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A B S T R A C T   

Oxidative stress-associated endothelial damage is the initiation factor of cardiovascular disease, and protein 
posttranslational modifications play critical roles in this process. Bcl-2-associated athanogene 3 (BAG3) is a 
molecular chaperone regulator of the BAG family, which interacts with various proteins and influences cell 
survival by activating multiple pathways. BAG3 undergoes posttranslational modifications; however, research 
evaluating BAG3 acetylation and its regulatory mechanism is lacking. In addition, the interacting protein and 
regulatory mechanism of BAG3 in oxidative stress-associated endothelial damage remain unclear. Here, key 
molecular interactions and protein modifications of BAG3 were identified in oxidative stress-associated endo-
thelial damage. Endothelial-specific BAG3 knockout in the mouse model starkly enhances oxidative stress- 
associated endothelial damage and vascular remodeling, while BAG3 overexpression in mice significantly re-
lieves this process. Mechanistically, poly(ADP-ribose) polymerase 1 (PARP1), causing oxidative stress, was 
identified as a novel physiological substrate of BAG3. Indeed, BAG3 binds to PARP1’s BRCT domain to promote 
its ubiquitination (K249 residue) by enhancing the E3 ubiquitin ligase WWP2, which leads to proteasome- 
induced PARP1 degradation. Furthermore, we surprisingly found that BAG3 represents a new substrate of the 
acetyltransferase CREB-binding protein (CBP) and the deacetylase Sirtuin 2 (SIRT2) under physiological con-
ditions. CBP/SIRT2 interacted with BAG3 and acetylated/deacetylated BAG3’s K431 residue. Finally, deacety-
lated BAG3 promoted the ubiquitination of PARP1. This work reveals a novel regulatory system, with 
deacetylation-dependent regulation of BAG3 promoting PARP1 ubiquitination and degradation via enhancing 
WWP2, which is one possible mechanism to decrease vulnerability of oxidative stress in endothelial cells.   

1. Introduction 

Cardiovascular diseases have become one of the main threats to 

human health, and vascular endothelial damage is the initial event in 
cardiovascular disease [1–5]. One of the most important causes of 
endothelial damage is oxidative stress-induced overactivation of PARP1, 
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which promotes the consumption of NAD mainly from the cytosolic 
NAD+ pool and the shutdown of processes that require energy [6–8]. 
Currently, PARP1 inhibitors are used for the clinical treatment of cancer 
[9,10]; however, cardiovascular-related PARP1 inhibitors have poor 
clinical effects, as determined in a phase-2 evaluation [11], suggesting 
the regulatory mechanisms of PARP1 in cardiovascular disease are 
incompletely understood. Indeed, PARP1 undergoes post-translational 
modifications, and our previous research revealed that the Nedd4 fam-
ily member WWP2 is the specific E3 ubiquitin ligase of PARP1 [12,13]. 
However, the precise mechanism of WWP2-PARP1 interaction remains 
unclear. 

BAG3, a co-chaperone comprising a Bcl-2-associated athanogene 
(BAG) domain, belongs to the BAG protein family [14–16]. All the BAG 
protein family share a C-terminal conserved region, referred to as the 
BAG domain [17,18]. BAG3 interacts with many proteins and affects cell 
survival by activating multiple pathways, and it also plays important 
roles in apoptosis, cell adhesion, cytoskeleton remodeling and auto-
phagy [19–21]. Previous evidences suggest that BAG3 is involved in 
regulating the contractile force and calcium homeostasis in ventricular 
myocytes [22–27]. However, the function and regulatory mechanisms of 
BAG3 in oxidative stress-associated endothelial damage remain unclear. 
In addition, BAG3 undergoes post-translational modifications [28], but 
BAG3 acetylation and the associated regulatory mechanisms are 
undefined. 

Here, a critical role for BAG3 in oxidative stress-associated endo-
thelial damage was revealed. We firstly established BAG3 endothelial 
specific knockout mice and found significantly enhanced oxidative 
stress-associated vascular endothelial damage and post-injury 

remodeling. By contract, mice overexpressing BAG3 showed a relieved 
condition. Mechanistically, PARP1 was identified as a new BAG3 sub-
strate under physiological conditions. BAG3 binds to PARP1’s BRCT 
domain and promotes its ubiquitination (K249 residue) by enhancing 
the E3 ubiquitin ligase WWP2, which leads to proteasomal PARP1 
degradation. Surprisingly, we found that BAG3 was a new substrate of 
the acetyltransferase CBP and the deacetylase SIRT2. CBP/SIRT2 inter-
acted with BAG3 and acetylated/deacetylated the BAG3-K431 residue. 
Finally, deacetylated BAG3 could promote the ubiquitination of PARP1. 
Therefore, we can indicate that one possible mechanism by which BAG3 
decreases vulnerability to oxidative stress in endothelial cells is repre-
sented by PARP1 ubiquitination and degradation. 

