Circulation

ORIGINAL RESEARCHARTICLE @

Defective Base Excision Repair of
Oxidative DNA Damage in Vascular

Smooth Muscle Cells Promotes
Atherosclerosis

BACKGROUND: Atherosclerotic plagues demonstrate extensive
accumulation of oxidative DNA damage, predominantly as 8-oxoguanine
(8ox0G@) lesions. 8oxoG is repaired by base excision repair enzymes;
however, the mechanisms regulating 8oxoG accumulation in vascular
smooth muscle cells (VSMCs) and its effects on their function and in
atherosclerosis are unknown.

METHODS: We studied levels of 8oxoG and its regulatory enzymes in human
atherosclerosis, the mechanisms regulating 8oxoG repair and the base excision
repair enzyme 8oxoG DNA glycosylase | (OGG1) in VSMCs in vitro, and the
effects of reducing 8oxoG in VSMCs in atherosclerosis in ApoE~~ mice.

RESULTS: Human plague VSMCs showed defective nuclear 8oxoG repair,
associated with reduced acetylation of OGG1. OGG1 was a key regulatory
enzyme of 8oxoG repair in VSMCs, and its acetylation was crucial to its
repair function through regulation of protein stability and expression.
p300 and sirtuin 1 were identified as the OGG1 acetyltransferase and
deacetylase regulators, respectively, and both proteins interacted with
OGG1 and regulated OGG1 acetylation at endogenous levels. However,
p300 levels were decreased in human plaque VSMCs and in response

to oxidative stress, suggesting that reactive oxygen species—induced
regulation of OGG1 acetylation could be caused by reactive oxygen
species—induced decrease in p300 expression. We generated mice that
express VSMC-restricted OGG1 or an acetylation defective version
(SM22a-0GG1 and SM22a-OGG1%f mice) and crossed them with ApoE~"~
mice. We also studied ApoE~~ mice deficient in OGG1 (OGG17). OGG1~-
mice showed increased 8oxoG in vivo and increased atherosclerosis,
whereas mice expressing VSMC-specific OGG1 but not the acetylation
mutant OGG1“? showed markedly reduced intracellular 8oxoG and
reduced atherosclerosis. VSMC OGG1 reduced telomere 8oxoG
accumulation, DNA strand breaks, cell death and senescence after oxidant
stress, and activation of proinflammatory pathways.

CONCLUSIONS: We identify defective 8oxoG base excision repair in
human atherosclerotic plague VSMCs, OGG1 as a major 8oxoG repair
enzyme in VSMCs, and p300/sirtuin 1 as major regulators of OGG1
through acetylation/deacetylation. Reducing oxidative damage by rescuing
OGG1 activity reduces plaque development, indicating the detrimental
effects of 8oxoG on VSMC function.
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Clinical Perspective
What Is New?

We demonstrate that human atherosclerosis exhib-
its increased oxidative DNA damage and defective
repair of that damage in vascular smooth muscle
cells (VSMCs).
¢ Defective base excision repair is caused by reduced
expression, acetylation, and activity of the enzyme
8-oxoguanine DNA glycosylase in atherosclerosis.
¢ 8-Oxoguanine DNA glycosylase is a major base
excision repair enzyme in VSMCs, the activity and
protein stability of which are regulated by acetyla-
tion through the p300 acetyltransferase and sirtuin
1 deacetylase enzymes.
¢ Correcting the base excision repair defect in VSMCs
alone markedly reduces plaque formation, indicat-
ing that endogenous levels of oxidative DNA dam-
age in VSMCs promote plaque development.

What Are the Clinical Implications?

e Oxidative DNA damage accumulates slowly in ath-
erosclerosis and disappears only very slowly when
hyperlipidemia is corrected.

¢ Oxidative DNA damage causes inflammation, cell
death, and cell senescence, all of which promote
atherogenesis.

e 8-Oxoguanine DNA glycosylase protects VSMCs
against oxidative DNA damage, identifying base
excision repair as a possible therapeutic target in
atherosclerosis.

e Protection against oxidative DNA damage or
increased DNA repair is beneficial over and above
the standard clinical approach of reducing risk
factors for coronary artery disease that promote
damage, including hypercholesterolemia, diabetes
mellitus, and smoking.

by reactive oxygen species (ROS). The low redox

potential of guanine makes it especially vulner-
able and leads to a plethora of oxidized guanine prod-
ucts.” 8-Oxoguanine (8oxoG) is the most abundant
DNA lesion formed on oxidative exposure, and the
presence of 8oxoG is often used as a cellular biomarker
to indicate the extent of oxidative stress. 8oxoG is a
highly mutagenic miscoding lesion that can lead to G:C
to TA transversion mutations and is widely found in
human disease and aging.? However, it is often unclear
whether 8oxoG accumulation is just a marker of oxida-
tive stress or has a pathogenetic role in disease.

Base excision repair (BER) is the primary mechanism
for repairing 8oxoG. BER involves the concerted effort
of several repair proteins that recognize and excise
oxidized bases, replacing the damaged moiety with a
normal nucleotide and restoring DNA integrity.> BER

D NA bases are susceptible to oxidation mediated
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is a critical process for genomic maintenance, as high-
lighted by the severe phenotypes of mice deficient in
BER function, including premature aging and metabolic
defects.* However, except for specific BER gene muta-
tions, evidence of defective BER and whether it contrib-
utes to human disease is limited.

Advanced atherosclerotic plaques are characterized
by 8oxoG accumulation in vascular smooth muscle cells
(VSMCs), macrophages, and endothelial cells.>® 8oxoG
also accumulates in plaques in fat-fed animals but nor-
malizes only slowly on a normal diet.> The persistence
of DNA damage can reflect both ongoing damage-in-
ducing stimuli, for example, through ROS, and defects
in DNA repair. A number of inherited defects that im-
pair DNA repair are associated with human atheroscle-
rosis or can promote atherosclerosis in animal models
(reviewed elsewhere’). In contrast, whether the far
lower endogenous levels of 8oxoG found in atheroscle-
rosis affect plaque development is not known. A recent
study has shown that knockout of the DNA glycosyl-
ase 8oxoG DNA glycosylase (OGG1T) in macrophages
promotes atherosclerosis and that OGG1 transcript
expression was reduced in human plaques compared
with normal vessels®; however, whether the observed
decreased OGG1 expression translates into DNA repair
defects is unknown.

We show that human atherosclerotic plague VSMCs
have defective 8oxoG BER, associated with decreased
expression and acetylation of OGG1. We establish
OGG1 as a major 8oxoG repair enzyme in VSMCs and
that OGG1 activity in VSMCs is controlled by lysine
338/341 acetylation. We identify p300 and sirtuin 1
(SIRT1) as major acetyltransferase and deacetylase
enzymes directly targeting OGG1 and thus regulat-
ing 8oxoG BER and 8oxoG content in VSMCs. p300
expression is reduced in plaque VSMCs and by oxida-
tive stress, and reduced formation of the p300-OGGH1
complex compromises OGG1 activity and protein sta-
bility. Inhibiting endogenous oxidative damage by res-
cuing VSMC OGG1 markedly reduces atherosclerosis
in vivo, an effect that requires OGG1 acetylation. Our
findings indicate that human atherosclerosis is charac-
terized by defective 8oxoG BER and that endogenous
levels of oxidative DNA damage in VSMCs promote
atherosclerosis.

METHODS

The data that support the findings of this study are available
within the article, in the Data Supplement, and from the cor-
responding author on reasonable request.

Human Atherosclerotic Plaque and
Normal Vessels

Human tissue was obtained under informed consent with pro-
tocols approved by the Cambridge or Huntingdon Research
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Ethical Committee. Atherosclerotic plaques and normal aorta
were obtained from separate patients undergoing carotid
endarterectomy or aortic valve replacement, respectively.

Experimental Animals

All'in vivo experiments followed UK Home Office licensing and
were approved by the local animal ethics committee. Transgenic
mice were generated as described in the online-only Data
Supplement. The global OGG™~ and SM22a-SIRT1e¥4 condi-
tional transgenic mouse models were generated as described
previously.®™ OGG1-~ mouse embryos were a gift from Christi
Walter (University of Texas Health Science Center, Houston, TX).

Atherosclerosis Protocols

Male and female littermate control ApoE~-, SM22a-0GG1/
ApoE~-, and SM22a-OGG1%*/ApoE~- mice were fed high-fat
Western diet (829-100, Special Diet Services, 21% total fat,
0.2% cholesterol, 0% sodium cholate) from 8 to 22 weeks.

Histological Analysis and Oil Red O
Staining of Descending Aorta

Atherosclerosis extent and composition were analyzed as
described previously'®and in the online-only Data Supplement.

Cell Culture

Human, rat, and mouse VSMCs were cultured as described
previously' and in the online-only Data Supplement.

