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ABSTRACT

Poly(ADP-ribose) polymerase 1 (PARP1) has a major regulatory role in cardiovascular disease. However,
inhibiting PARP1 activity does not significantly improve clinical outcomes of cardiovascular disease, which
suggests that the regulatory mechanism of PARP1 in cardiovascular disease is unclear. Here, we focused on
deacetylation regulatory mechanisms of PARP1 and crosstalk of PARP1 post-translational modifications. We
uncovered the crucial molecular interactions and protein modifications of deacetylase Sirtuin 2 (SIRT2) and
PARP1 in vascular damage. The results showed that SIRT2 was involved in this process and oxidative stress
damage factor PARP1 was a novel physiological substrate of SIRT2. SIRT2 interacted with PARP1 at the PARP-A-
helical domain and deacetylated the K249 residue of PARP1. Furthermore, SIRT2 promoted ubiquitination of the
K249 residue of PARP1 via mobilization of the E3 ubiquitin ligase WW domain-containing protein 2 (WWP2),
which led to proteasome-mediated degradation of PARP1. Knockout of SIRT2 in mice and cells increased PARP1
acetylation and decreased PARP1 ubiquitination, which in turn aggravated oxidative stress-induced vascular
injury and remodeling. Conversely, overexpression of SIRT2 in mice and cells decreased PARP1 acetylation,
increased PARP1 ubiquitination, and relieved oxidative stress-induced vascular injury and remodeling. Overall,
this study revealed a previously unrecognized mechanistic link between SIRT2 and PARP1 in the regulation of
oxidative stress-induced vascular injury.

1. Introduction

cell death [4,5]. Although most studies have focused on the treatment of
cardiovascular disease by inhibiting PARP1 activity, there has been no
significant improvement of clinical outcomes in cardiovascular disease,
which suggests that the regulatory mechanism of PARP1 in cardiovas-

Oxidative stress-induced vascular injury is the primary and critical
factor that affects various cardiovascular diseases [1-3]. Consequently,
clarification of the responsible molecular mechanisms has become a
priority. The oxidative stress injury-related protein poly(ADP-ribose)
polymerase 1 (PARP1) is a major factor in cardiovascular disease.
Recently, it was reported that PARP1 plays a crucial role in oxidative
stress-induced vascular injury that eventually damages various organs
[4-8]. Indeed, various stimulating factors aggravate vascular oxidative
stress by over-activating PARP1, which leads to vascular damage and

cular disease is unclear.

Expression of PARP1 is tightly controlled at transcriptional levels,
but high expression of PARP1 is observed in cardiovascular disease
[6-8]. Importantly, enhanced expression of PARP1 is critical during
cardiovascular disease. Our previous study revealed that PARP1 as the
major factor in oxidative stress-induced cardiovascular injury undergoes
ubiquitination by E3 ubiquitin ligase WW domain-containing protein 2
(WWP2) [6,7]. However, lysine deacetylation of non-histone proteins
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Abbreviations

PARP1  poly(ADP-ribose) polymerase 1
SIRT2 Sirtuin 2

ROS reactive oxygen species

Ang Il  angiotensin II

KO knockout

TG transgenic

HE hematoxylin and eosin

HUVECs human umbilical vein endothelial cells

WWP2  WW domain-containing protein 2
FBS fetal bovine serum
SD standard deviation

CHX cycloheximide

P300 E1A-binding protein, 300 kDa
PCAF P300/CBP-associated factor
CBP CREB-binding protein

promotes ubiquitination to affect protein stability [9]. Deacetylation of
PARP1, the regulatory mechanisms of PARP1 deacetylation, and the
crosstalk of PARP1 post-translational modifications remain unclear.

The deacetylase SIRT2 is an important member of the Sirtuin family
and involved in various biological processes by deacetylating various
physiological substrates [10-14]. Although evidence suggests that
SIRT2 is a protective factor against myocardial hypertrophy [15,16], the
role of SIRT2 in oxidative stress-induced vascular injury and its regu-
latory substrates remains unclear.

In this study, we used proteomics to uncover the molecular in-
teractions involved in oxidative stress-induced vascular injury. We
identified SIRT2 as the main deacetylase of the Sirtuin family, which is
involved in oxidative stress-induced vascular injury, and a new regula-
tory complex, SIRT2-WWP2-PARP1. Mechanistically, using mass spec-
trometry and coimmunoprecipitation, we found that PARP1 was a
previously unknown physiological substrate of SIRT2. Moreover, SIRT2/
CBP deacetylated/acetylated the PARP1-K249 residue. Furthermore,
SIRT2 interacted with PARP1 at the PARP1-A-helical domain, which led
to ubiquitination of the K249 residue of PARP1 via mobilization of the
E3 ubiquitin ligase WWP2 and proteasome-mediated degradation of
PARP1. Additionally, using SIRT2-knockout (KO) and SIRT2-transgenic
(TG) mice and cells, we confirmed that SIRT2 protected against oxida-
tive stress-induced vascular damage by deacetylation and ubiquitination
of PARP1.

2. Materials and methods
2.1. SIRT2 knockout and transgenic mice

SIRT2-knockout (SIRT2-KO) mice were a kind gift from Deng CX
[13] [Genetics of Development and Disease Branch, National Institute of
Diabetes, Digestive and Kidney Diseases, National Institutes of Health
(NIH)]. SIRT2-transgenic (SIRT2-TG) mice (CAG promoter) were pro-
vided by Shanghai Model Organisms Science & Technology Develop-
ment. Effective knockdown and overexpression of SIRT2 were
confirmed by western blotting (Figs. 5 and 6). Specific pathogen-free
male mice (8-10 weeks old) were used in all mouse experiments. In
the Ang II or NaCl infusion mouse model, SIRT2-WT, SIRT2-KO, and
SIRT2-TG animals (n = 48 in total with n = 6/group) were randomized
into groups, anesthetized with inhaled isoflurane/oxygen (2% at 1,500
ml/min), subjected to an incision in the middle scapular region, and
subcutaneously implanted with an osmotic minipump (Alzet) in accor-
dance with the manufacturer’s instructions. To induce vascular damage
and remodeling, mice were infused with Ang II (1.5 mg/kg/day) for 14
days delivered by the Alzet minipump (Alzet, model 2002; 0.5 pl/h) as
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described in our previous study [6]. After 14 days, the mice were
euthanized by cervical dislocation. All animal experiments were
approved by the Animal Subjects Committee of China Medical Univer-
sity (permission number: 2019026) and followed the Guide for the Care
and Use of Laboratory Animals proposed by the US National Institutes of
Health (NIH Publication No. 85-23, revised 1985).