2. Materials and methods 

2.1. BAG3 knockout and overexpression in mice 

Conditional vascular endothelium-specific genotypes, including 
TekCre+, BAG3Fl/Fl (BAG3-eKO) and TekCre− , BAG3Fl/Fl (BAG3-eWT), 
as well as BAG3-WT and BAG3-TG mice (CAG promoter) were obtained 
from Shanghai Model Organisms Science and Technology Development. 
BAG3 knockdown and overexpression efficiencies were assessed by 
immunoblot (Fig. 1E). Eight to ten-week old male specific pathogen-free 
(SPF) mice were examined in all assays. In the Ang II and NaCl infusion 
mouse model, BAG3-eWT, BAG3-eKO, BAG3-WT and BAG3-TG mice (6 
animals/group) were randomly assigned to groups, administered anes-
thesia with 2% isoflurane in oxygen (1500 ml/min) by inhalation, un-
derwent an incision in the middle scapular region and received 

Fig. 1. BAG3 endothelial specific knockout mice 
have aggravated Ang II-induced vascular endothe-
lial damage and post-injury remodeling 
(A) BAG3-eWT and BAG3-eKO mice were treated 
without or with Ang II (1.5 mg/kg/day) by the 
subcutaneous route at 0.5 μl/h for 14 days. Eutha-
nasia was carried out by cervical dislocation after 
the 14-day treatment. (B) H&E, (C) Masson and (D) 
DHE staining was carried out for assessing vascular 
thickening, fibrosis and oxidative stress injury, 
respectively. Scale bar, 100 μm. Data are mean ±
SD (n = 6; ***P < 0.001, two-way ANOVA with 
post hoc Bonferroni test). (E) Vascular tissue sam-
ples from BAG3-eWT and BAG3-eKO mice infused 
without or with Ang II for 14 days were examined 
by immunoblot for BAG3, PARP1 and cleaved 
caspase-3. Data are mean ± SD (n = 6; **P < 0.01, 
two-way ANOVA with post hoc Bonferroni test). (F) 
Col-1 and a-SMA protein amounts assessed by 
immunoblot. Data are mean ± SD (n = 6; **P <
0.01, two-way ANOVA with post hoc Bonferroni 
test). (G) 3-Nitrotyrosine, OGG1 and SOD1 protein 
amounts assessed by immunoblot. Data are mean ±
SD (n = 6; **P < 0.01, two-way ANOVA with post 
hoc Bonferroni test).   
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subcutaneous implantation of an osmotic minipump (Alzet) as directed 
by the manufacturer. For endothelial damage and vascular remodeling 
induction, Ang II (1.5 mg/kg/day) was infused for 2 weeks via the 
ALZET minipump (model 2002) at 0.5 μl/h [12]. The mice underwent 
euthanasia by decapitation after isoflurane anesthesia. Assays involving 
animals had approval from the Animal Subjects Committee of China 
Medical University (permission number: 2019037), following the Guide 
for the Care and Use of Laboratory Animals outlined by the US National 
Institutes of Health (NIH Publication No. 85-23, revised 1985). 

2.2. Histopathology 

Vascular tissue samples underwent formalin (4%) fixation for 4 h, 
and were embedded in paraffin and sectioned at 5 μm. This was followed 
by xylene dewaxing, rehydration with graded ethanol, and staining with 
H&E and Masson’s trichrome reagent (G1340; Solarbio, China). Frozen 
vascular tissue samples were sectioned and stained with dihydroethi-
dium (DHE) (C1300-2, Applygen Technologies, China). 

2.3. Cell treatments 

Human umbilical vein endothelial cell (HUVEC) culture was carried 
out in F-12K medium containing 10% fetal bovine serum (FBS) 
(HyClone), heparin (0.1 mg/ml) and ECGS (0.05 mg/ml). HEK293T cell 
culture used high-glucose Dulbecco’s modified eagle medium (DMEM) 
containing 10% FBS (HyClone). HEK293T cells and HUVECs were pro-
vided by ATCC (a nonprofit organization that collects, stores, and dis-
tributes standard reference cell lines) and grown in a humid 
environment with 5% CO2 at 37 ◦C. 

2.4. ROS quantitation HUVECs 

Supplementary Table 1 includes the ROS Assay Kits applied in this 
study (S0033; Beyotime Biotechnology, China). An ROS Assay Kit was 
utilized for intracellular ROS detection. Post-treatment, PBS-washed 
HUVECs underwent incubation with 2,7-DCFH-DA (10 mM) in serum- 
free medium for 1 h at 37 ◦C in the dark. After washing with PBS, an 
Olympus fluorescence microscope was utilized for analysis (excitation at 
595 nm). 