Transfections and Virus Infections

Transfections and retrovirus infections were performed as
described previously'®and in the online-only Data Supplement.

CRISPR-Mediated Gene Silencing

Gene silencing experiments were performed as described in
the online-only Data Supplement.

Real-Time Polymerase Chain Reaction

Oligonucleotide sequences used are listed in Table | in the
online-only Data Supplement.

Oligonucleotide Incision Assay

8oxoG BER activity in nuclear lysates was determined as
described previously'? and in the online-only Data Supplement.

8oxo0G ELISA

80ox0G levels were assessed with an ELISA assay (Abcam) as
described in the online-only Data Supplement.

Intracellular ROS Measurement

Intracellular ROS was measured as described previously'® and
in the online-only Data Supplement.
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Annexin V/PI Flow Cytometry

Cell death was determined with an apoptosis detection kit (BD
BioSciences) as described in the online-only Data Supplement.

Comet Assay

Comet assay was performed with mouse VSMCs as described
previously' and in the online-only Data Supplement.

Immunofluorescence

Immunofluorescence analysis was performed as described
previously'™ and in the online-only Data Supplement.

Immunoprecipitation and Western
blotting

Immunoprecipitation assays and Western blotting were per-
formed as described previously'' and in the online-only Data
Supplement.

Chromatin Immunoprecipitation—
Quantitative Polymerase Chain Reaction

Chromatin immunoprecipitation was performed as described
in the online-only Data Supplement.

Statistical Analysis

Sample sizes were selected on the basis of previous experi-
ments that identified significant differences in plaque
development in mice. No randomization was applied
because all mice used were genetically defined, inbred
mice. Blinding was used, and no animals were excluded
from analysis. Data shown are mean+SEM. Normality of
distribution was determined with D’'Agostino-Pearson
omnibus normality tests. Statistical significance was deter-
mined by 1-way ANOVA followed by Bonferroni posttest
when >2 groups were compared and a 2-tailed Student t
test to compare 1 groups of data using Prism 6.0 (Graph
Pad). Differences were considered statistically significant at
a value of P<0.05.

RESULTS

Human Atherosclerotic Plaque VSMCs
Show Reduced BER Activity

Previous studies have shown that advanced human
atherosclerotic plaques display increased 8oxoG le-
sions in cells expressing VSMC or macrophage mark-
ers compared with normal arteries. Studies also show
that plagues have increased ROS content compared
with normal vessels,'®'” so increased 8oxoG may be
caused by increased oxidative stress within the plaque,
defective BER, or both. We therefore examined 8oxoG
repair in VSMCs cultured from human carotid plagues
or normal aorta from patients matched for age and
sex, with cultures matched for passage number. Cells
were fractionated into nuclear and cytoplasmic com-
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partments to assay nuclear or mitochondrial BER,
respectively (Figure | in the online-only Data Supple-
ment), and 8oxoG repair activity was examined with
a fluorescently labeled 8oxoG-containing molecular
beacon that can be incised and assayed in real time.
Plague VSMCs showed a marked reduction in nuclear
80ox0G repair activity compared with aortic VSMCs, but
cytoplasmic 8oxoG repair activity was similar in both
cell types (Figure TA).

Although 80oxoG repair is mediated by a number
of enzymes, knockout studies suggest that OGG1 is
a major, nonredundant enzyme responsible for repair-
ing 8oxoG from the bulk of the genome in many tis-
sues'® and that activation of alternative pathways can-
not compensate for OGG1 deficiency. OGG1 mRNA
was increased in human plague VSMCs 1.5-fold on
quantitative polymerase chain reaction (Figure 1B),
but plaque VSMCs showed reduced total OGG1 pro-
tein expression compared with aortic VSMCs and a
marked reduction in acetyl-OGG1 (Ac-OGG1) expres-
sion (Figure 1C). To determine whether protein expres-
sion in vitro reflects expression in VSMCs in vivo, we
examined 8oxoG, Ac-OGG1, and OGG1 expression in
human coronary plaques from American Heart Asso-
ciation grade IV lesions compared with normal undis-
eased aorta, colabeled with a-smooth muscle actin to
identify VSMCs. 8oxoG lesions were increased in hu-
man plaque VSMCs (Figure 1D). Consistent with the
in vitro data, human plague VSMCs showed a reduced
percentage of VSMCs expressing total OGG1 and a
markedly reduced percentage of VSMCs expressing
Ac-OGG1 versus aortic VSMCs (Figure 1D), suggesting
that increased oxidative damage in plaque VSMCs may
be the result of decreased expression and acetylation
of OGG1.

OGG1 is a Major BER Enzyme in VSMCs

To determine whether OGG1 is an important regulator
of 8oxoG BER in VSMCs, we knocked down OGGT1 in
vitro using CRISPR/Cas9 to delete exon 1 or 7 in rat
VSMCs. OGG1 expression was efficiently and stably re-
duced in OGG18"KO or OGG 127K cells (Figure 2A),
with no compensatory effect on expression of other
BER enzymes such as NEIL1T and NTH (Figure lla in the
online-only Data Supplement). Oxidative DNA damage
was stimulated by treatment with tert-butyl hydro-
peroxide (t-BHP) for 1 hour, which induces oxidative
stress and 8oxoG in VSMCs.' Cells were left to recover
for 0 to 24 hours, and 8oxoG BER activity was exam-
ined. t-BHP transiently inhibited BER activity in con-
trol cells, which then normalized by 24 hours; OGG1
knockdown reduced both basal and t-BHP-induced
8oxoG BER activity, such that OGG1 was responsible
for >95% of 8oxoG BER activity (Figure 2B). Consis-
tent with t-BHP-induced inhibition of BER, t-BHP also
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increased intracellular 8oxoG content in VSMCs (Fig-
ure 2C), albeit with recovery incomplete by 24 hours.
OGG180nK0 gnd OGG18077%0 cells showed higher basal
and t-BHP-induced intracellular 8oxoG, which was
completely unchanged at 24 hours (Figure 2C), con-
firming that OGG1 is a major BER enzyme repairing
8ox0G in VSMCs.

Repair of 8oxoG Requires OGG1
Acetylation

To determine whether 8oxoG repair activity requires
OGG1 acetylation in VSMCs, we stably expressed wild-
type human OGG1, OGG1*®, or the empty vector in rat
VSMCs by retrovirus-mediated gene transfer. OGG1%®
is an acetylation site mutant in which lysine 338 and
341 (which are active in 8oxoG repair') are replaced
by arginines. Exogenous human OGG1 was expressed
at comparable levels in OGG1 and OGG1** cells (Fig-
ure 2D), was localized to the nucleus (Figure llb in the
online-only Data Supplement), and did not suppress en-
dogenous rat OGG1 expression (Figure 2D). However,
Ac-OGG1 expression was increased in OGG1 but not
OGG1** VSMCs (Figure 2D). OGG1 but not OGG1¢F
cells showed significantly increased 8oxoG BER after t-
BHP compared with control cells expressing the empty
vector alone (Figure 2E). Control, OGG1, and OGG1&F®
VSMCs showed similar intracellular baseline 8oxoG and
similar 8oxoG levels after 1 hour of t-BHP treatment;
however, OGG1 but not OGG1%* VSMCs displayed
more rapid removal of 8oxoG (Figure 2F). To exclude the
possibility that expression of OGG1 altered ROS genera-
tion by t-BHP, we examined ROS levels at baseline and
after t-BHP in the 3 cell lines; ROS levels were identical
in control, OGG1, and OGG 1%t VSMCs both at baseline
and after t-BHP (Figure lic in the online-only Data Sup-
plement), indicating that OGG1 acetylation regulates ef-
ficiency of 8oxoG removal after oxidative stress without
affecting ROS.

OGG1 Acetylation and Stability Are
Regulated by p300

Although the acetyltransferase p300 can acetylate
OGG1 in cancer cells,’ the major acetyltransferase
and deacetylase enzymes of OGG1 in VSMCs are not
known, nor is their expression in atherosclerosis. We ex-
amined p300 expression in cultured normal aortic and
plague VSMCs and whether VSMC OGG1 and 8oxoG
repair activity was regulated by p300. Both p300 mMRNA
expression (Figure llla in the online-only Data Supple-
ment) and protein expression (Figure 3A) were reduced
in plaque compared with aortic VSMCs, and the per-
cent of VSMCs expressing p300 was also reduced in
plaque VSMCs in vivo (Figure lllb in the online-only
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Figure 1. Human plaque VSMCs show defective nuclear BER activity and reduced acetyl-OGG1 expression.