2.2. Histopathological analysis

Vascular tissue specimens were fixed with 4% formalin for 4 h,
embedded in paraffin, and cut into 5-pm-thick sections. The sections
were then dewaxed with xylene, rehydrated with graded ethyl alcohol,
and stained with H&E and Masson’s trichrome stain solution (G1340;
Solarbio, China). Vascular tissue specimens underwent frozen section
and were followed by dihydroethidium (DHE) staining (C1300-2,
Applygen Technologies Inc, China).

2.3. Cells and treatment

Human umbilical vein endothelial cells (HUVECs) were obtained
from the ATCC, which had been tested for mycoplasma contamination,
and cultured in F-12K medium with 10% fetal bovine serum (FBS)
(HyClone), 0.1 mg/ml heparin, and 0.05 mg/ml endothelial cell growth
supplement. HEK293T cells were obtained from the ATCC, which has
been tested for mycoplasma contamination, and cultured in high-
glucose Dulbecco’s modified Eagle’s medium with 10% FBS
(HyClone). All cell culture was performed at 37 °C in a humid envi-
ronment with 5% CO».

2.4. Reactive oxygen species (ROS) assay

A ROS Assay Kit was used to detect intracellular ROS (S0033,
Beyotime Biotechnology, China). After the indicated treatment, HUVECs
were washed three times with phosphate-buffered saline (PBS), sus-
pended in 500 pl serum-free medium with 10 mM 2,7-DCFH-DA, and
incubated for 1 h at 37 °C while protected from light. The cells were
washed three times with PBS and then imaged under a fluorescence
microscope (Olympus) at excitation of 595 nm.

2.5. TUNEL staining

The TUNEL assay was performed with a kit provided by Jiangsu
KeyGEN BioTECH Co., Ltd. (China) in accordance with the manufac-
turer’s instructions. After the indicated treatments, HUVECs were fixed
with 4% formalin for 20 min. The cells were then permeabilized with 1%
Triton X-100 for 10 min, followed by treatment with DNase I at 37 °C for
30 min, and subsequently washed three times with PBS. Prepared ter-
minal deoxynucleotidyl transferase enzyme reaction drops were added
to the samples and allowed to react at 37 °C for 60 min in the dark before
the samples were washed three times with PBS. Streptavidin-
fluorescein-labeled droplets were added to the samples and allowed to
react at 37 °C for 30 min in the dark before the samples were again
washed three times with PBS. The 4',6-diamidino-2-phenylindole
staining solution was used to stain nuclei for 10 min at room tempera-
ture while protected from light. The cells were imaged under the fluo-
rescence microscope at excitation of 488 nm.

2.6. Plasmid construction, antibodies, and reagents

Plasmids and knockdown shRNAs are shown in Supplementary
Table 1. Plasmid transfection was conducted using Lipofectamine 3000
(Invitrogen, USA), Highgene (Applygen, China) or jetPRIME (Polyplus,
France) in accordance with the manufacturer’s protocol. sShRNAs were
transduced in a lentiviral vector. Antibodies are listed in Supplementary
Table 2. Proteasome inhibitors MG132 (A2585) and cycloheximide
(CHX) (A8244) were provided by Apexbio (USA) and dissolved in
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dimethyl sulfoxide (DMSO). Ang II (A9525) was provided by Sigma
(USA) and used at a concentration of 10 pM in DMSO.

2.7. PARP1 ubiquitination assessment

Vascular tissue specimens from mice and cells were lysed with 1%
SDS buffer (Tris pH 7.5, 0.5 mM EDTA, and 1 mM DTT) and boiled for
10 min and saturated with Tris-HCL (pH 8.0). Cells that had been
transfected with HA-tagged (HA)-ubiquitin, full-length human Myc-
PARP1, mutant Myc-PARP1 plasmids, or other plasmids at 48 h prior
were also lysed using the above protocol. Cell lysates were incubated at
4 °C with anti-PARP1 antibodies (1 pg antibody per mg of cell lysate),
followed by incubation with 30 pl protein A/G (B23202; Biotool, USA)
or anti-Myc (B26302; Biotool, USA) immunoprecipitation magnetic
beads for 12 h.

2.8. Coimmunoprecipitation and immunoblotting

Vascular tissue specimens from mice and cells were each lysed with
Flag lysis buffer [50 mM Tris, 137 mM NaCl, 1 mM ethylene diamine
tetraacetic acid (EDTA), 10 mM NaF, 0.1 mM NagVOy, 1% NP-40, 1 mM
dithiothreitol (DTT), and 10% glycerol, pH 7.8] with protease inhibitors
(Bimake). The lysates were incubated with 30 pl anti-Flag/Myc Affinity
Gel (B23102/B26302; Biotool, USA) for 12 h at 4 °C or with appropriate
antibodies (1 pg antibody per mg of cell lysate) for 2-3 h, after which the
samples were incubated with 30 pl Protein A/G for immunoprecipitation
(B23202; Bio tool) for 12 h at 4 °C. The immunoprecipitated complexes
were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and electrotransferred onto PVDF membranes. After blocking
with 5% bovine serum albumin for 1 h at ambient temperature, the
specimens were successively incubated with primary (4 °C, overnight)
and secondary (ambient conditions, 1 h) antibodies. Ubiquitinated
PARP1 was immunoprecipitated using anti-Myc or anti-PARP1 anti-
bodies and detected with an anti-HA antibody. GAPDH and Tubulin
were concurrently assessed as loading controls. ImageJ v1.46 (National
Institutes of Health, USA) was used for quantitation.

2.9. Statistical analysis

Data are presented as the mean =+ standard deviation (SD) and were
assessed for homogeneity of variance by the F-test and Brown-Forsythe
test for group pairs and multiple groups, respectively. Data normality
was examined by the Shapiro-Wilk test. Student’s and Welch’s t-tests
were applied for data with equal and unequal variances, respectively
(group pairs). One- and two-way ANOVAs were performed to assess
differences in multiple groups, which involved one and two factors,
respectively, with a Bonferroni post-hoc test. P-value adjustment was
performed for multiple comparisons as appropriate. Data analysis was
carried out using SPSS 22.0 (SPSS, USA) with P < 0.05 deemed statis-
tically significant.