2.5. TUNEL of HUVECs 

The TUNEL assay was carried out using a kit obtained from Jiangsu 
KeyGEN Biotech (China) as directed by the product’s booklet. Post- 
treatment, HUVECs underwent fixation (4% formalin for 20 min), per-
meabilization (1% Triton X-100 for 10 min) and DNase I treatment 
(37 ◦C for 30 min). Next, the specimens were successively incubated 
with terminal deoxynucleotidyl transferase (TDT, 60 min) and 
streptavidin-fluorescein-labeled droplets (30 min) at 37 ◦C shielded 
from light. DAPI counterstaining was carried out for 10 min at ambient 
also in the dark, followed by analysis under an Olympus fluorescence 
microscope (excitation at 488 nm). 

2.6. Plasmids and other reagents 

Supplementary Table 2 shows all constructs applied in this work. 
Lipofectamine 3000 (Invitrogen, USA), Highgene (Applygen, China) and 
jetPRIME (Polyplus, France) were utilized, respectively, for transfection 
as directed by each manufacturer. shRNAs underwent transfection using 
a lentiviral vector. Supplementary Table 1 summarizes the antibodies 
applied in this study. The proteasome suppressor MG132 (A2585; 20 μM 
in DMSO) and cycloheximide (CHX, GC17198; 100 μM in DMSO) were 
from GlpBio (USA). Ang II (A9525; Sigma, USA) was utilized at 10 μM in 
DMSO. 

2.7. PARP1 ubiquitination analysis 

Cell lysis was carried out with 1% SDS buffer (Tris pH7.5 containing 
EDTA [0.5 mM] and DTT [1 mM]) by a 10-min boiling. Before lysis, cells 
underwent transfection for 48 h with HA-linked (HA-ubiquitin), full- 
length human Myc-PARP1, mutant Myc-PARP1 and additional plas-
mids, respectively. The lysates underwent successive incubations with 
anti-Myc (B26302; Biotool) immunoprecipitation magnetic beads (12 h 
at 4 ◦C). Immunoprecipitation of endogenous proteins was performed by 
using anti-PARP1 antibodies (1 μg/mg of cell lysate, 4 ◦C) for 2–3 h and 
protein A/G (30 μl) immunoprecipitation magnetic beads (12 h at 4 ◦C). 
Ubiquitinated PARP1 was detected with anti-HA antibodies. 

2.8. Co-immunoprecipitation and immunoblot 

Mouse vascular tissue samples and cells underwent lysis with Flag 
lysis buffer (Thermo Fisher Scientific, USA) containing protease in-
hibitors (B14002, Bimake). Then, lysates mixed with 30 μl of anti-Flag/ 
Myc Affinity Gel (B23102/B26302; Biotool) were incubated for 12 h at 
4 ◦C. Immunoprecipitation of endogenous proteins was performed by 
using respective antibodies (1 μg of antibody/mg of lysate) for 2–3 h and 
protein A/G (30 μl) immunoprecipitation magnetic beads for 12 h at 
4 ◦C. Separation of immunoprecipitation complexes utilized SDS-PAGE. 
Next, electro-transfer onto PVDF membranes was performed. Then, the 
samples were incubated with 5% bovine serum albumin (1 h at room 
temperature) and underwent successive incubations with primary (4 ◦C, 
overnight) and secondary (room temperature, 1 h) antibodies. Protein 
expression was quantitated with Image J v1.46 (National Institutes of 
Health, USA); normalization was performed with GAPDH and Tubulin. 

2.9. Identification of BAG3 interacting proteins 

BAG3 expression system are HEK293T cells and the cells underwent 
transfection for 48 h with full-length human Flag-BAG3 (Vector: GV219; 
TAG: 3Flag; Species: Human) and cells underwent lysis with lysis buffer 
(Thermo Fisher Scientific, USA) containing protease inhibitors (B14002, 
Bimake). Then, lysates mixed with 30 μl of anti-Flag Affinity Gel 
(B23102; Biotool) were incubated for 12 h at 4 ◦C. And separation of 
immunoprecipitation complexes utilized SDS-PAGE. Next, the sample 
was electrophoresed and cut the gel for mass spectrometry (Thermo 
Scientific ™ Q Exactive HF-X) to identify the proteins interacting with 
Flag-BAG3, which was completed in Applied Protein Technology Co., 
Ltd., (Shanghai, China). The names and peptides of proteins interacting 
with Flag-BAG3 are shown in Supplementary Table 3 and Fig. 3A–D. 

2.10. Identification of SIRT2 interacting proteins 

SIRT2 expression system are HEK293T cells and the cells underwent 
transfection for 48 h with full-length human Myc-SIRT2 (Vector: PCMV; 
TAG: Myc; Species: Human) and cells underwent lysis with lysis buffer 
(Thermo Fisher Scientific, USA) containing protease inhibitors (B14002, 
Bimake). Then, lysates mixed with 30 μl of anti-Myc Affinity Gel 
(B26302; Biotool) were incubated for 12 h at 4 ◦C. And separation of 
immunoprecipitation complexes utilized SDS-PAGE. Next, the sample 
was electrophoresed and cut the gel for mass spectrometry (Thermo 
Scientific ™ Q Exactive HF-X) to identify the proteins interacting with 
Myc-SIRT2, which was completed in Applied Protein Technology Co., 
Ltd., (Shanghai, China). The names and peptides of proteins interacting 
with Myc-SIRT2 are shown in Supplementary Table 4 and Fig. 5A–D. 