A, Base excision repair (BER) assay measuring incision of a fluorescently labeled 8-oxoguanine (8oxoG.C) oligonucleotide in nuclear and cytoplasmic fractions of
cultured plaque and normal aortic vascular smooth muscle cells (VSMCs). Representative gel (Left) and quantification (Right) are shown. Incision product is denoted
by an arrow (n=4). B, Quantitative polymerase chain reaction analysis of 8oxoG DNA glycosylase | (OGG1) expression in cultured plaque and normal aortic VSMCs
(n=4). C, Western blot of 0GG1 and acetylated OGG1 (Ac-OGG1) in plague and normal aortic VSMCs (n=4). D, Immunohistochemistry for 8oxoG, Ac-OGG1, or
OGG1 (brown) in sections of human plagues and normal aorta (n=10). Sections are also costained for a-smooth muscle actin (SMA; blue). Insets show high-power
views of outlined areas. Negative controls using isotype-matched antibodies and quantification are shown below. Scale bars, 25 pm. All graphical data are mean+SEM.
*P<0.05, **P<0.01, Student t test.
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Figure 2. OGG1 is the major BER enzyme for 80xo0G, and its activity is regulated by acetylation.

A, 8-Oxoguanine (8oxoG) DNA glycosylase | (OGG1) protein expression in control or OGG1 exon1 or exon7 CRISPR knockout rat vascular smooth muscle cell lines (n=4).
B, Base excision repair (BER) assay analysis and (C) 8oxoG intracellular levels measured by ELISA in control (Ctrl), OGG 180, or OGG18m7K0 rat vascular smooth muscle
cells (VSMCs) at untreated baseline (-) or after tert-butyl hydroperoxide (t-BHP) treatment for 1 hour (t=0) and after t-BHP removal (4-, 8-, 24-hour recovery; n=5). D,
Western blot of 0GG1, acetylated OGG1 (Ac-OGG1), or myc tag in rat VSMCs expressing the empty vector (Ctrl), human OGG1 (OGG1), or acetylation mutant OGG1
(OGG1%R). Immunoblotting for OGG1 shows a lower band for endogenous rat OGG1 and a higher band for exogenous human OGG1 (n=4). E, BER assay analysis

and (F) 8oxoG intracellular levels measured by ELISA in Ctrl, OGG1, or OGG1%* cells at untreated baseline (-) or after t-BHP treatment for 1 hour (t=0) and after t-BHP
removal (4-, 8-, 24-hour recovery; n=4). All graphical data are mean+SEM. *P<0.05, **P<0.01, ***P<0.001, 1-way ANOVA (Bonferroni post hoc).

Data Supplement). To examine whether oxidative stress
could be the underlying cause of reduced p300 levels in
plaque VSMCs, we treated control VSMCs with t-BHP
for 1 hour and examined OGG1, Ac-OGG1, and p300
protein expression up to 24 hours of recovery. t-BHP
reduced both Ac-OGG1 and p300 expression in paral-
lel, which did not normalize by 24 hours (Figure 3B and
Figure lllc in the online-only Data Supplement), sug-

Circulation. 2018;138:1446-1462. DOI: 10.1161/CIRCULATIONAHA.117.033249

gesting that ROS-induced reduction of OGG1 acetyla-
tion is caused by the ROS-induced decrease in p300
expression. The reduced OGG1 acetylation and p300
expression even at 24 hours after t-BHP treatment (Fig-
ure 3B) may explain the incomplete 8oxoG repair seen
in control cells (Figure 2C).

To examine whether p300 interacts with OGG1 at
endogenous levels of expression in VSMCs, human

October 2,2018 1451

10114V

(=]
=
=
=
=
-
=
m
(7]
m
=
E=]
(=]
=




ARTICLE

=
S
<
<<
Ll
7]
Ll
=
—
=
=
=
=
S

Shah et al

Defective BER Promotes Atherosclerosis

A £ 1.24 B
o BT S Recovery post t-BHP (h)
S8 Bg S
POMPX S 2 08 . -0 4 8 24
D8 0.6 e —
p300 ™= -~  300kDa 3% Ac-OGG1 39%Da
= 3 0.4 OGG1 == = ~ - 39kDa
B-actin =~ == == 42kDa § 021
& . P300 SN S S === 300kDa
Aorta Plaque .
- ————— 42k D
c P B-actin a
— Input
IgG p300 IgG p300 _— D
-+ o+ -+ tBHP OGG1 +p300
OGG1IB e = s+ 39kDa 2
p300IB| W s we . 300kDa
E SM22a- SM22a-
0GG1 OGG1KR
- + - + cTPB
Ac-OGG1 s mmm == o — hyman
AcC-H4 e wmmm o == 10kDa
B-actin —_ 42kDa
OGG1 OGG1KR
F = 0G01+cTPB G - - -+ % - -4+ + CTPB
c -+ 0GG1KF 0 24 0 240240 2 4 CHX(h)
K-R
:§ 204 = 0GG1*R+CTPB oo BT T T
%g :|' B-AClN —— o o e ———— o . — 42kDa
égm - - - - - - 4 4 + MG132
°\=§ —Ins H - - - + + 4+ + + + C646
5, 0 2 40 2 40 2 4 CHX(h
T 0 6 OGG{ SRS == m = == &= == 30kDa
Recovery post .
tBHP treatment (h) B-actin | mm————— e == = 42kDa

Figure 3. p300 is downregulated in plaque VSMCs and regulates OGG1 acetylation and BER.

A, Western blot of p300 expression in cultured human plaque or normal aortic vascular smooth muscle cells (VSMCs; n=4). B, Western blot of 8-oxoguanine
(80x0G) DNA glycosylase | (OGG1), acetylated (Ac-) OGG1, and p300 levels in human VSMCs after 1 hour of tert-butyl hydroperoxide (t-BHP) treatment and 0- to
24-hour recovery (n=4). C, Immunoprecipitation (IP) of human vascular smooth muscle cell lysates with an anti-p300 antibody analyzed by immunoblotting (IB)
with anti-OGG1 and anti-p300 antibodies (n=3). D, Proximity ligation assay of OGG1-p300 interaction with rabbit anti-OGG1 and mouse anti-p300 antibodies
(n=3). Scale bar, 20um. E, Western blot for Ac-OGG1 and Ac-histone 4 (H4) in VSMCs expressing OGG1 or OGG1%* with or without CTPB treatment (10 pmol/L;
n=3). F, Quantification of base excision repair (BER) assay in OGG1 or OGG1%* VSMCs either untreated (-) or after 1 hour of t-BHP (0) or 6-hour recovery with/
without CTPB (n=3). Representative gel is shown in Figure IVa in the online-only Data Supplement. G, Western blot of OGG1 expression after cycloheximide (CHX)
treatment (0-4 hours) in OGG1 or OGG 1% VSMCs with/without the p300 activator CTPB (n=3). H, Western blot of OGG1 expression after CHX treatment (0-4
hours) in control cells with/without CTPB with/without the proteasomal degradation inhibitor MG132 (10 pymol/L; n=3). Scale bars, 25 pm. All graphical data are

mean+SEM. *P<0.05, Student t test.

VSMC lysates were immunoprecipated with an anti-
p300 antibody and probed for OGG1. p300 associated
with OGG1 at endogenous levels of expression, and
p300 complex formation with OGG1 was reduced by
t-BHP (Figure 3C). Proximity ligation assay confirmed
the p300/0GG1 interaction in human VSMCs and lo-
calized it primarily to the nucleus (Figure 3D; negative
controls shown in Figure llld in the online-only Data
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Supplement). To determine whether p300 regulates
OGG1 acetylation and BER, we examined Ac-OGGT
expression and BER activity in OGG1 or OGG1%F cells
treated with 1 hour of t-BHP and 24-hour recovery with
or without CTPB, a specific activator of p300 histone
acetyltransferase activity.?>?" CTPB induced hyperacety-
lation of histone 4 as expected?? (Figure 3E). CTPB in-
duced acetylation of endogenous rat and exogenous
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human OGG1 in OGG1 cells, but human OGG1 re-
mained unchanged in OGG1%* cells (Figure 3E). CTPB
also increased 8oxoG repair activity in OGG1 cells but
not in OGG1%® cells (Figure 3F and Figure IVa in the
online-only Data Supplement), in line with the effects
on OGG1 acetylation. Furthermore, the p300 inhibi-
tor C6462% inhibited BER in VSMCs (Figure Vb in the
online-only Data Supplement).