3. Results

3.1. Mass spectrometric analyses of SIRT2-interacting proteins identifies
PARP1 as a novel physiological substrate of SIRT2

To identify the major deacetylase activity involved in vascular
injury, we examined Sirtuin isoform expression profiles following
damage from vascular injury induced in wildtype (WT) mice via Ang II
infusion. We conducted iTRAQ/TMT/label-free analysis and further
quantification of the expression levels of Sirtuin isoform proteins was
performed by LC-PRMMS analysis performed by Shanghai Applied
Protein Technology Co., Ltd [17]. Among the seven Sirtuin isoform
proteins, SIRT2 was the most highly upregulated in injured vessels after
14 days of Ang II infusion (Fig. 1A). These results suggested that SIRT2
may play a major role in vascular injury.
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SIRT2 is a deacetylase, and therefore we hypothesized that SIRT2
may deacetylate a novel physiological substrate to act in vascular
dysfunction. To this end, we identified SIRT2-interacting partners.
SIRT2 was expressed and purified, followed by mass spectroscopic
analysis to identify interacting partners. Furthermore, Gene Ontology,
Biological Process, Molecular Function and Cellular Component
enrichment analysis revealed that these molecules were involved in the
cellular process, biological regulation, and protein binding (Fig. 1B-E).
Thus, we identified that injury factor PARP1 was the major novel
interacting protein of SIRT2. Next, the interaction between purified
SIRT2 and PARP1 was confirmed by mass spectrometry (Fig. 1F). The
interaction between endogenous SIRT2 and PARP1 was assessed by
performing coimmunoprecipitation assays (Fig. 1G and H). Further-
more, we found that SIRT2 is bound to the 662-779 amino acid domain
of PARP1, namely the PARP-A-helical domain (Fig. 1I). These results
suggested that the SIRT2-PARP1 axis was a novel regulatory factor in the
vascular damage pathway.

3.2. SIRT2/CBP deacetylation/acetylation of PARP1 acts on PARP1-
K249

As a deacetylase, SIRT2 was assumed to bind to and deacetylate
PARP1. Therefore, we first confirmed by immunoprecipitation that
PARP1 was acetylated and that its acetylation status was regulated by
trichostatin A (TSA) and nicotinamide (NAM), two frequently used
deacetylase inhibitors that repress histone deacetylases (HDACs), which
include HDAC I and III as well as the Sirtuin family of deacetylases
(Fig. 2A). Among the four common acetyltransferases, P300 (E1A-
binding protein, 300 kDa), CREB-binding protein (CBP), P300/CBP-
associated factor (PCAF), and GCN5 (KAT2A), we found that CBP, but
not the other three acetyltransferases, markedly enhanced PARP1
acetylation (Fig. 2B). We also confirmed an interaction between CBP and
PARP1 (Fig. 2C and D). These results confirmed that PARP1 underwent
acetylation and CBP was the acetyltransferase of PARP1.

Next, we determined whether the presence of SIRT2 affected the
levels of PARP1 acetylation. Indeed, SIRT2-WT, but not SIRT2-
Q167AH187Y (SIRT2 inactivation mutation), significantly reduced
PARP1 acetylation (Fig. 2E). Moreover, the acetylation levels of PARP1
were higher in shSIRT2-treated cells using the 22297 shSIRT2 fragment,
which had the optimal SIRT2 knockdown efficiency, and in SIRT2 in-
hibitor (AGK2)-treated cells compared with control-treated cells
(Fig. 2F). Thus, SIRT2 regulated PARP1 via deacetylation, which further
supported the conclusion that PARP1 was a novel physiological sub-
strate of SIRT2.

To obtain the most direct evidence of the PARP1 modification by
deacetylation through SIRT2, we investigated the specific PARP1 site
deacetylated by SIRT2. We mutated each of seven identified putative
acetylation sites in PARP1, i.e. K105, K108, K249, K254, K400, K418,
K600, and K621, and analyzed acetylation by mass spectrometry. Each
lysine (K) residue was changed to arginine (R), which produced non-
acetylated mutants. Only the mutation of lysine (K) 249 residue to R
decreased the levels of PARP1 acetylation, and the arginine substitution
of K249 resulted in minimal differences in the levels of PARP1 acety-
lation in the presence or absence of SIRT2 overexpression (Supple-
mentary Figs. 1A and B). We then co-transfected cells with WT-PARP1 or
mutant PARP1-K249R plasmids and the Flag control or Flag-CBP
plasmid. The arginine substitution of K249R blunted PARP1 acetyla-
tion with or without CBP expression, whereas the acetylation levels of
WT-PARP1 were increased in the presence of additional CBP (Fig. 2G).
In agreement with these findings, compared with the PARP1-WT group,
transfection with the mutant PARP1-K249R plasmid suppressed PARP1
acetylation. Co-transfection with the SIRT2 plasmid decreased the
acetylation levels of WT-PARP1, whereas the acetylation levels of
PARP1-K249R were unchanged in the presence of additional SIRT2
(Fig. 2H). PARP1-K249 acetylation was further assessed using an anti-
body that specifically recognized ectopically expressed WT-PARP1, but
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Fig. 1. Mass spectrometric analyses of SIRT2-interacting
proteins identifies PARP1 as a novel physiological sub-