2.11. Statistical analysis 

Data are mean ± standard deviation (SD). The F- and 
Brown–Forsythe tests were carried out to examine homogeneity of 
variance for two and ≥3 groups, respectively. The Shapiro–Wilk test was 
utilized to assess whether the data had normal or skewed distribution. 
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Student’s t-test and Welch’s t-test were performed to compare parame-
ters showing equal and unequal variances, respectively (2 groups). One- 
way and two-way ANOVA were carried out for comparing one and two 
factors among multiple groups, respectively, followed by the Bonferroni 
test. Data were analyzed with SPSS 22.0 (SPSS, USA). P < 0.05 indicated 
statistical significance. 

3. Results 

3.1. BAG3 endothelial specific knockout mice show significantly 
aggravated Ang II-associated vascular endothelial damage and post-injury 
remodeling 

BAG3 is a molecular chaperone regulator of the BAG family, which 
interacts with various proteins and influences cell survival by activating 
multiple pathways [19–24]. Previous studies have been shown that 
BAG3 is highly up-regulated in many tumor cells in the context of 
oxidative stress, and increased BAG3 plays an important role in the 
occurrence and development of tumors [29–31]. Oxidative stress is an 
initiation factor of vascular endothelial damage, however, the role of 
BAG3 in oxidative stress-associated endothelial damage remain unclear. 
Therefore, we firstly examined BAG3’s function during oxidative 
stress-related mouse vascular endothelial damage. We generated BAG3 
endothelial specific knockout (BAG3-eKO) mice (Fig. 1A), and found 
that compared with BAG3-eWT mice, BAG3-eKO counterparts displayed 
markedly enhanced Ang II-related vascular endothelial damage and 
post-injury remodeling, including vascular thickening (Fig. 1B), 

vascular fibrosis (Fig. 1C), and vascular ROS generation (Fig. 1D). 
Additionally, compared with BAG3-eWT mice, BAG3-eKO mice showed 
remarkably elevated levels of the Ang II-induced vascular damage pro-
teins PARP1 and cleaved caspase-3. And we found that a more striking 
difference in cleaved caspase-3 levels was related to control tissues 
without Ang II treatment. As cleaved caspase-3 is a very important 
marker of apoptosis, which indicated that BAG3-eKO mice were also 
undergoing apoptosis without Ang II treatment (Fig. 1E). Compared 
with BAG3-eWT mice, BAG3-eKO mice showed remarkably elevated 
levels of the Ang II-induced vascular fibrosis proteins Col-1 and a-SMA 
(Fig. 1F). In addition, compared with BAG3-eWT mice, BAG3-eKO mice 
showed remarkably elevated amounts of the Ang II-related oxidative 
stress factors 3-nitrotyrosine and OGG1. Furthermore, our experimental 
data showed an important result that compared with BAG3-eWT mice, 
the amounts of the Ang II-related antioxidative stress protein SOD1 were 
marked reduced in BAG3-eKO mice. As SOD1 is a very important anti-
oxidant enzyme, which further indicated that BAG3-eKO decreased 
antioxidative capability in mice (Fig. 1G). 

These findings revealed that BAG3 protected against vascular 
endothelial damage and post-injury remodeling, and BAG3-eKO mice 
had aggravated endothelial damage and post-injury vascular 
remodeling. 

3.2. BAG3 transgenic mice show significantly relieved Ang II-induced 
vascular endothelial damage and post-injury remodeling 