Our finding that OGG1T mRNA is increased in hu-
man plaque VSMCs but expression of OGG1 and
acetylated OGG1 protein are reduced suggests that
both expression and activity of OGG1 are controlled
by posttranslational mechanisms. We therefore exam-
ined the stability of OGG1 protein in cells treated with
cycloheximide to prevent de novo protein synthesis.
Cycloheximide reduced expression of endogenous
rat OGG1 in control, OGG1, and OGG1“* VSMCs
to a similar extent; in contrast, the reduction in hu-
man OGG1 was slower in OGG1 cells compared with
OGG1%RVSMCs, suggesting that acetylation of 0GG'1
promotes its stability (Figure IVc in the online-only
Data Supplement). To determine whether p300 regu-
lates OGG1 stability, we repeated this experiment with
and without the p300 activator CTPB. CTPB enhanced
the stability of OGG1 in OGG1 cells but not in OG-
G1%R cells (Figure 3G and Figure IVd in the online-only
Data Supplement). We also tested whether p300 reg-
ulates OGG1 stability through its degradation. OGG1
stability was reduced in the presence of the p300 in-
hibitor C646, but OGG1 expression was restored after
additional administration of the proteasomal inhibitor
MG132 (Figure 3H and Figure Ve in the online-on-
ly Data Supplement), indicating that p300 regulates
OGG1 expression and proteasome-mediated degrada-
tion through its acetylation.

SIRT1 is an OGG1 Deacetylase in VSMCs

The deacetylase responsible for inhibiting OGG1 activ-
ity in VSMCs is unknown because, although OGG1 in-
teracts with class | histone deacetylases, previous stud-
ies showed that the activity was not affected by the
SIRT1 inhibitor nicotinamide.’ We therefore examined
whether VSMC OGG1 activity and BER activity were
regulated by SIRT1.

To determine whether OGG1 interacts with and is
deacetylated by SIRT1, we generated VSMCs that sta-
bly express wild-type human SIRT1 or the deacetylase-
deficient mutant SIRT1"®Y by retrovirus-mediated
gene transfer.’”® VSMCs expressing the empty vector
(control), SIRT1, or SIRT1"#Y were treated with t-BHP
and SIRT1, and Ac-OGG1 and OGG1 protein expres-
sion was examined. SIRT1 but not SIRT1"Y reduced
Ac-OGG1 and total OGG1 expression (Figure 4A),
suggesting that OGG1 is a SIRT1 deacetylation sub-
strate. Indeed, SIRT1 coimmunoprecipitated with
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OGG1 both at endogenous levels and when overex-
pressed (Figure 4B), and proximity ligation assay in
human VSMCs confirmed this protein interaction at
endogenous levels (Figure 4C and Figure Va in the
online-only Data Supplement). Consistent with SIRT1
reducing OGG1 acetylation, SIRT1 but not SIRT1HY
reduced 8oxoG repair activity (Figure 4D and Figure
Vb in the online-only Data Supplement) and increased
intracellular 8oxoG content (Figure 4E). SIRT1 but not
SIRT1"Y also reduced OGG1 stability (Figure 4F), con-
sistent with SIRT1 deacetylation of OGG1. Because
SIRT1 is both regulated by redox-mediated mecha-
nisms and can inhibit ROS generation (reviewed previ-
ously?#?), the differences in 8oxoG levels after t-BHP
could be caused by different levels of ROS induced in
each cell type; however, ROS levels in control, SIRTT,
or SIRT1™Y cells after t-BHP were similar (Figure Vc in
the online-only Data Supplement). Finally, we exam-
ined the expression of 0GG1 and Ac-OGG1 in aortas
from ApoE~~ mice that express a truncated inactive
SIRT1 (SIRT14e4ex4) from the SMC-specific SM22a
(transgelin [Tag/n]) promoter.”® SIRT1 expression was
detectable in <1% of VSMCs in SM22-SIRT 14e/aex
ApoE~~ mice, confirming the efficacy of the recom-
bination. OGG1 expression was seen at similar lev-
els in SM22-SIRT 14444 ApoE~- and control mice;
in contrast, Ac-OGG1 expression was increased in
SM22-SIRT 18e48ex4  ApoE~~ mice, consistent with
SIRT1 deacetylation of OGG1 (Figure 4G). Together
these data indicate that SIRT1 binds to and regulates
OGG1deacetylation and stability and thus regulates
oxidative damage in VSMCs.

VSMC OGG1 Reduces Oxidative Damage
and Atherosclerosis In Vivo

Whole-body or bone marrow cell-restricted knock-
out of OGG1T results in increased atherosclerosis in
low-density lipoprotein receptor—null mice.2 However,
0OGG1 knockout results in massive 8oxoG accumula-
tion, and the effects of endogenous levels of 8oxoG
found in atherosclerosis and VSMC OGG1 are not
known. We therefore generated mice expressing myc-
tagged human OGG1 or OGG1%* from the minimal
SM22a. promoter (SM22a-OGG1 or SM22a-OGG15R
mice). This promoter is expressed in VSMCs in large
arteries only?® and has an additional deletion of the
CARG motif to prevent promoter downregulation
during VSMC phenotypic change in atherosclerosis.?”
SM22a-0GG1 and SM22a-OGG1%* mice were com-
pared against control mice and OGG1~~ mice.® Mouse
OGG1 mRNA expression was markedly reduced in
all tissues in OGG1~~ mice but was not affected by
coexpression of human OGG1 in SM22a-OGG1 or
SM22a-OGG1%* mice (Figure Vla in the online-only
Data Supplement). Previous studies have also shown
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Figure 4. SIRT1 binds OGG1 and regulates deacetylation of OGG1 in vitro and in vivo.

A, Western blot of total sirtuin 1 (SIRT1), acetylated (Ac-) 8-oxoguanine (8oxoG) DNA glycosylase | (OGG1), and OGG1 expression in rat vascular smooth
muscle cells (VSMCs) expressing the empty vector (control [Ctrl]), human SIRT1 (SIRT1), or deacetylase defective mutant SIRT#*" cells after 1 hour of tert-
butyl hydroperoxide (t-BHP) treatment and after O- to 6-hour recovery (n=3). Immunoblotting for SIRT1 shows a lower band for endogenous rat SIRT1 and a
higher band for exogenous human SIRT1. B, Immunoprecipitation (IP) of human vascular smooth muscle cell lysates with an anti-SIRT1 antibody analyzed by
immunoblotting (IB) with anti-SIRT1 and anti-OGG1 antibodies (n=3). C, Proximity ligation assay of OGG1-SIRT1 interaction with rabbit anti-OGG1 and mouse
anti-SIRT1 antibodies (n=3). D, Quantification of base excision repair assay in Ctrl, SIRT1, or SIRT'"™ VSMCs either untreated (-) or after 1 hour of t-BHP (0) or
0- to 24-hour recovery (n=3). Representative gel is shown in Figure Vb in the online-only Data Supplement. E, 8oxoG intracellular levels measured by ELISA in
control, SIRT1, or SIRT™Y VSMCs after 1 hour of t-BHP treatment and after O- to 24-hour recovery (n=3). F, Western blot of OGG1 expression after cyclohexi-
mide (CHX; 0-4 hours) treatment of control, SIRT1, or SIRT'™™Y VSMCs (n=3). G, Immunohistochemistry for SIRT1, OGG1, or Ac-OGG1 (brown) in aortas from
control ApoE~- or SIRT1--/ApoE~- mice (n=10). Tissue sections were also costained for a-smooth muscle actin (SMA; blue). Negative control sections with
isotype-matched antibodies are shown below. Scale bar, 25 pm. All graphical data are mean+SEM. *P<0.05, ***P<0.001, 1-way ANOVA (Bonferroni post hoc).
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that the full-length SM22a promoter is also expressed
in myeloid cells?®; in contrast, the minimal SM22a. pro-
moter—driven human OGG1 transgene was expressed
only in aortas of SM22a-OGG1 mice but not periph-
eral blood, bone marrow cells, or spleen (Figure VIb in
the online-only Data Supplement).

OGG1 protein expression was markedly reduced
in VSMCs cultured from OGG 1~ mice but increased
in SM220-0GG1 and SM22a-OGG1%® mice to simi-
lar levels (Figure 5A). Ac-OGG1 expression was in-
creased in SM22a-OGG1 mouse VSMCs but not
SM220a-0GG1%fF VSMCs, whereas myc tag expression
was observed only in transgenic lines (Figure 5A).
ELISA of cultured VSMCs from these mice showed in-
creased 8oxoG in OGG1~~ mice and reduced 8oxoG
in SM220-OGG1 but not SM220-OGG1*f mice
(Figure 5B). 80xoG repair activity was increased in
SM220-0GG1 VSMCs, reduced in OGG1-~ VSMCs,
but unchanged in SM22a-OGG1%* VSMCs compared
with control cells (Figure 5C and Figure Vic in the
online-only Data Supplement). Thus, OGG1~~ mice
allow examination of the effect of supraphysiologi-
cal levels of 8oxoG in all tissues on atherosclerosis;
SM22a-0OGG1 mice allow determination of the effect
of rescuing OGG1 activity and suppressing endog-
enous levels of 8oxoG in VSMCs only; and SM22a-
OGG1%® mice provide the acetylation-mutant control
for SM22a-OGG1 mice.