>
o
>
2 2 T Q o = 2
@ ) o =] ® £ . . .
N 2 ] g 4 3 2 S strate of SIRT2. (A) Vascular injury was induced in WT
Fa & g 5 N 3 3
& ; o ; & & & mice via Ang II infusion and Sirtuin isoform expression
i % = El s = &l N levels were analyzed by iTRAQ/TMT/label-free analysis.
The expression levels of Sirtuin isoform proteins were
05 Angll then further quantified by LC-PRMMS analysis. (B)
0 Identification of SIRT2-interacting proteins by mass
& spectrometric analysis. The results from mass spectro-
’ Control metric analysis of SIRT2-interacting proteins were
-1 analyzed by Gene Ontology term enrichment. The most
B c GO Terms(Top 20) significant pathways associated with protein binding are
o0 Tez":s name - Bilgiel Process shown. P-values were calculated using Fisher’s exact test.
e ————— 1 . (C-E) Biological Process, Molecular Function, and
PY——— AN e | . : :
o DogeIces | —s1 Cellular Component enrichment analysis of SIRT2-
J—— AN oot process o
) . interacti tei Poval leulated usi
negav eaton f DoBgRA roccss | e 559 g ‘equaton of mRNA metabol process { . interacting proteins. P-values were calculated using
Rt o % uclabase-contag compound oo roces | ° Fisher’s exact test. (F) Interaction between purified Flag-
caesemoin] 2 15
biological achsi 80 mANA metabolic process { °
. wg"“’%ﬂéw §§§ ¢ R “"""" . e SIRT2 and PARP1 analyzed b}l mass specFr9scopy. (.G)
hythmic proces 9 ® w0 Endogenous PARP1 and SIRT2 immunoprecipitated using
cell kil heterocycle catabolic process { ° ® 150 . . . .
SRS 8 o 5 ®m an anti-PARP1 antibody and detected with an anti-SIRT2
0 . .
ity | s =L ISR " o antibody. (H) Endogenous SIRT2 and PARP1 immuno-
i e e i o “lsuevae)  precipitated using an anti-SIRT2 antibody and detected
molecular ransducer 2l £
et H SRR cltiok o | * . with an anti-PARP1 antibody. (I) Full length Myc-PARP1
K g o
= postiranscriptional regulation of gene expression ° 5 or one Of six truncated MyC-PARPl plasmids were
[ER—— . w ) .
s transfected and total lysates were subjected to immuno-
. ‘peplide metabolic process | L) L. . ) . R
pgrueel S f o— . precipitation with an anti-Myc antibody, followed by
e g st proess ° western blotting with an anti-SIRT2 antibody.
o
other e A
e ggnien) 1 cgaonitogencompoundosmntcpracass| @
250 500 750 1000 cellular component biogenesis { (@)
Number of Proteins o0 S 9% 20
D GO Terms(Top 20) E GO Terms(Top 20)
Molecular Function Cellular Component
carernsingg | . toaadhasin|
oA g | . [— .
I——— . cotubsat hres rcton
actin binding | . actin cytoskeleton | .
ANAbinding { ° rbonucleoprotein complex { .
protein-containing complex binding . Protein number anchoring juncion . Protein number
.
Arptinog] o [r—— . o
‘adenyl ibonuceolide binding | . celljuncion . ® o
w
adenyl nucleotde binding { ° extracelluar exosome: ° @ =0
@ «o
‘purine ribonucleoside triphosphate binding { [ ] exracellular vesicle:
p—— . choifpsakie) Je— ° ~logifpvalve)
5
puring nucleotide binding [ ] 80 ‘extracellular space [ ] 50
ibonucleotide binding | ° L vesicle Y ::
nuceoide binding | ° “ potein containing complex | ° .
nucleoside phosphate binding { ° oyosol 'Y
‘small molecule binding | [ ] ‘non-membrane-tounded organelle | [ ]
nucecacdbingng] @ inacelulr normembrane bounded organelie | °
hetoyole compoundtingig | @) invacatrorganetepar{ @)
agariccycic compourdining | @) arganelepar{ @
—— —
o ois o B3 oo oie o
Rich factor Rich factor
F H
R i IP: PARP1 1gG IP: SIRT2 IgG
TG R R Rty [ |—40kDa IBPARP1 [ | -130kDa
T | iBPARPT [ |T130KD2 esrr2 [ |-4ok0a
= —130KD:
s IB:SIRT2 [F | 40kDa IBPARPY [ =] &
ge 8 3 — —130kDa 3 i
L £ | Brare1 [ o 2| morr [ 400
Lyl whila o [1BOAPDH [ |35 IB:GAPDH [amme ] 1,
| 1 203 476 662 779 788 1014

PARP1 [zinct[ [zinc2[ [BRCT] [PARP A helical | | PARP catalytic|

_aokDa  1-779Aa [zinci[ [zinc2] [BRCT| [ PARP A helical

Myc

o o —130kDa  1-476Aa [Zinci] [zinc2| [BRCT
= -

- 1-203Aa
- [zinea [ |
1B:Myc
Y Py 788-1014Aa PARP catalytic

= —40KkDa

5

£ = 662-1014Aa PARP A ht ’ARP catalytic
IB:GAPDH —35kDa  203-1014Aa [[BReT[ ] PARP A helical [ PARP catalytic




N. Zhang et al. Redox Biology 47 (2021) 102141

A C D E
FlagWT-SIRT2 - + - -
Flag-Q167AH187Y-SIRT2 — - + -
Myc-PARP1 + + +  —
Flag-CBP +  — IP: CBP 1gG ‘ ‘_130KDa
TSANAM — + — D IBPARP! |quue  [|130KDa | IBPARP1 [smmm  [~130KDa 2 1B:Pan-AC |G ee e
. o o = | I |—130KDa
Q | IB:PARP1 [ b | 130KDa ~130KDa . - |
i P T e T
£ | 1B:GAPDH [=—=——====]_3skpa £ | IB:Flag @ £|1B:CBP £
" = . = % fe—leasels e
1B:Tubulin E 55KDa IB:Tubulin E' 55KDa 'B-GAPDH| | SoKba
B F G
Flag-P300 - + - - - -
Flag-CBP - - + - - -
Myc-GCNS = — - -+ - - shSIRT2 - - + + - WT-Myc-PARP1  + + - — -
Flag-PCAF - - - - + - AGK2 - + - 4+ - K249R-Myc-PARP1 - - + + -
Myc-PARP1 + + + + + - IP: AC AC AC AC IgG FlagCBP - + — + -
o - b L] i r
| IB:Pan-AC o 130KDa g | 1B:pARP1 - F130KDa o | IB:Pan-AC —130KDa
a | IB:Myc-PARP1 |,_,_ e e Yod '—130KDa 130KDa E =
> [ e S o g
IB:P300/CBP - a =
—100KDa %5 — - = _
T e T | o R
—130KD: - 2
S| BMyc-PARPT | == = e | @ o g ) ‘
. | a0 IB:GAPDH — 35KDa IB:GAPDH | e s - -
B e » A a
H | J N O+ - -+
shSIRT2 - + + ~—
WT-Myc-PARP1  + + - — - WT-Myc-PARP1  + - - FlagSIRT2 - - + -
K249R-Myc-PARP1 - — + + — K249R-Myc-PARP1 -  + - FlagCBP  + + + -
FlagSIRT2 - + - + - FlagCBP + + - PPARPI + + + -
Flag-CBP + + + + - 19G - - + - ’ -
= e = U | R T T T
e | | e e e A e iR
_ | 1B:Myc-PARP1 \—— —— |—130KDa EI‘”OKDB _ | 1B:PARPY
= g 3 .
2|BFagsRT2 [ == == | soa 5 | B:Mye - 2| B:sIRT2 [— R—|
[ " -— .
BGAPDH | —skpa | IB:Tubuin Beiche BOAPDH e e e =] 3505
K L

PARP1 highly conserved sequence SIRT2 cBP

Acetyl | Acetyl |
Human: QNDLIWNIKDELKKVCSTN

Mus musculus: QNELIWNIKDELKKACSTN K249
Rattus norvegicus: QNELVWNIKDELKKACSTN PARP PARP
Gallus gallus: QTELIWGIKDELRKVCSTN ( Z'"°1HZ'"°2H BRCT‘ helical catalytlc
Cricetulus griseus: QNDLIWNIKDELKKACSTS
Bos taurus: QNDLIWNVKDELKKACSTN ~o -

Ovis aries: QNDLIWNVKDELKKACSTN ~ -
Xenopus laevis: QTELIWHIKDELKKVCSTN )
i “PARP1