Next, we tested the effect of BAG3 overexpression in the mouse 

Fig. 2. BAG3 transgenic mice show relieved Ang II- 
associated vascular endothelial damage and post- 
injury remodeling 
(A) BAG3-WT and BAG3-TG mice were adminis-
tered Ang II (1.5 mg/kg/day) or not by the subcu-
taneous route at 0.5 μl/h for 14 days. Euthanasia 
was carried out by cervical dislocation after the 14- 
day treatment. B) H&E, (C) Masson and (D) DHE 
staining was carried out for assessing vascular 
thickening, fibrosis and oxidative stress injury, 
respectively. Scale bar, 100 μm. Data are mean ±
SD (n = 6; ***P < 0.001, two-way ANOVA with 
post hoc Bonferroni test). (E) Vascular tissue sam-
ples from BAG3-WT and BAG3-TG mice infused 
without or with Ang II for 14 days were examined 
by immunoblot for BAG3, PARP1 and cleaved 
caspase-3. Data are mean ± SD (n = 6; **P < 0.01, 
two-way ANOVA with post hoc Bonferroni test). (F) 
Col-1 and a-SMA protein amounts assessed by 
immunoblot. Data are mean ± SD (n = 6; **P <
0.01, two-way ANOVA with post hoc Bonferroni 
test). (G) 3-Nitrotyrosine, OGG1 and SOD1 protein 
amounts assessed by immunoblot. Data are mean ±
SD (n = 6; **P < 0.01, two-way ANOVA with post 
hoc Bonferroni test).   
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model of vascular endothelial damage and post-injury remodeling. 
Therefore, we constructed BAG3 transgenic (BAG3-TG) mice (Fig. 2A). 
The results showed that compared with BAG3-WT mice, BAG3-TG mice 
had significantly alleviated vascular thickening (Fig. 2B), vascular 
fibrosis (Fig. 2C), and vascular ROS generation (Fig. 2D) after Ang II- 

induced vascular endothelial damage. Additionally, compared with 
BAG3-WT mice, BAG3-TG mice had significantly reduced the levels of 
Ang II-induced vascular damage factors PARP1 and cleaved caspase-3 
(Fig. 2E). Compared with BAG3-WT mice, BAG3-TG mice had signifi-
cantly reduced levels of Ang II-induced vascular fibrosis proteins Col-1 
and a-SMA (Fig. 2F). In addition, compared with BAG3-WT mice, 
BAG3-TG mice had significantly reduced levels of 3-nitrotyrosine and 
OGG1, and remarkably increased levels of SOD1 (Fig. 2G). 

Thus, we further proved that BAG3 was a protective factor against 
vascular endothelial damage and post-injury remodeling, and BAG3-TG 
mice had alleviated endothelial damage and remodeling after injury. 

3.3. Mass spectrometry analysis of BAG3-interacting proteins reveals 
PARP1 as a new BAG3 substrate 

After clarifying the function of BAG3 in vascular endothelial damage 
and post-injury remodeling, we next explored the key regulatory 
mechanism by which BAG3 affects endothelial dysfunction. Therefore, 
HEK293T cells underwent transfection for full-length human Flag-BAG3 
(Vector: GV219; TAG: 3Flag; Species: Human). And co- 
immunoprecipitation was carried out to identify the proteins interact-
ing with BAG3 by mass spectrometry. Some representative names and 
peptides of proteins interacting with BAG3 were shown in Supplemen-
tary Table 3. And according to the BAG3 interacting proteins identified 
by mass spectrometry, Gene Ontology, Biological Process, Molecular 
Function and Cellular Component enrichment analyses were shown in 
Fig. 3A–D. Interestingly, we found the oxidative stress injury protein 
PARP1 maybe a new key potential interacting protein of BAG3 (Sup-
plementary Table 3). Therefore, we extracted the spectrograms, which 
showed PARP1 peptides identified by mass spectrometry (Accession: 
P09874; Description: Poly [ADP-ribose] polymerase 1 OS=Homo sapiens 
OX = 9606 GN = PARP1 PE = 1 SV = 4) of BAG3 interacting proteins 
(Fig. 3E). 

Next, we verified the interaction between BAG3 and PARP1 through 
biological experiments. Endogenous immunoprecipitation was demon-
strated by using anti-BAG3 antibody to verify the BAG3’s interaction 
with PARP1 (Fig. 3F). In addition, endogenous immunoprecipitation 
was demonstrated by using anti-PARP1 antibody to verify the PARP1’s 
interaction with BAG3 (Fig. 3G). Moreover, we determined that the 
interaction between BAG3 and PARP1 is maintained in presence of Ang 
II (Fig. 3H). 

Furthermore, we identified which domain of PARP1 interacting with 
BAG3. Common domains of PARP1 included Zinc1-Zinc2 domain, BRCT 
domain, PARP A helical domain and PARP catalytic domain. Our results 
showed that BAG3 bound to the BRCT domain of PARP1 (PARP1-BRCT) 
(Fig. 3I). 

These results suggested PARP1 as a novel interacting protein of 
BAG3, which bound to the BRCT domain of PARP1 and may be involved 
in vascular endothelial damage by regulating PARP1. 

3.3.1. BAG3 promotes proteasome pathway degradation of PARP1 by 
polyubiquitination modification 

We next explored the key regulatory mechanism of BAG3’s effect on 
PARP1. Indeed, an increasing gradient of BAG3 overexpression was 
associated with a progressive reduction of endogenous PARP1 levels 
(Fig. 4A). Moreover, endogenous PARP1 amounts were increased after 
BAG3 knockdown in HUVECs (Fig. 4B). Since the shBAG3 -3 fragment 
yielded the greatest knockdown efficiency, all subsequent experiments 
used stable knockdown cell lines generated based on this shBAG3 
fragment. These results confirmed that BAG3 could promote the 
degradation of PARP1. 

