 is an
important target in the aging-associated inflammation (Figure 6).

Thus, our study opens the door in understanding the role of base excision repair protein

in brain aging and neurodegenerative diseases[51]. Increased 8-0xoG lesions were observed
in the brains of neurodegenerative diseases, such as Alzheimer’s Disease (AD) [52, 53],
Parkinson’s Disease(PD)[54], and Huntington’s disease (HD)[55]. The level of OGGL1 is
also significantly decreased in AD brains[56, 57]. It is reported that mitochondrial OGG1
plays a vital role in neural stem cell viability and neuroprotection[19, 58, 59], which further
influences cognition in the brains[60, 61]. Thus, restoration of mitochondrial deficits by
increasing repair of oxidative DNA lesions using OGG1 small molecule activators has
therapeutic application. Further studies will be necessary to address the role of mtOGG1 as
possible players in aging and aging-associated disorders.

In summary, our study demonstrates that mitochondrial OGG1 plays important role in
regulating age dependent neuroinflammation by maintaining mtDNA 8-0xoG levels and
release of mtDNA to the cytoplasm, which subsequently activates the c-GAS/STING
pathway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

. mtOGG1T9 male mice show decreased age associated neuroinflammation
compared to WT

. Cells expressing mtOGGL1 display resistance to LPS induced STING
activation and inflammatory response

. mtOGG1 expression reduce cytosolic mtDNA and mitochondrial 8-0x0G
levels.
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Figure 1: Enhanced mitochondrial expression of OGG1 exhibits reduced inflammation-related
pathways in aged male hippocampus.

(A) and (B) Heatmap showing the correlation matrix of pathway scores defined by
NanoString neuroinflammation panel. Orange and blue indicate positive and negative
correlations, respectively. (C) and (D) Pathway scores were plotted against genes for
different pathways including inflammatory signaling, growth factor signaling, astrocyte
function, innate immune response, adaptive immune response, and cellular stress of male
and female respectively. n=3 mice per group. All statistical significance was calculated by
Student’s t test. Data are shown as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001. (E) The
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set of significantly changed genes (p-value <0.05) in aged mtOGG1T9 and control mice for
both males and females.
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Figure 2: mtOGG1T9 male mice show decreased inflammatory markers.
(A) Western blot analyses showing protein levels of NLRP3, IBAL, TNFa., cleaved

IL1B, P62, pSTING, STING and actin as the loading control. The right panel shows the
quantitation of protein levels. n=3 mice per group. (B) Representative immunostaining
images of IBA1 (red), NeuN (green), and DAPI (blue) in mouse cortex. The right-side
panel indicates the quantitation of IBA1 and NeuN intensity. n=3 mice per group. (C)
Representative immunostaining images of IBA1 (red), NeuN (green) and DAPI (blue) in
mouse hippocampus. The right-side panel indicates the quantitation of IBA1 and NeuN
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intensity. n=3 mice per group. All statistical significance was calculated by Student’s t test.
Data are shown as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3: Enhanced mitochondrial expression of OGG1 removes accumulation of 8-0xoG in aged
mouse brain.

(A) Representative immunostaining of 8-oxoG (green) and DAPI (blue) in mouse cortex.
The right panel shows the quantitation of 8-0xoG intensity. n=3 mice per group. (B)
Representative immunostaining of 8-oxoG (green) and DAPI (blue) in mouse hippocampus.
The right panel shows the quantitation of 8-o0xoG intensity. n=3 mice per group. (C)
Representative mitochondrial images by electron microscopy from male brain tissues. The
right panel shows the quantitation of mitochondrial parameters from electron microscopy.
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n=3 mice per group. All statistical significance was calculated by Student’s t test. Data are
shown as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4: Enhanced mitochondrial expression of OGG1 regulates the release of mtDNA into

cytoplasm.

(A) Purified mitochondrial, cytosolic, and nuclear fractions were prepared from HMC3 cells
expressing Myc-Tag mtOGGL1. In the left panel, TOM20, HSP90, and LAMIN were used

as the mitochondrial, cytosolic, and nuclear markers, respectively. The right panel shows
lysates prepared from HMC3 cells expressing empty vector (mock) or mtOGG1 with or
without treatment of LPS. Western blot was carried out using antibodies against TNFa,
pSTING, STING, IL6, IL8, C-Gas, Myc-Tag mtOGG1 and HSP90 as the loading control.
(B) Quantitation of western blot (A). (C) gPCR analysis in HMC3 cells expressing vector
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or mtOGGL1 for the relative gene expression of pro-inflammatory genes, including TNFa.,
IL1B, IL6 and IL8 in the presence and absence of LPS. (D) Representative immunostaining
of dsDNA(green) and DAPI (blue) in HMC3 cells expressing vector or mtOGG1 with or
without LPS treatment. Total DNA was harvested from cytosolic and mitochondrial fractions
of human fibroblasts and analyzed by gPCR. Cytosolic mtDNA genes were normalized

to respective mitochondrial mtDNA genes (mt-ND1, D-loop, MTCO2, MT-ATP6) and
presented as fold enrichment over vehicle-treated controls). Each experiment shows the
average of results obtained in triplicate for each cell line. All statistical significance was
calculated by Student’s t test. Data are shown as mean + SD. *p < 0.05, **p < 0.01, ***p <
0.001.
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Figure 5: mtOGGL1 improves mitochondrial metabolism.
(A-D) OCR in cells expressing mtOGG1 and controls treated with or without LPS (A),

(B) OCR linked basal respiration, (C) ATP-linked respiration, (D) non-mitochondrial
respiration data are normalized to protein levels, n=3. (E-G) Results of flow cytometry-based
measurements of the indicated parameters: Mitochondrial ROS (E), membrane potential (F)
and mitochondrial content (G). (H) Heatmap showing the correlation matrix of pathway
scores defined by Nanostring metabolism panel between control vs mtOGG1 aged male
mice. Orange and blue indicate positive and negative correlation, respectively (left panel).
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Pathway scores are plotted against genes for different metabolic pathways like Arginine
metabolism, cell cycle, cytokine and chemokine signaling, IDH12 activity and TCR and
costimulatory signaling (right panel). Each experiment shows the average of results obtained
in triplicate for each cell line. All statistical significance was calculated by Student’s t test.
Data are shown as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6: Graphical abstract. mtOGG1 expression reduces aging associated neuroinflammation.
Aged brain tissues of male mice or LPS treated human microglial cells display more

cytosolic mtDNA followed by activation of STING and downstream inflammatory response.
However, mtOGG1 expression decreased cytosolic mtDNA levels and prevent STING
mediated inflammation.
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