Control wild-type, OGG17-, SM22a-OGG1, and
SM22a-0OGG 1% mice were crossed onto an ApoE~"-
background, weaned at 6 weeks, and male and fe-
male littermates were fat fed from 8 to 22 weeks of
age. Weight gain (Figure Vlla in the online-only Data
Supplement); serum lipids (Figure VIIb in the online-
only Data Supplement); systolic, diastolic, and mean
arterial pressures; and heart rates were similar across
all groups before and after fat feeding (Figure Vlic
in the online-only Data Supplement). Atherosclero-
sis was increased in the descending aorta and aortic
root in OGG 1~ ApoE~~ mice compared with controls
(Figure 6A and 6B) but markedly decreased in both
vascular beds in SM22a-OGG1 ApoE~~ mice; this
protective effect was lost in SM22a-OGG1* ApoE~"~
mice. Both necrotic core and fibrous cap areas were
reduced in SM22a-OGG1 ApoE~~ mice (Figure 6C)
compared with controls, with no overall change in
relative proportions of the necrotic core and fibrous
cap to the plaque or to each other (Figure Vllla in
the online-only Data Supplement). Analyses of male
and female mice were grouped together (Figure Vllib
in the online-only Data Supplement) because we
found no significant differences between sexes for
any parameters measured except for body weight
(not shown). Aortic plaques in SM22a-OGG1 mice
had reduced 8oxoG levels compared with SM22a-
OGG1** and control mice, correlating with reduced
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plaque area, and significantly fewer terminal UTP nick
end-labeling—positive apoptotic cells compared with
SM220-OGG1%* mice (Figure Vllic in the online-only
Data Supplement).

Oxidative DNA Damage Accumulates at
Telomeres; Induces Strand Breaks, Cell
Senescence, and Apoptosis; and Drives
Inflammation

Although VSMC OGG1 protected against atherosclero-
sis, the underlying mechanisms, which may be multiple,
are unclear. For example, defects in BER can cause DNA
strand breaks, resulting in cell death. Indeed, OGG1-~
VSMCs showed increased DNA strand breaks after
t-BHP treatment with a reduced rate of repair; DNA
damage was lower in SM22a-OGG1 but not SM22a-
OGG1** VSMCs versus control cells (Figure 7A). 8oxoG
accumulation at telomeres can result in cell senescence
and subsequent inflammation. Indeed, chromatin
immunoprecipitation—-quantitative  polymerase chain
reaction showed that OGG1~~ VSMCs had increased
8oxoG accumulation at telomeres, and this was re-
duced in SM22a-0OGG1 but not SM220-OGG1** cells
(Figure 7B). The percent of cells expressing senescence-
associated pB-galactosidase after t-BHP was increased in
0OGG1~~ VSMCs and reduced in SM22a-OGG1 but not
SM220a-0OGG 1% cells (Figure 7C and Figure IX in the
online-only Data Supplement). Finally, t-BHP—induced
cell death was increased in OGG1~~ and reduced in
SM22a-0GG1 but not SM22a-OGG1¥* cells (Fig-
ure 7D), indicating that OGG1 overexpression protects
VSMCs against apoptosis, but this depends on OGG1
acetylation.

Oxidized DNA can also activate the inflammasome,
resulting in release of proinflammatory cytokines such
as interleukin (IL)-1p.8 Using quantitative polymerase
chain reaction, we profiled aortic arch tissue from
ApoE~~ mice after high-fat diet feeding for levels of
inflammatory cytokines and inflammasome compo-
nents. SM22a-OGG1 ApoE~~ aortic tissue contained
significantly decreased levels of transcripts for cyto-
kines IL-1pB, IL-6, C-C motif chemokine ligand/mono-
cyte chemotactic protein 1, and tumor necrosis factor-
o and inflammasome components NLRP1 and NLRP3
(Figure 7E), indicative of a shift toward a more anti-
inflammatory phenotype, with an opposite profile
seen in OGG1~~ ApoE~ mice. Serum levels of IL-18,
IL-6, C-C motif chemokine ligand/monocyte chemo-
tactic protein 1, and tumor necrosis factor-a were also
decreased in SM22a-OGG1 ApoE~- mice after high-
fat diet feeding compared with controls (Figure Xa
in the online-only Data Supplement). To identify the
source of these cytokines, we cultured VSMCs from
these mice and determined cytokine secretion after
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Figure 5. OGG1 regulates 8oxoG expression
in VSMCs in vivo and BER.

A, Western blot of 8-oxoguanine (8oxoG) DNA
glycosylase | (OGG1), acetylated (Ac-) OGGT,
and myc tag in vascular smooth muscle cells
(VSMCs) cultured from wild-type (control),
0OGG1/-, SM220-0GG1, or SM22a-0GG1¢+#
mouse aortas (n=4). B, 80xoG intracellular
levels measured by ELISA in control, OGG1/-,
SM22a-0OGG1, or SM22a-0GG1%f VSMCs
(n=4). C, Base excision repair (BER) assay quanti-
fication in control, 0GG1-/-, SM22a-OGGT1, or
SM22a-0GG 15" VSMCs treated with tert-butyl
hydroperoxide (t-BHP) for 1 hour and recovered
for up to 24 hours (n=4). All graphical data are
mean+SEM. *P<0.05, 1-way ANOVA (Bonfer-
roni post hoc).
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t-BHP treatment for 24 hours. t-BHP did not increase
levels of IL-1p, IL-6, monocyte chemotactic protein
1,and tumor necrosis factor-a in conditioned media of
SM22a-0OGG1 ApoE~- cells compared with SM22a-
OGG1%* ApoE~~ and control ApoE~~ cells (Figure Xb
in the online-only Data Supplement). The anti-inflam-
matory profile in vivo of OGG1 mice and in culture of
0GG1 VSMCs suggests that 8oxoG in VSMCs may ex-
ert a direct proinflammatory effect on the vessel wall.

DISCUSSION

Advanced human atherosclerotic plagues demon-
strate extensive 8oxoG accumulation in multiple cell
types,>® and polymorphisms in some BER enzymes are
associated with myocardial infarction,?® suggesting
that impaired BER might promote plaque develop-
ment or instability. Indeed, OGG1 knockout in hema-
topoietic cells promotes atherogenesis and enhanced
inflammasome activation in macrophages.® However,
VSMCs are long-lived cells,*® and the effects of oxi-
dative DNA damage in VSMCs in atherosclerosis are
not known. In particular, chronic oxidative stress can
increase 8oxoG levels >250-fold without apparent
severe consequences,® and OGG1~- mice are born
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and develop normally with a normal life span, de-
spite a 7-fold increase in 8oxoG in nuclear DNA and
a >20-fold increase in mitochondrial DNA.®32-34 More
controversially, some studies suggest that 8oxoG may
actually protect against inflammation-induced DNA
damage.®3’

Our study reports a number of novel findings. In
particular, we demonstrate the following: evidence of
defective 8oxoG BER in human plaque VSMCs, not
just increased damage or reduced expression of BER
enzymes; that reducing physiological 8oxoG levels re-
duces atherosclerosis, in addition to the detrimental
effects of artificially elevated 8oxoG; the importance
of OGG1 acetylation to its function in vivo; that SIRT1
regulates OGG1 acetylation in vivo; and that p300 reg-
ulates OGG1 stability, not just activity. Specifically, we
find that OGGT1 is a major BER enzyme in VSMCs, the
activity and protein stability of which are regulated by
acetylation. Nuclear 8oxoG repair is defective in human
atherosclerotic plaque VSMCs, associated with reduced
acetylation of OGG1, which results in proteasome-
mediated OGG1 degradation and reduced activity. Our
findings identify that atherosclerosis is a disease char-
acterized by defective BER in VSMCs and that endog-
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Figure 6. Effects of 8-oxoguanine DNA glycosylase | (0GG1) on plaque development and morphology in vivo.

A, Representative images and quantification of en face preparations of descending aortas from control ApoE~~ (n=12), 0GG1~~ ApoE~ (n=14), SM22a-0GG1
ApoE~ (n=12), and SM220-0OGG1%* ApoE~~ (n=13) mice stained with Oil Red O. Scale bar, 2 mm. B, Hematoxylin-eosin (H&E) and Masson trichrome immuno-
histochemistry of control ApoE”~ (n=12), OGG1~~ ApoE™ (n=14), SM220a-0GG1 ApoE~~ (n=12), and SM22a-OGG1¥* ApoE~- (n=13) mouse aortic roots at 22
weeks after fat feeding from 8 to 22 weeks. Quantification of percent plaque size, plaque area, core area, and cap area (micrometers squared). Scale bar, 200 pm.
All graphical data are mean+SEM. **P<0.01, ***P<0.001, 1-way ANOVA (Bonferroni post hoc).

enous levels of oxidative DNA damage in VSMCs pro-
mote plaque development.