Fig. 2. Modification of PARP1 by SIRT2/CBP deacetylation/acetylation acts on PARP1-K249. (A) Cells treated with nicotinamide (NAM) (5 mM, 4 h) and trichostatin
A (TSA) (0.5 pM, 16 h) were lysed and immunoprecipitated using an anti-Pan-AC antibody, followed by detection with an anti-PARP1 antibody. (B) Cells
cotransfected with Myc-P300, Myc-GCN5, Flag-CBP, or Flag-P300/CBP-associated factor (PCAF) and Myc-PARP1 were lysed and acetylated PARP1 was immuno-
precipitated using an anti-Myc antibody and detected with an anti-Pan-AC antibody. (C) Flag-CBP-transfected cells were lysed and exogenous Flag-CBP was
immunoprecipitated using an anti-Flag antibody and detected with anti-PARP1 antibody. (D) Cells were lysed and endogenous CBP was immunoprecipitated using an
anti-CBP antibody and detected with an anti-PARP1 antibody. (E) Cells cotransfected with Flag-WT-SIRT2 or Flag-SIRT2-H187YQ167A (Mut) and Myc-PARP1 were
lysed and acetylated PARP1 was immunoprecipitated using an anti-Myc antibody and detected with an anti-Pan-AC antibody. (F) NC and shSIRT2 cells that were
subsequently treated with or without AGK2 (20 pM, 24 h) were subjected to immunoprecipitation using an anti-Pan-AC antibody. Acetylated PARP1 was then
detected with an anti-PARP1 antibody. (G-H) Cells cotransfected with Myc-WT-PARP1 or Myc-PARP1-K249R (Mut) and Flag-CBP alone (G) or Flag-SIRT2 (H) were
lysed and acetylated PARP1 was immunoprecipitated using an anti-Myc antibody and detected using an anti-Pan-AC antibody. (I) Cells cotransfected with Myc-WT-
PARP1 or Myc-PARP1-K249R (Mut) and Flag-CBP were lysed and acetylated PARP1 was immunoprecipitated using an anti-Myc antibody and detected with the site-
specific anti-K249 acetylation antibody (PARP1-K249AC). (J) Flag-SIRT2 was transfected into NC or shSIRT2 cells and PARP1 acetylation was detected by immu-
noprecipitation using the anti-PARP1-K249AC antibody. (K) Alignment of sequences that surround K249 in PARP1 homologs of various species. The acetylated lysine
residues at PARP1-249 are shown in bold red text. (L) Schematic model of the proposed role of SIRT2 in deacetylating PARP1. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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not the mutant PARP1-K249R (Fig. 2I). Additionally, compared with the
NC cells, the levels of K249-acetylated PARP1 were increased in
shSIRT2-treated cells, whereas the levels of K249-acetylated PARP1
were restored in shSIRT2-treated cells that were transfected with Flag-
SIRT2, which confirmed that SIRT2 regulated PARP1-K249 deacetyla-
tion (Fig. 2J). Furthermore, PARP1-K249 was found to be highly
conserved in mammals (Fig. 2K).

Overall, the above results confirmed that SIRT2 interacted with the
PARP-A-helical domain of PARP1 and that CBP and SIRT2 acetylated
and deacetylated PARP1-K249, respectively. These findings provided
crucial insights into the regulatory mechanism of the SIRT2-PARP1
complex (Fig. 2L).

3.3. SIRT2 promotes PARP1-K249 ubiquitination by the E3 ubiquitin
ligase WWP2

Lysine acetylation of non-histone proteins competes with ubiquiti-
nation to affect protein stability [9], and therefore we next examined the
effect of SIRT2 expression on PARP1 levels. We found that increasing
levels of SIRT2 overexpression led to a gradual reduction in PARP1
levels (Fig. 3A). Conversely, knockdown of SIRT2 using the 22297
shSIRT2 RNA fragment markedly upregulated PARP1 levels (Fig. 3B).
Moreover, we found that expression of mutant SIRT2-Q167AH187Y did
not affect PARP1 levels (Fig. 3C). We then determined whether SIRT2
affected PARP1 transcription or its stability. The results showed that NC
cells displayed substantially lower levels of PARP1 in a post-CHX
treatment time course, whereas the shSIRT2 group maintained very
high levels of PARP1 over time (Fig. 3D). Moreover, the rate and extent
of the PARP1 levels increase were higher after MG132 treatment of NC
cells compared with those observed in shSIRT2 cells (Fig. 3E).
Furthermore, PARP1 levels had gradually declined in the Flag control
group, whereas the SIRT2 overexpression group had a faster declining
rate of PARP1 levels (Fig. 3F). These results suggested that SIRT2 pro-
moted degradation of PARP1 via a proteasome pathway. Additionally,
after MG132 treatment, both the rate and proportion of the PARP1 levels
increase were elevated in SIRT2-overexpressing cells compared with
Flag control group cells (Fig. 3G). Therefore, our results showed that
SIRT2 expression caused a decrease in PARP1 by inducing proteasomal
degradation of PARP1. Consistent with degradation through the
ubiquitin-proteasome pathway, compared with the Flag-control plasmid
group, the PARP1 ubiquitination levels were increased by over-
expression of Flag-SIRT2 (Fig. 3H). Furthermore, in shSIRT2-treated
cells, the levels of PARP1 polyubiquitination by the E3 ubiquitin
ligase WWP2 were lower than that in NC-treated cells (Fig. 3I). Addi-
tionally, overexpression of Flag-SIRT2 enhanced the interaction be-
tween PARP1 and the E3 ubiquitin ligase WWP2 (Fig. 3J). These results
further showed that SIRT2 promoted ubiquitination of PARP1 by the E3
ubiquitin ligase WWP2.

To obtain the most direct evidence that SIRT2 promoted ubiquiti-
nation of PARP1 by the E3 ubiquitin ligase WWP2, we identified ubiq-
uitination sites in PARP1 regulated by SIRT2. The results showed that
SIRT2 increased the ubiquitination levels of PARP1-WT, but not PARP1-
K249R, which proved that SIRT2 promoted the ubiquitination of PARP1
via K249 (Fig. 3K).

Taken together, these results revealed that SIRT2 promoted PARP1
ubiquitination by deacetylating PARP1-K249 to induce PARP1 poly-
ubiquitination by the E3 ubiquitin ligase WWP2, which further sup-
ported the regulatory role of the SIRT2-PARP1 complex (Fig. 3L).

3.4. SIRT2 significantly decreases PARP1-K249 acetylation and
increases PARP1 ubiquitination in Ang II-treated HUVECs

PARP1 is a major damaging factor in vascular injury [4,5] and our
results delineated complex regulatory behavior of SIRT2-PARP1, and
therefore we next examined the role of this complex in an Ang II-induced
HUVEC injury model. First, considering the physical interaction of
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SIRT2 with PARP1, we assessed whether Ang II affected the interaction
between SIRT2 and PARP1 in HUVECs. As expected, Ang II stimulation
increased the interaction between SIRT2 and PARP1 (Fig. 4A and B).
Second, compared with the NC group, SIRT2 knockdown increased
PARP1-K249 acetylation in HUVECs and Ang II stimulation of SIRT2
knockdown HUVECs further increased PARP1-K249 acetylation
(Fig. 4C). Third, under Ang II stimulation, SIRT2 knockdown decreased
the PARP1 ubiquitination levels, and the re-expression of SIRT2 in
shSIRT2-treated cells increased the PARP1 ubiquitination levels
(Fig. 4D).