To determine whether BAG3 affects PARP1 degradation by sup-
pressing PARP1 synthesis or inducing PARP1 proteasome degradation, 
we analyzed the effects of CHX and MG132 (protein synthesis and 
proteasome inhibitors, respectively). NC cells displayed substantially 
higher degradation speed (slope) of PARP1 after CHX treatment, 

Fig. 3. Mass spectrometry analysis of BAG3-interacting proteins, identifying 
PARP1 as a new BAG3 substrate 
(A) Mass spectrometry-detected BAG3-interacting proteins in HEK293T cells 
were assessed by Gene Ontology enrichment, with the most significant path-
ways related to protein binding. **P < 0.01, Fisher’s exact test. (B-D) Mass 
spectrometry-detected BAG3-interacting proteins in HEK293T cells were 
assessed for Biological Process, Molecular Function and Cellular Component 
enrichment to screen physiological substrates of BAG3. **P < 0.01, Fisher’s 
exact test. (E) The spectrograms showed mass spectroscopy-identified PARP1 
peptides (Accession: P09874; Description: Poly [ADP-ribose] polymerase 1 
OS=Homo sapiens OX = 9606 GN = PARP1 PE = 1 SV = 4) of BAG3 interacting 
proteins in HEK293T cells. (F–G) The interaction of endogenous BAG3 with 
PARP1 in HUVECs was assessed by immunoprecipitation with the indicated 
antibodies. (H) HUVECs were treated without or with Ang II, and BAG3’s 
interaction with PARP1 was examined by immunoprecipitation with anti- 
PARP1 antibody and by Western blot with anti-BAG3 antibody. (I) Full- 
length Myc-PARP1 or a truncated Myc-PARP1 plasmid was transfected into 
HUVECs, and total lysate was examined by immunoprecipitation using anti- 
Myc antibodies, with subsequent immunoblot utilizing anti-BAG3 antibodies. 
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whereas the shBAG3 group maintained a low degradation speed of 
PARP1 over time (Fig. 4C). In addition, PARP1 protein accumulation 
was faster upon MG132 administration in NC cells in comparison with 
shBAG3 cells (Fig. 4D). Furthermore, both the rate and slope of PARP1 
protein accumulation were lower in the BAG3-overexpressing group 
after MG132 treatment in comparison with the Flag control group 
(Fig. 4E). Additionally, the degradation speed (slope) of PARP1 were 
higher in the BAG3-overexpression group after CHX treatment, 
compared with the Flag control group (Fig. 4F). We next confirmed that 
exogenous expression of BAG3 promoted the ubiquitination of PARP1 
(Fig. 4G), which was consistent with PARP1 degradation via the 
proteasome. 

The above findings indicated PARP1 was a new interacting protein of 
BAG3, which bound to its BRCT domain and induced proteasomal 
PARP1 degradation. 

3.3.2. BAG3 enhances PARP1-K249 ubiquitination by WWP2 
BAG3, a co-chaperone protein, has no ability to directly induce the 

polyubiquitination of PARP1. Therefore, BAG3 would enhance a E3 
ubiquitin ligase, which promotes PARP1 polyubiquitination, and 

subsequently induce proteasome pathway degradation of PARP1. Our 
previous research revealed that WWP2 is the key E3 ubiquitination 
ligase of PARP1 [12,13]. Therefore, there might be a potential func-
tional relationship between BAG3 and WWP2, that is, BAG3 promotes 
the polyubiquitination and degradation of PARP1 by WWP2. Indeed, 
this study found that compared with the control cells, the level of 
interaction between WWP2 and PARP1 was increased in cells that were 
transfected with Flag-BAG3, confirming that BAG3 regulates the inter-
action between E3 ubiquitination ligase WWP2 and PARP1 (Fig. 4H). 
Consistent with the above results, the level of PARP1 ubiquitination by 
WWP2 was low in shBAG3 cells (Fig. 4I) and higher in cells over-
expressing exogenous BAG3 (Fig. 4J). 

In order to obtain direct evidence that BAG3 promotes PARP1 
ubiquitination by WWP2, we sought to identify the ubiquitination sites 
of PARP1 modulated by BAG3. We found BAG3 enhanced the ubiq-
uitination level of PARP1-WT but bot PARP1-K249R, suggesting BAG3 
induced PARP1 ubiquitination through K249 (Fig. 4K). 