Human atherosclerotic plaques show a variety of
DNA damage, including single- and double-strand
breaks, telomere shortening, oxidative DNA dam-
age, and mutations (reviewed by Uryga et al’). Plaque

Circulation. 2018;138:1446-1462. DOI: 10.1161/CIRCULATIONAHA.117.033249

VSMCs also show differences in expression of mul-
tiple DNA damage repair proteins, indicative of ac-
tivation of a DNA damage repair response.!” Some
human DNA damage syndromes are associated
with premature atherosclerosis, and previous stud-
ies in mice have shown that knockout of some DNA
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Figure 7. 8-Oxoguanine (80xoG) DNA glycosylase | (0GG1) regulates DNA strand breaks, cell senescence, apoptosis, and inflammasome pathways.
A, Comet assay with quantification for cultured vascular smooth muscle cells (VSMCs) from wild-type control, 0GG17/-, SM22a-OGGT1, or SM22a-OGG1%F mice
treated with tert-butyl hydroperoxide (t-BHP) for 1 hour and recovered for 6 hours (n=3). Scale bar, 100 pm. UT indicates untreated. B, Chromatin immunoprecip-
itation-quantitative polymerase chain reaction using primers to a telomeric region on 8oxoG-bound chromatin from control, 0GG1-/-, SM22a-OGGT1, or SM22¢-
OGG 1" mouse VSMCs (n=3). Data are shown as fold-change over immunoglobulin G (IgG). C, Percent VSMCs expressing senescence-associated (3-galactosidase
activity (SapG) from wild-type control, OGG1/-, SM22a-OGG1, or SM22a-0OGG 1% mice (n=3). D, Apoptosis assayed by annexin V and propidium iodide staining
of mouse cells with/without t-BHP treatment by flow cytometry (n=3). E, Relative expression of transcripts for inflammatory cytokines and inflammasome-associat-
ed components in aortic arch tissue from control ApoE~~, OGG1~~ ApoE~-, SM22a-OGG1 ApoE~-, and SM22a-OGG1%* ApoE~~ mice after fat feeding (n=4). Al
graphical data are mean+SEM. *P<0.05, **P<0.01, ***P<0.001, 1-way ANOVA (Bonferroni post hoc).

repair enzymes can promote atherosclerosis or vas-
cular dysfunction,®3® suggesting that DNA damage
may promote atherosclerosis. Indeed, a recent study
showed downregulation of OGG1 transcripts in hu-
man plaque tissue compared with normal vessels.® In
contrast, we found that OGG1 mRNA is increased in
human plaque VSMCs, whereas total OGG1 protein
expression is decreased compared with aortic VSMCs.
This difference is likely the result of the analyses being
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performed in whole-plaque tissue,® which contains a
heterogeneous mixture of cells, versus VSMC cultures
in this study. However, this is the first study to dem-
onstrate that human atherosclerosis exhibits a DNA
repair defect in VSMCs; that the defect is caused by
reduced expression, acetylation, and activity of a spe-
cific DNA repair protein; and that correction of that
defect in VSMCs alone can markedly reduce plague
formation.
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VSMCs in the normal vessel wall are characterized
by low rates of cell division, cell death, and cell se-
nescence and maintain a contractile phenotype that
expresses low levels of inflammatory cytokines (re-
viewed by Garrido and Bennett*). In contrast, VSMCs
in atherosclerotic plaques or cultured from plaques
show higher rates of cell death and cell senescence,
accompanied by secretion of a variety of proinflam-
matory cytokines, some of which may be the result
of cell senescence.**#' Cell death and cell senescence
promote both plaque development and plaque pro-
gression in atherosclerosis.*?4* Oxidative DNA dam-
age may affect multiple processes within VSMCs, and
we show that VSMCs lacking OGG1 show increased
cell death, cell senescence, and expression of inflam-
masome components, all of which are proatherogenic
and all of which can be inhibited by overexpression
of OGG1 after oxidative stress. Loss of 0GG1 also in-
creases oxidized mitochondrial DNA, inflammasome
activation, and apoptosis in macrophages.® How-
ever, the profound reduction in plague formation in
SM22a-0GG1 compared with control mice demon-
strates that endogenous levels of 8oxoG found in
VSMCs in atherosclerosis promote plaque develop-
ment and emphasizes the importance of oxidative
DNA damage-mediated activation of cell death and
senescence in VSMCs and of VSMC-driven inflamma-
tion in atherogenesis.

Our data also demonstrate the complex effects of
oxidative stress in DNA repair. Acetylation regulates
multiple protein properties such as stability, local-
ization, function, and protein-protein interactions.**
OGG1-mediated BER activity is regulated by acetyla-
tion of lysines K338/K341 (shown by Bhakat et al'®
and here). Previous work in mouse embryonic fibro-
blasts showed decreased OGG15® repair activity in
vitro' but not the total loss of activity we observe
in VSMCs, implying that acetylation may be a more
important modification for OGG1 activity in VSMCs
compared with other cell types. We also show that
p300 and SIRT1 are major acetyltransferase and
deacetylase enzymes, respectively, for OGG1 acetyla-
tion, but the mechanisms of their effects and the ef-
fects of oxidative stress may differ between cells. For
example, although p300 can interact with OGG1 in
some cell types,’ oxidative stress enhances histone
acetyltransferase activity of p300 in lung cells with no
change in expression; in contrast, p300 protein ex-
pression was downregulated after oxidative stress in
VSMCs. Consistent with previous studies,™ ROS also
transiently decreased OGG1 activity directly, which
may be caused by the reduced state of the redox-
sensitive residues that determine its glycosylase activ-
ity.#>4¢ Our findings emphasize the detrimental effect
of chronic oxidative stress in atherosclerosis through
a positive feedback loop to generate further oxida-
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tive DNA damage. ROS induce oxidative DNA damage
but also impair 8oxoG BER by downregulating OGG
directly and indirectly through inhibiting p300 expres-
sion and thus OGG1 acetylation and protein stability.
This finding may explain the observation that oxida-
tive DNA damage persists much longer in atheroscle-
rosis than other forms of DNA damage, even when
the proatherogenic stimulus is removed.®

Although the regulation of OGG1 activity by acety-
lation is known,™ the identity of the OGG1 deacety-
lase has not been proven. SIRT1 is a NAD*-dependent
lysine deacetylase with roles including cell aging, ge-
nomic stability, and cell apoptosis,*” but it has been ex-
cluded previously because the SIRT1 inhibitor nicotin-
amide did not increase OGG1 acetylation in HCT116
cells.” However, an association of SIRT1 and OGG!1
was not tested directly, and we have found that SIRT1
substrates are tissue specific.’® We identify that SIRT1
is @ major enzyme regulating OGG1 activity, and its
activity depends on its ability to deacetylate OGG1.
Thus, SIRT1 but not SIRT1HY reduces OGG1 acetyla-
tion, reduces 8oxoG repair, and promotes persistence
of oxidative DNA damage. SIRT1 deletion in vivo also
increases Ac-OGGH1, indicating that SIRT1 can regulate
OGG1 activity at endogenous levels. However, SIRT1 is
downregulated in human atherosclerotic plaques and
in plague and senescent VSMCs compared with nor-
mal VSMCs in culture,' suggesting that SIRT1 regula-
tion of OGG1 may be particularly relevant in normal
arteries as a way of deactivating OGG1 when oxida-
tive DNA repair is complete, but it may be less im-
portant in atherosclerosis in which the reduced p300
expression results in reduced acetylated OGG1. How-
ever, SIRT1 also activates other components of the BER
pathway, including the enzymes thymine DNA gly-
cosylase, apurinic/apyrimidinic endonuclease 1, and
poly(ADP-ribose) polymerase 1,%84° which may partly
explain the profound effect of VSMC SIRT1 knockout
in atherosclerosis.™

Our findings are consistent with the following
model (Figure 8). OGG1 is preferentially acetylated by
p300 in acute oxidative stress conditions that require
8ox0G repair activity, leading to efficient 8oxoG BER.
Ac-OGG1 is deacetylated by SIRT1 when 8oxoG BER is
complete. However, chronic oxidative stress in athero-
sclerosis results in downregulation of p300 and p300-
mediated acetylation of OGG1, which in turn reduces
OGG1 protein stability and thus expression and over-
all 8oxoG repair activity. ROS may also reduce OGG!1
activity directly via effects on redox-sensitive residues
and glycosylase activity.>% 8oxoG accumulation in
VSMCs results in DNA strand breaks, cell senescence,
cell death, inflammasome activation, and increased se-
cretion of proinflammatory cytokines, all of which pro-
mote atherogenesis. Rescue of VSMC OGG1 prevents
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Figure 8. Model of 8-oxoguanine (80xoG) DNA glycosylase | (0GG1) reg

ulation in VSMCs in atherosclerosis.