Finally, the results showed that in NC HUVEC cells, in shSIRT2-
treated HUVEC cells, and also in shSIRT2-treated HUVEC cells trans-
fected with Flag-SIRT2, Ang II stimulation significantly increased
PARP1 and Cleaved-Caspase3 proteins levels (###, P < 0.001)
(Fig. 4E), and oxidative stress markers 3-Nitrotyrosine and OGG1 pro-
teins levels, and significantly decreased anti-oxidative stress marker
SOD1 protein levels (###, P < 0.001; #, P < 0.05) (Fig. 4F), and
significantly increased ROS production (###, P < 0.001) (Fig. 4G), and
cell apoptosis (###, P < 0.001) (Fig. 4H).

In addition, SIRT2 knockdown significantly increased the protein
levels of Ang II-induced PARP1 and Cleaved-Caspase3 (***, P < 0.001)
(Fig. 4E), as well as the levels of oxidative stress markers 3-Nitrotyrosine
and OGG1. It also significantly decreased Ang II-induced antioxidative
stress marker SOD1 protein levels (***, P < 0.001; **, P < 0.01) (Fig. 4F)
and significantly increased ROS production (**, P < 0.01) (Fig. 4G) and
cell apoptosis (**, P < 0.01) (Fig. 4H). However, re-expression of SIRT2
in shSIRT2-treated cells significantly decreased the proteins levels of
Ang II-induced PARP1 and Cleaved-Caspase3 (***, P < 0.001) (Fig. 4E),
as well as the levels of oxidative stress markers 3-Nitrotyrosine and
OGG1. It also significantly increased Ang II-induced anti-oxidative stress
marker SOD1 protein levels (***, P < 0.001; **, P < 0.01) (Fig. 4F) and
significantly decreased ROS production (*, P < 0.05) (Fig. 4G) and cell
apoptosis (**, P < 0.01) (Fig. 4H).

Taken together, these in vitro findings confirmed that SIRT2
decreased PARP1-K249 acetylation and increased PARP1 ubiquitination
in the Ang II-induced HUVEC injury model.

3.5. SIRT2 knockout significantly aggravates Ang Il-induced vascular
injury and remodeling by increasing PARP1-K249 acetylation and PARP1
levels in mice

Next, we conducted experiments in SIRT2-KO mice to verify the
interaction between SIRT2 and PARP1 (Fig. 5A). The results showed that
both in SIRT2-WT and SIRT2-KO mice, Ang II stimulation significantly
induced vascular thickening after vascular injury (###, P < 0.001; ##,
P < 0.01) (Fig. 5B), vascular fibrosis (###, P < 0.001) (Fig. 5C), and
vascular ROS generation (###, P < 0.001) (Fig. 5D), and significantly
elevated expression of PARP1 acetylated at site K249 (PARP1-K249AC)
(##, P < 0.01; #, P < 0.05) (Fig. 5E), and significantly elevated
expression of PARP1 and Cleaved-Caspase3 (###, P < 0.001) (Fig. 5F),
and markedly increased the expression of oxidative stress markers 3-
Nitrotyrosine and OGG1, and had significantly decreased the expres-
sion of anti-oxidative stress marker SOD1 (###, P < 0.001) (Fig. 5G).

In addition, in the model of Ang II-induced vascular injury and post-
injury vascular remodeling, compared with the SIRT2-WT group, SIRT2-
KO mice displayed significantly aggravated vascular thickening after
vascular injury (***, P < 0.001) (Fig. 5B), vascular fibrosis (***, P <
0.001) (Fig. 5C), and vascular ROS generation (**, P < 0.01) (Fig. 5D).
Furthermore, through site-specific antibody detection, we found that
compared with the SIRT2-WT group, SIRT2-KO mice showed signifi-
cantly elevated Ang II-induced expression of PARP1 acetylated at site
K249 (PARP1-K249AC) (***, P < 0.001) (Fig. 5E). Additionally, SIRT2-
KO mice showed markedly higher amounts of Ang II-associated vascular
injury proteins PARP1 and Cleaved-Caspase3 (*, P < 0.05) (Fig. 5F).
Compared with the SIRT2-WT group, SIRT2-KO mice had markedly
increased expression of Ang II-induced oxidative stress markers 3-
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Fig. 3. SIRT2 promotes PARP1-K249 ubiquitination by the E3 ubiquitin ligase WWP2.

(A) Various concentrations of Myc-SIRT2 plasmid were transfected and the levels of PARP1 were examined by western blotting. (B) Expression levels of SIRT2 were
measured in NC, shSIRT2-22296, shSIRT2-22298, or shSIRT2-22297 cells. (C) Flag-WT-SIRT2 or Flag-SIRT2-H187YQ167A (Mut) were transfected and the levels of
PARP1 were detected by western blotting. (D) NC and shSIRT2 cells were subsequently treated with CHX for the indicated times and the levels of PARP1 were
examined by western blotting (each experiment was repeated three times, ***P < 0.001). (E) NC and shSIRT2 cells were subsequently treated with MG132 for the
indicated times and the levels of PARP1 were examined by western blotting (each experiment was repeated three times, **P < 0.01). (F) Flag-control and Flag-SIRT2
cells were subsequently treated with CHX for the indicated times and the levels of PARP1 were examined by western blotting (each experiment was repeated three
times, **P < 0.01). (G) Flag-control and Flag-SIRT2 cells were subsequently treated with MG132 for the indicated times and the levels of PARP1 were examined by
western blotting (each experiment was repeated three times, **P < 0.01). (H) Cells were cotransfected with Myc-PARP1, Flag-SIRT2, and HA-UB, and ubiquitinated
PARP1 was immunoprecipitated using an anti-Myc antibody and detected with an anti-HA antibody. (I) NC and shSIRT2 cells were cotransfected with Myc-PARP1,
HA-WWP2, and HA-UB, and ubiquitinated PARP1 was immunoprecipitated using an anti-Myc antibody and detected with an anti-HA antibody. (J) Cells were
cotransfected with Myc-PARP1, HA-WWP2, and Flag- SIRT2, and the interaction complex of exogenous PARP1 and WWP2 was immunoprecipitated using an anti-
Myc antibody and detected with an anti-HA antibody. (K) Cells were cotransfected with Flag-SIRT2, HA-UB, and either Myc-WT-PARP1 or Myc-PARP1-K249R (Mut)
and ubiquitinated PARP1 was immunoprecipitated using an anti-Myc antibody and detected with an anti-HA antibody. (L) Schematic model of the proposed role of

PARP1 deacetylation by SIRT2 to induce PARP1 polyubiquitination by the E3 ubiquitin ligase WWP2.