The above results thus far showed that BAG3 interacts with the BRCT 
domain of PARP1 and induces PARP1 ubiquitination at K249 through 
WWP2. These findings provide us with novel insights to find new BAG3 

Fig. 4. BAG3 induces PARP1-K249 ubiquitination 
by WWP2 
(A) Varying amounts of Flag-BAG3 plasmid were 
transfected into HUVECs, and PARP1 expression in 
these cells was detected by Western blot. (B) BAG3 
expression levels were measured in NC, shBAG3 -1, 
shBAG3 -2, and shBAG3 -3 lentivirus HUVECs. (C) 
NC or shBAG3 HUVECs underwent subsequent 
treatment with CHX for different lengths of time, 
and the degradation speed (slope) of PARP1 was 
determined by immunoblot. Experiments were 
repeated thrice; *P < 0.05, two-way ANOVA with 
post hoc Bonferroni test. (D) NC or shBAG3 
HUVECs underwent subsequent treatment with 
MG132 for different lengths of time, and the rate 
and slope of PARP1 protein accumulation were 
determined by immunoblot. Experiments were 
repeated thrice; *P < 0.05, two-way ANOVA with 
post hoc Bonferroni test. (E) Overexpressing Flag- 
control or Flag-BAG3 HUVECs were administered 
MG132 for different lengths of time, and the rate 
and slope of PARP1 protein accumulation were 
determined by immunoblot. Experiments were 
repeated thrice; *P < 0.05, two-way ANOVA with 
post hoc Bonferroni test. (F) Overexpressing Flag- 
control or Flag-BAG3 HUVECs were administered 
CHX for different lengths of time, and the degra-
dation speed (slope) of PARP1 was determined by 
immunoblot. Experiments were repeated thrice; 
***P < 0.001, two-way ANOVA with post hoc 
Bonferroni test. (G) HUVECs were co-transfected 
with Myc-PARP1, Flag-BAG3 and HA-UB, and 
ubiquitinated PARP1 underwent immunoprecipita-
tion with anti-Myc antibodies, followed by immu-
noblot detection with anti-HA antibodies. (H) 
HUVECs were co-transfected with Myc-PARP1, HA- 
WWP2 and Flag-BAG3, and interacting PARP1 and 
WWP2 were immunoprecipitated with anti-Myc 
antibodies, followed by immunoblot detection 
with anti-HA antibodies. (I) NC or shBAG3 HUVECs 
were co-transfected with Myc-PARP1 and HA- 
WWP2, then transfected with HA-UB. Ubiquiti-
nated PARP1 underwent immunoprecipitation with 
anti-Myc antibodies, followed by immunoblot 

detection with anti-HA antibodies. (J) HUVECs were co-transfected with Myc-PARP1, Flag-BAG3 and HA-WWP2, then transfected with HA-UB. Ubiquitinated PARP1 
underwent immunoprecipitation with anti-Myc antibodies, followed by immunoblot detection with anti-HA antibodies. (K) HUVECs were co-transfected with Flag- 
WT-BAG3, Myc-PARP1-K249R, or Myc-WT-PARP1 and HA-UB. Ubiquitinated PARP1 underwent immunoprecipitation with anti-Myc antibodies, followed by 
immunoblot detection with anti-HA antibodies. (L) Schematic model showing the potential function of BAG3 in promoting PARP1 ubiquitination by enhancing the E3 
ubiquitin ligase WWP2.   
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regulatory pathways (Fig. 4L). 

3.4. Mass spectrometry analysis of SIRT2-interacting proteins reveals 
BAG3 as a new SIRT2 substrate 

After confirming that BAG3 interacts with the BRCT domain of 
PARP1 and induces PARP1 ubiquitination at K249 through WWP2, we 
next explored the mechanism by which BAG3 is regulated to exert its key 
regulatory effects. It is known that BAG3 undergoes posttranslational 
modifications [28]; however, studies evaluating BAG3 acetylation and 
the associated regulatory mechanism are lacking. 

Therefore, we continue to search the representative names and 
peptides of proteins interacting with BAG3 in Supplementary Table 3. 
Surprisingly, we found that SIRT2, a key enzyme in protein 

deacetylation modification, may interact with BAG3 (Supplementary 
Table 3). 

As a deacetylase, SIRT2 can deacetylation regulate physiological 
substrates and affect biological function of its downstream proteins 
[32–34]. Next, HEK293T cells underwent transfection for full-length 
human Myc-SIRT2 (Vector: PCMV; TAG: Myc; Species: Human). And 
co-immunoprecipitation was carried out to identify the proteins inter-
acting with SIRT2 by mass spectrometry. Some representative names 
and peptides of proteins interacting with SIRT2 were shown in Supple-
mentary Table 4. And according to the SIRT2 interacting proteins 
identified by mass spectrometry, Gene Ontology, Biological Process, 
Molecular Function and Cellular Component enrichment analyses were 
shown in Fig. 5A–D. Interestingly, we also found BAG3 maybe a new key 
potential interacting protein of SIRT2 (Supplementary Table 4). 