Ac indicated acetylated; BER, base excision repair; IL, interleukin; Lys, lysine; and SIRT1, sirtuin 1.

8oxoG accumulation and these consequences, protect-
ing against atherosclerosis.

CONCLUSIONS

We have identified that 8oxoG repair is reduced in
VSMCs in human atherosclerosis as a result of chronic
oxidative stress—induced reduction in expression, sta-
bility, acetylation, and activity of OGG1. SIRT1 is also
a major regulator of OGG1 acetylation, expression,
and activity. OGG1 protects VSMCs against oxidative
DNA damage, cell senescence, and apoptosis and re-
duces atherosclerosis formation, identifying BER as a
possible therapeutic target in atherosclerosis.

ARTICLE INFORMATION

Received December 22, 2017; accepted March 3, 2018.
The online-only Data Supplement is available with this article at https:/
www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.117.033249.

Correspondence

Martin Bennett, MD, PhD, Division of Cardiovascular Medicine, University of
Cambridge, Addenbrooke’s Centre for Clinical Investigation, Addenbrooke’s
Hospital, Cambridge, CB2 0QQ, United Kingdom. E-mail mrb@mole.bio.
cam.ac.uk

Affiliations

Division of Cardiovascular Medicine, University of Cambridge, Addenbrooke’s
Centre for Clinical Investigation, Addenbrooke’s Hospital, United Kingdom.

1460 October 2,2018

Dr Gray is currently at Cardiovascular Safety, AstraZeneca, Cambridge, United
Kingdom.

Sources of Funding

This work was funded by grants from the British Heart Foundation
(RG/13/14/30314 and PG/11/112/29272), the Oxbridge British Heart Foun-
dation Center for Regenerative Medicine (RM/13/3/30159), the British Heart
Foundation Center for Cardiovascular Research Excellence, and the National
Institute for Health Research Cambridge Biomedical Research Center.

Disclosures

None.

REFERENCES

1. Neeley WL, Essigmann JM. Mechanisms of formation, genotoxicity, and
mutation of guanine oxidation products. Chem Res Toxicol. 2006;19:491—
505. doi: 10.1021/tx0600043

2. Grollman AP, Moriya M. Mutagenesis by 8-oxoguanine: an enemy within.
Trends Genet. 1993;9:246-249.

3. Hoeijmakers JH. Genome maintenance mechanisms for preventing can-
cer. Nature. 2001;411:366-374. doi: 10.1038/35077232

4. Vartanian V, Lowell B, Minko IG, Wood TG, Ceci JD, George S, Ballinger
SW, Corless CL, McCullough AK, Lloyd RS. The metabolic syndrome re-
sulting from a knockout of the NEIL1 DNA glycosylase. Proc Nat/ Acad Sci
USA. 2006;103:1864-1869. doi: 10.1073/pnas.0507444103

5. Martinet W, Knaapen MW, De Meyer GR, Herman AG, Kockx MM. Oxida-
tive DNA damage and repair in experimental atherosclerosis are reversed
by dietary lipid lowering. Circ Res. 2001;88:733-739.

6. Martinet W, Knaapen MW, De Meyer GR, Herman AG, Kockx MM. Ele-
vated levels of oxidative DNA damage and DNA repair enzymes in human
atherosclerotic plaques. Circulation. 2002;106:927-932.

7. Uryga A, Gray K, Bennett M. DNA damage and repair in vas-
cular disease. Annu Rev Physiol. 2016;78:45-66. doi: 10.1146/
annurev-physiol-021115-105127

Circulation. 2018;138:1446-1462. DOI: 10.1161/CIRCULATIONAHA.117.033249


mailto:mrb@mole.bio.cam.ac.uk
mailto:mrb@mole.bio.cam.ac.uk

Shah et al

8.

20.

21.

22.

23.

24.

25.

26.

Tumurkhuu G, Shimada K, Dagvadorj J, Crother TR, Zhang W, Luth-
ringer D, Gottlieb RA, Chen S, Arditi M. Ogg1-dependent DNA repair
regulates NLRP3 inflammasome and prevents atherosclerosis. Circ Res.
2016;119:e76-e90. doi: 10.1161/CIRCRESAHA.116.308362

. Klungland A, Rosewell I, Hollenbach S, Larsen E, Daly G, Epe B, Seeberg E,

Lindahl T, Barnes DE. Accumulation of premutagenic DNA lesions in mice
defective in removal of oxidative base damage. Proc Natl Acad Sci USA.
1999;96:13300-13305.

. Gorennel,KumarsS, GrayK, FiggN, YuH, MercerJ,BennettM. Vascularsmooth

muscle cell sirtuin 1 protects against DNA damage and inhibits atheroscle-
rosis. Circulation. 2013;127:386-396. doi: 10.1161/CIRCULATIONAHA.
112.124404

. Gray K, Kumar S, Figg N, Harrison J, Baker L, Mercer J, Littlewood T, Ben-

nett M. Effects of DNA damage in smooth muscle cells in atherosclerosis.
Circ Res. 2015;116:816-826. doi: 10.1161/CIRCRESAHA.116.304921

. German P, Szaniszlo P, Hajas G, Radak Z, Bacsi A, Hazra TK, Hegde ML,

Ba X, Boldogh I. Activation of cellular signaling by 8-oxoguanine DNA
glycosylase-1-initiated DNA base excision repair. DNA Repair (Amst).
2013;12:856-863. doi: 10.1016/j.dnarep.2013.06.006

. Mercer JR, Cheng KK, Figg N, Gorenne |, Mahmoudi M, Griffin J, Vidal-

Puig A, Logan A, Murphy MP, Bennett M. DNA damage links mitochon-
drial dysfunction to atherosclerosis and the metabolic syndrome. Circ Res.
2010;107:1021-1031. doi: 10.1161/CIRCRESAHA.110.218966

. Mahmoudi M, Gorenne |, Mercer J, Figg N, Littlewood T, Bennett M.

Statins use a novel Nijmegen breakage syndrome-1-dependent path-
way to accelerate DNA repair in vascular smooth muscle cells. Circ Res.
2008;103:717-725. doi: 10.1161/CIRCRESAHA.108.182899

. Matthews C, Gorenne |, Scott S, Figg N, Kirkpatrick P, Ritchie A,

Goddard M, Bennett M. Vascular smooth muscle cells undergo
telomere-based senescence in human atherosclerosis: effects of
telomerase and oxidative stress. Circ Res. 2006;99:156-164. doi:
10.1161/01.RES.0000233315.38086.bc

. Warnholtz A, Nickenig G, Schulz E, Macharzina R, Brasen JH, Skatchkov

M, Heitzer T, Stasch JP, Griendling KK, Harrison DG, Bohm M, Meinertz
T, Minzel T. Increased NADH-oxidase-mediated superoxide production in
the early stages of atherosclerosis: evidence for involvement of the renin-
angiotensin system. Circulation. 1999;99:2027-2033.

. Hathaway CA, Heistad DD, Piegors DJ, Miller FJ Jr. Regression of ath-

erosclerosis in monkeys reduces vascular superoxide levels. Circ Res.
2002;90:277-283.

. Nishimura S. Involvement of mammalian OGG1(MMH) in excision of

the 8-hydroxyguanine residue in DNA. Free Radic Biol Med. 2002;32:
813-821.

. Bhakat KK, Mokkapati SK, Boldogh I, Hazra TK, Mitra S. Acetyla-

tion of human 8-oxoguanine-DNA glycosylase by p300 and its role in
8-oxoguanine repair in vivo. Mol Cell Biol. 2006;26:1654-1665. doi:
10.1128/MCB.26.5.1654-1665.2006

Balasubramanyam K, Swaminathan V, Ranganathan A, Kundu TK. Small
molecule modulators of histone acetyltransferase p300. J Biol Chem.
2003;278:19134-19140. doi: 10.1074/jbc.M301580200

Mantelingu K, Kishore AH, Balasubramanyam K, Kumar GV, Altaf M,
Swamy SN, Selvi R, Das C, Narayana C, Rangappa KS, Kundu TK. Activa-
tion of p300 histone acetyltransferase by small molecules altering enzyme
structure: probed by surface-enhanced Raman spectroscopy. J Phys Chem
B. 2007;111:4527-4534. doi: 10.1021/jp067655s

Prieur A, Besnard E, Babled A, Lemaitre JM. p53 and p16(INK4A) indepen-
dent induction of senescence by chromatin-dependent alteration of S-
phase progression. Nat Commun. 2011;2:473. doi: 10.1038/ncomms1473
Bowers EM, Yan G, Mukherjee C, Orry A, Wang L, Holbert MA, Crump NT,
Hazzalin CA, Liszczak G, Yuan H, Larocca C, Saldanha SA, Abagyan R, Sun
Y, Meyers DJ, Marmorstein R, Mahadevan LC, Alani RM, Cole PA. Virtual
ligand screening of the p300/CBP histone acetyltransferase: identification
of a selective small molecule inhibitor. Chem Biol. 2010;17:471-482. doi:
10.1016/j.chembiol.2010.03.006

Hwang JW, Yao H, Caito S, Sundar IK, Rahman I. Redox regulation of
SIRT1 in inflammation and cellular senescence. Free Radic Biol Med.
2013;61:95-110. doi: 10.1016/j.freeradbiomed.2013.03.015

Salminen A, Kaarniranta K, Kauppinen A. Crosstalk between oxi-
dative stress and SIRT1: impact on the aging process. Int J Mol Sci.
2013;14:3834-3859. doi: 10.3390/ijms14023834

Li L, Miano JM, Mercer B, Olson EN. Expression of the SM22alpha pro-
moter in transgenic mice provides evidence for distinct transcriptional
regulatory programs in vascular and visceral smooth muscle cells. J Cell
Biol. 1996;132:849-859.