Nitrotyrosine and OGG1, and significantly decreased expression of the
Ang II-induced antioxidative stress marker SOD1 (***, P < 0.001; **, P
< 0.01) (Fig. 5G).

These in vivo results confirmed that SIRT2-KO increased PARP1-
K249 acetylation and PARP1 levels, and aggravated Ang Il-induced
vascular oxidative stress injury and remodeling.

3.6. SIRT2 overexpression significantly relieves Ang II-induced vascular
injury and remodeling by decreasing PARP1-K249 acetylation and PARP1
levels in mice

Finally, we conducted experiments in SIRT2-TG mice to verify the
interaction between SIRT2 and PARP1 (Fig. 6A). The results showed that
Ang II stimulation significantly induced vascular thickening after
vascular injury (##, P < 0.01) (Fig. 6B), vascular fibrosis (###, P <
0.001) (Fig. 6C), and vascular ROS generation (###, P < 0.001)
(Fig. 6D) in both SIRT2-WT and SIRT2-TG mice. And Ang II stimulation
significantly elevated expression of PARP1 acetylated at site K249
(PARP1-K249AC) in SIRT2-WT mice (#, P < 0.05) (Fig. 6E), and
significantly elevated expression of PARP1 and Cleaved-Caspase3 in
SIRT2-WT mice (###, P < 0.001; ##, P < 0.01) (Fig. 6F). And Ang II
stimulation markedly increased the expression of oxidative stress
markers 3-Nitrotyrosine and OGG1, and had significantly decreased the
expression of anti-oxidative stress marker SOD1 in both SIRT2-WT and
SIRT2-TG mice (###, P < 0.001; ##, P < 0.01; #, P < 0.05) (Fig. 6G).

In addition, in the model for Ang II-induced vascular injury and post-
injury vascular remodeling, compared with the SIRT2-WT group, SIRT2-
TG mice displayed significantly reduced vascular thickening after
vascular injury (***, P < 0.001) (Fig. 6B), vascular fibrosis (***, P <
0.001) (Fig. 6C), and vascular ROS generation (***, P < 0.001) (Fig. 6D).
Furthermore, through site-specific antibody detection, we found that
compared with the SIRT2-WT group, SIRT2-TG mice showed signifi-
cantly reduced Ang II-induced expression of PARP1 acetylated at site
K249 (PARP1-K249AC) (**, P < 0.01) (Fig. 6E). Additionally, SIRT2-TG
mice showed markedly lower amounts of Ang II-associated vascular
injury proteins PARP1 and Cleaved-Caspase3 (***, P < 0.001; **, P <
0.01) (Fig. 6F). Compared with the SIRT2-WT group, SIRT2-TG mice had
markedly decreased expression of Ang Il-induced oxidative stress
markers 3-Nitrotyrosine and OGG1, and significantly increased expres-
sion of the Ang IlI-induced antioxidative stress marker SOD1 (**, P <
0.01; *, P < 0.05) (Fig. 6G).

These in vivo confirmed that SIRT2-TG decreased PARP1-K249
acetylation and PARP1 levels, and relieved Ang Il-induced vascular
oxidative stress injury and remodeling.

4. Discussion

In the present study, through proteomics and mass spectrometric
analysis, we identified a novel modification complex (SIRT2-WWP2-
PARP1). We found that the deacetylase SIRT2 is the main Sirtuin family
factor involved in this process and identified the injury factor PARP1 as
a new physiological substrate of SIRT2. SIRT2 interacts with PARP1,
affects the PARP-A-helical domain, and deacetylates the K249 residue of
PARP1 (Schematic model 1). SIRT2 deacetylates PARP1 and promotes
ubiquitination of PARP1-K249 via mobilization of the E3 ubiquitin
ligase WWP2, which leads to proteasome-mediated degradation of
PARP1 (Schematic model 2). The in vitro experiments confirmed that
SIRT2 decreased PARP1-K249 acetylation and increased PARP1 ubig-
uitination in the Ang II-induced HUVEC injury model. Additionally, the
in vivo experiments confirmed that SIRT2-KO/SIRT2-TG increased/
decreased PARP1-K249 acetylation and PARP1 levels in the Ang II-
induced mouse injury model. Therefore, the discovery of the novel
modification complex SIRT2-WWP2-PARP1 provides new insights into
potential treatment strategies for vascular disease at the mechanistic,
cellular, and animal levels.

PARP1 has major regulatory roles in oxidative stress and cardio-
vascular disease occurrence and development [4-8]. However,
improvement of the clinical outcomes of cardiovascular disease by
inhibiting PARP1 activity is not significant and has some side effects.
Therefore, we need to increase our understanding of the mechanisms of
cardiovascular disease checkpoint pathways. Our previous study
revealed that PARP1 as the main oxidative stress factor in cardiovas-
cular injury undergoes ubiquitination by E3 ubiquitin ligase WWP2 [6,
7]. In the present study, we found that SIRT2 bound to PARP1 through
the PARP-A-helical domain, deacetylated PARP1 at K249, and then
promoted ubiquitination of PARP1-K249 via mobilization of the E3
ubiquitin ligase WWP2, which led to proteasome-mediated degradation
of PARP1.

As an NAD'-dependent deacetylase, SIRT2 plays roles in various
biological processes that include lipid and glucose homeostasis, tumor
suppression, and neurodegenerative diseases [10-14]. Interestingly, we
found that SIRT2 protected against vascular damage through the
SIRT2-WWP2-PARP1 pathway. Once PARP1 receives a message that
indicates DNA damage, it forms a homodimer and catalyzes the degra-
dation of NAD™. For example, in advanced heart failure, excessive
PARP1 activation reduces the levels of myocardial NAD"™ and ATP,
which ultimately leads to myocardial cell necrosis [18,19].

Notably, SIRT2 exerted a protective effect against vascular damage
induced by Ang II both in vivo and in vitro, which was dependent on the
negative regulation of PARP1 by SIRT2. Ang II causes PARP1 over-
activation through continuous and excessive oxidative stress, which
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Fig. 4. SIRT2 significantly decreases PARP1-K249 acetylation
and increases PARP1 ubiquitination in an Ang II-induced HUVEC
injury model

(A, B) HUVECs were treated with NaCl or Ang II as indicated. The
interaction between SIRT2 and PARP1 was detected by immu-
noprecipitation and western blotting using anti-SIRT2 and anti-
PARP1 antibodies. (C) ShSIRT2 HUVECs were treated with NaCl
or Ang II. PARP1 acetylation was detected by immunoprecipita-
tion using anti-PARP1 beads and western blotting using an anti-
PARP1-K249AC antibody. (D) HUVECs were cotransfected with
Myc-PARP1 and HA-UB, and shSIRT2 HUVECs were cotransfected
with Flag-SIRT2, Myc-PARP1, and HA-UB. These cells were then
treated with NaCl or Ang II as indicated. Ubiquitinated Myc-
PARP1 was detected by immunoprecipitation using anti-Myc
beads and western blotting using an anti-HA antibody. (E)
ShSIRT2 HUVECs were transfected with Flag-SIRT2 and then
treated with Ang II or NaCl as indicated. Expression of SIRT2,
PARP1, and Cleaved-Caspase3 was detected by western blotting
using the indicated antibodies (each experiment was repeated
three times, *#*#P < 0.001, ***P < 0.001). (F) ShSIRT2 HUVECs
were transfected with Flag-SIRT2 and then treated with Ang II or
NaCl as indicated. 3-Nitrotyrosine, OGG1l, and SOD1 were
detected by western blotting using the indicated antibodies (each
experiment was repeated three times, #P < 0.05, *##P < 0.001,
**pP < 0.01, ***P < 0.001). (G, H) ROS analysis and TUNEL
staining were performed in Ang II or NaCl-treated HUVECs,
shSIRT2 HUVECs, and shSIRT2 HUVECs that overexpressed Flag-
SIRT2 (each experiment was repeated three times, ###p < 0.001,
*P < 0.05, **P < 0.01).
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Fig. 5. SIRT2 knockout significantly aggravated Ang II-induced vascular injury and remodeling by increasing PARP1-K249 acetylation and PARP1 levels in mice.
(A) SIRT2-WT and SIRT2-KO mice were treated with either the control (NaCl) or Ang II (1.5 mg/kg/day) administered via a subcutaneously implanted osmotic
minipump (Alzet, model 2002; 0.5 pl/h) for 14 days. Mice were euthanized by cervical dislocation after 14 days of treatment. (B) H&E staining, (C) Masson staining,
and (D) DHE staining were performed to assess the degree of vascular thickening, vascular fibrosis, and vascular ROS production, respectively. Scale bar, 100 pm.
Data are expressed as means + SD (*#P < 0.01, #**P < 0.001, **P < 0.01, ***P < 0.001 for each group of mice, n = 6). (E) Total protein was obtained from the
vascular tissue of SIRT2-WT and SIRT2-KO mice after infusion with either NaCl or Ang II for 14 days. Western blotting was performed to assess SIRT2 and PARP1-
K249AC, or (F) PARP1 and Cleaved-Caspase3 expression levels as well as (G) 3-Nitrotyrosine, OGG1, and SOD1 expression levels. Quantification of western blot data
is shown as the mean + SD (P < 0.05, **P < 0.01, *##P < 0.001, *P < 0.05, **P < 0.01, ***P < 0.001 for each group of mice, n = 6).
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Fig. 6. SIRT2 overexpression significantly relieves Ang II-induced vascular injury and remodeling by decreasing PARP1-K249 acetylation and PARP1 levels in mice.
(A) SIRT2-WT and SIRT2-TG mice were treated with either the control (NaCl) or Ang II (1.5 mg/kg/day) administered via a subcutaneously implanted osmotic
minipump (Alzet, model 2002; 0.5 pl/h) for 14 days. Mice were euthanized by cervical dislocation after 14 days of treatment. (B) H&E staining, (C) Masson staining,
and (D) DHE staining were performed to assess the degree of vascular thickening, vascular fibrosis, and vascular ROS production, respectively. Scale bar, 100 pm.

Data are expressed as means + SD (##P < 0.01, ##EP < 0.001,

***P < 0.001 for each group of mice, n = 6). (E) Total protein was obtained from the vascular tissue of

SIRT2-WT and SIRT2-TG mice after infusion with either NaCl or Ang II for 14 days. Western blotting was performed to assess SIRT2 and PARP1-K249AC, or (F)
PARP1 and Cleaved-Caspase3 expression levels as well as (G) 3-Nitrotyrosine, OGG1, and SOD1 expression levels. Quantification of western blot data is shown as the
mean + SD (*P < 0.05, **P < 0.01, **#P < 0.001, *P < 0.05, **P < 0.01, ***P < 0.001 for each group of mice, n = 6).
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subsequently impairs vascular function, stimulates inflammation and
necrosis, and induces oxidative stress [20]. A previous study found that
enhanced PARP1 activity causes vascular dysfunction, whereas reduced
PARP1 activity overtly restores vascular functions [21]. Additionally,
oxidative stress induces PARP1, thereby affecting Na*-Ca?* conversion,
promoting Ca?" ion influx, and ultimately promoting vascular
dysfunction [22]. As described above, SIRT2 overexpression both in vivo
and in vitro reduced PARP1-K249 acetylation and then reduced PARP1
levels and vascular damage, whereas SIRT2 knockdown had the oppo-
site effects.

Probing the protective effect of SIRT2 on vascular damage revealed
that SIRT2 deacetylated PARP1 and mobilized the ubiquitination of
PARP1 by WWP2. The E3 ubiquitin ligase WWP2 mediates post-
translational modification of target substrates by ubiquitination and
participates in various cellular processes that include protein degrada-
tion, membrane protein transport, cell signaling, transcriptional regu-
lation, and the cell cycle [6,7,23-26]. WWP2 was first observed in
cancer studies. The related pathway WWP2-PTEN is a classic signaling
pathway whose importance has been repeatedly confirmed in cancer
research [24,25]. In recent years, a role of WWP2 has also been
demonstrated in cardiovascular disease. Our previous study revealed
that WWP2 regulates vascular injury and vascular remodeling after
injury [6]. The present study showed that SIRT2 interacts with PARP1 at
the PARP-A-helical domain, deacetylated PARP1, and then mobilized
WWP2 to ubiquitinate PARP1 at the K249 site. Our previous findings
also suggest that WWP2 indeed ubiquitinates PARP1 and promotes its
degradation [7]. Additionally, the results of our cell and animal exper-
iments indicated that SIRT2 negatively regulates PARP1. Therefore, the
ubiquitination by WWP2 induced by SIRT2 degrades the vascular
damage factor PARPI1, thereby playing a role in resisting vascular
damage and post-injury remodeling.

Future research should address the potential use of NAD boosters
(like nicotinamide riboside or NMN) in order to keep cellular NAD levels
high and thus enable SIRT2 to do its job and downregulate the level of
PARP1, even though PARP1 is actively consuming cellular NAD. This
aspect could lead to a future pharmacological/food-supplement-based
strategy of breaking a biochemical “downward spiral” in the context
of PARP1 mediated vascular injury.

In conclusion, through the discovery of the novel modification
complex SIRT2-WWP2-PARP1 at mechanistic, cellular, and animal
levels, this study provides new insights into treatment strategies for
cardiovascular disease.
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