Circulation. 2018;138:1446-1462. DOI: 10.1161/CIRCULATIONAHA.117.033249

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Defective BER Promotes Atherosclerosis

Regan CP, Adam PJ, Madsen CS, Owens GK. Molecular mechanisms of
decreased smooth muscle differentiation marker expression after vascular
injury. J Clin Invest. 2000;106:1139-1147. doi: 10.1172/JCI10522

Shen Z, Li C, Frieler RA, Gerasimova AS, Lee SJ, Wu J, Wang MM, Lumeng
CN, Brosius FC 3rd, Duan SZ, Mortensen RM. Smooth muscle protein 22
alpha-Cre is expressed in myeloid cells in mice. Biochem Biophys Res Com-
mun. 2012;422:639-642. doi: 10.1016/.bbrc.2012.05.041
Skarpengland T, Laugsand LE, Janszky I, Luna L, Halvorsen B, Platou CG,
Wang W, Vatten LJ, Damas JK, Aukrust P, Bjgras M, Asvold BO. Genetic
variants in the DNA repair gene NEIL3 and the risk of myocardial infarc-
tion in a nested case-control study: the HUNT Study. DNA Repair (Amst).
2015;28:21-27. doi: 10.1016/j.dnarep.2015.01.013

Goncalves |, Stenstrom K, Skog G, Mattsson S, Nitulescu M, Nilsson J. Short
communication: dating components of human atherosclerotic plaques.
Circ Res. 2010;106:1174-1177. doi: 10.1161/CIRCRESAHA.109.211201
Arai T, Kelly VP, Minowa O, Noda T, Nishimura S. High accumulation of
oxidative DNA damage, 8-hydroxyguanine, in Mmh/Ogg1 deficient mice
by chronic oxidative stress. Carcinogenesis. 2002;23:2005-2010.
Minowa O, Arai T, Hirano M, Monden Y, Nakai S, Fukuda M, Itoh M,
Takano H, Hippou Y, Aburatani H, Masumura K, Nohmi T, Nishimura S,
Noda T. Mmh/Ogg1 gene inactivation results in accumulation of 8-hy-
droxyguanine in mice. Proc Natl Acad Sci USA. 2000;97:4156-4161. doi:
10.1073/pnas.050404497

de Souza-Pinto NC, Eide L, Hogue BA, Thybo T, Stevnsner T, Seeberg E,
Klungland A, Bohr VA. Repair of 8-oxodeoxyguanosine lesions in mito-
chondrial DNA depends on the oxoguanine DNA glycosylase (OGG1)
gene and 8-oxoguanine accumulates in the mitochondrial DNA of 0GG1-
defective mice. Cancer Res. 2001;61:5378-5381.

Larsen E, Reite K, Nesse G, Gran C, Seeberg E, Klungland A. Repair
and mutagenesis at oxidized DNA lesions in the developing brain of
wild-type and Ogg1-/- mice. Oncogene. 2006;25:2425-2432. doi:
10.1038/sj.0nc.1209284

Touati E, Michel V, Thiberge JM, Wuscher N, Huerre M, Labigne A. Chronic
Helicobacter pylori infections induce gastric mutations in mice. Gastroen-
terology. 2003;124:1408-1419.

Touati E, Michel V, Thiberge JM, Avé P, Huerre M, Bourgade F, Klungland
A, Labigne A. Deficiency in OGG1 protects against inflammation and mu-
tagenic effects associated with H. pylori infection in mouse. Helicobacter.
2006;11:494-505. doi: 10.1111/.1523-5378.2006.00442.x

Mabley JG, Pacher P, Deb A, Wallace R, Elder RH, Szabé C. Potential role
for 8-oxoguanine DNA glycosylase in regulating inflammation. FASEB J.
2005;19:290-292. doi: 10.1096/f].04-2278fje

Durik M, Kavousi M, van der Pluijm 1, Isaacs A, Cheng C, Verdonk K,
Loot AE, Oeseburg H, Bhaggoe UM, Leijten F, van Veghel R, de Vries
R, Rudez G, Brandt R, Ridwan YR, van Deel ED, de Boer M, Tempel D,
Fleming I, Mitchell GF, Verwoert GC, Tarasov KV, Uitterlinden AG, Hof-
man A, Duckers HJ, van Duijn CM, Oostra BA, Witteman JC, Duncker
DJ, Danser AH, Hoeijmakers JH, Roks AJ. Nucleotide excision DNA re-
pair is associated with age-related vascular dysfunction. Circulation.
2012;126:468-478.

Garrido AM, Bennett M. Assessment and consequences of cell senes-
cence in atherosclerosis. Curr Opin Lipidol. 2016;27:431-438. doi:
10.1097/MOL.0000000000000327

Bennett MR, Evan Gl, Schwartz SM. Apoptosis of human vascular smooth
muscle cells derived from normal vessels and coronary atherosclerotic
plaques. J Clin Invest. 1995;95:2266-2274. doi: 10.1172/JC1117917
Gardner SE, Humphry M, Bennett MR, Clarke MC. Senescent vascular smooth
muscle cells drive inflammation through an interleukin-1a-dependent
senescence-associated secretory phenotype. Arterioscler Thromb Vasc Biol.
2015;35:1963-1974. doi: 10.1161/ATVBAHA.115.305896

Wang J, Uryga AK, Reinhold J, Figg N, Baker L, Finigan A, Gray K,
Kumar S, Clarke M, Bennett M. Vascular smooth muscle cell senes-
cence promotes atherosclerosis and features of plaque vulnerabil-
ity. Circulation. 2015;132:1909-1919. doi: 10.1161/CIRCULATIONAHA.
115.016457

Childs BG, Baker DJ, Wijshake T, Conover CA, Campisi J, van Deursen JM.
Senescent intimal foam cells are deleterious at all stages of atherosclero-
sis. Science. 2016,;354:472-477. doi: 10.1126/science.aaf6659

Spange S, Wagner T, Heinzel T, Kramer OH. Acetylation of non-histone
proteins modulates cellular signalling at multiple levels. Int J Biochem Cell
Biol. 2009;41:185-198. doi: 10.1016/j.biocel.2008.08.027

Jaiswal M, LaRusso NF, Nishioka N, Nakabeppu Y, Gores GJ. Human Ogg1,
a protein involved in the repair of 8-oxoguanine, is inhibited by nitric ox-
ide. Cancer Res. 2001;61:6388-6393.

October 2,2018 1461

(=)
=)
=
F—
=
=
=
m
(7]
m
=
=
()
=




Shah et al Defective BER Promotes Atherosclerosis

46. Bravard A, Vacher M, Gouget B, Coutant A, de Boisferon FH, Marsin S, 48. Madabushi A, Hwang BJ, Jin J, Lu AL. Histone deacetylase SIRT1 modu-
E Chevillard S, Radicella JP. Redox regulation of human OGG1 activity in lates and deacetylates DNA base excision repair enzyme thymine DNA
oc response to cellular oxidative stress. Mol Cell Biol. 2006;26:7430-7436. glycosylase. Biochem J. 2013;456:89-98. doi: 10.1042/BJ20130670
E doi: 10.1128/MCB.00624-06 49. Yamamori T, DeRicco J, Naqvi A, Hoffman TA, Mattagajasingh I, Kasu-
ﬂ 47. Finkel T, Deng CX, Mostoslavsky R. Recent progress in the biol- no K, Jung SB, Kim CS, Irani K. SIRT1 deacetylates APE1 and regulates
o= ogy and physiology of sirtuins. Nature. 2009;460:587-591. doi: cellular base excision repair. Nucleic Acids Res. 2010;38:832-845. doi:
EI 10.1038/nature08197 10.1093/nar/gkp1039
—
S
<
(=]

1462 October 2,2018 Circulation. 2018;138:1446-1462. DOI: 10.1161/CIRCULATIONAHA.117.033249