Fig. 5. Mass spectrometry identifies BAG3 as a new 
SIRT2 substrate 
(A) Mass spectrometry analysis to identify SIRT2- 
interacting proteins in HEK293T cells. The result-
ing SIRT2-interacting proteins were assessed by 
Gene Ontology enrichment analysis. The pathways 
with highest significance were related to protein 
binding. **P < 0.01, Fisher’s exact test. (B-D) Mass 
spectrometry-detected SIRT2 interacting proteins in 
HEK293T cells were assessed for Biological Process, 
Molecular Function and Cellular Component 
enrichment analyses to screen physiological sub-
strates of SIRT2. **P < 0.01, Fisher’s exact test. (E) 
The spectrograms showed mass spectroscopy- 
identified BAG3 peptides (Accession: O95817; 
Description: BAG family molecular chaperone 
regulator 3 OS=Homo sapiens OX = 9606 GN =
BAG3 PE = 1 SV = 3) of SIRT2 interacting proteins 
in HEK293T cells. (F) The spectrograms showed 
mass spectroscopy-identified SIRT2 peptides 
(Accession: Q8IXJ6; Description: NAD-dependent 
protein deacetylase sirtuin-2 OS=Homo sapiens 
OX = 9606 GN = SIRT2 PE = 1 S V = 2) of BAG3 
interacting proteins in HEK293T cells. (G-H) Inter-
action of endogenous SIRT2 and BAG3 in HUVECs 
determined by immunoprecipitation with the indi-
cated antibodies. (I) HUVECs underwent incubation 
without or with Ang II. Then, BAG3’s interaction 
with SIRT2 was determined by immunoprecipita-
tion with anti-SIRT2 antibodies, followed by 
immunoblot with anti-BAG3 antibodies. (J) Inter-
action between BAG3 and SIRT2 in presence or 
absence of Ang II determined by immunoprecipita-
tion with anti-Flag-beads in HUVECs, followed by 
immunoblot with anti-SIRT2 antibodies.   
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Therefore, we extracted the spectrograms, which showed BAG3 peptides 
identified by mass spectrometry (Accession: O95817; Description: BAG 
family molecular chaperone regulator 3 OS=Homo sapiens OX = 9606 
GN = BAG3 PE = 1 SV = 3) of SIRT2 interacting proteins (Fig. 5E). 
Convincingly, we also extracted the spectrograms (Supplementary 
Table 3), which showed SIRT2 peptides identified by mass spectrometry 
(Accession: Q8IXJ6; Description: NAD-dependent protein deacetylase 
sirtuin-2 OS=Homo sapiens OX = 9606 GN = SIRT2 PE = 1 SV = 2) of 
BAG3 interacting proteins (Fig. 5F). 

Furthermore, we verified the interaction between SIRT2 and BAG3 
through biological experiments. This interaction was demonstrated by 
co-immunoprecipitation of endogenous SIRT2 and BAG3 (Fig. 5G). And 
this interaction was also demonstrated by co-immunoprecipitation of 
endogenous BAG3 and SIRT2 (Fig. 5H). Moreover, we determined that 
the interaction between SIRT2 and BAG3 is maintained in presence of 
Ang II (Fig. 5I–J). 

3.4.1. SIRT2/CBP regulates the acetylation state of BAG3 
The identification of BAG3 as a SIRT2 interaction partner prompted 

us to identify factors involved in the regulation of BAG3 acetylation. 
Acetyltransferase is an enzyme that acetylates histone, weakens the tight 
binding ability between histone and DNA and promotes transcription 

[35,36]. Protein acetylation was first found to occur mainly on histones 
in the nucleus and participate in the regulation of gene transcription. 
With the increase of the sensitivity of protein mass spectrometry, more 
non histone proteins were found to undergo acetylation modification. 
According to previous studies, in mammalian cells, acetyltransferases 
mainly include P300 (E1A-binding protein, 300 kDa), CREB-binding 
protein (CBP), P300/CBP-associated factor (PCAF) and GCN5 (KAT2A) 
[37,38]. Therefore, to identify the responsible acetyltransferase of 
BAG3, we separately transfected four acetyltransferases, i.e., P300, CBP, 
PCAF and GCN5 into cells. 

Overexpression of only CBP among the four remarkably increased 
the acetylation level of BAG3 (Fig. 6A). Moreover, both exogenous and 
endogenous CBP interacted with BAG3 (Fig. 6B–C). These results 
confirmed that BAG3 was acetylated by the CBP acetyltransferase. Next, 
we found that the joint administration of trichostatin A (TSA) and 
nicotinamide (NAM), which are common deacetylase suppressors 
repressing histone deacetylases (HDACs), including HDAC I and III, as 
well as Sirtuin-related deacetylases, increased BAG3’s acetylation levels 
(Fig. 6D). 

We next tested whether BAG3 is a direct substrate of SIRT2. Over-
expression of SIRT2-WT decreased exogenous BAG3 acetylation, while a 
catalytically inactive SIRT2 mutant (Q167AH187Y) did not affects cells 

Fig. 6. SIRT2 and CBP deacetylates and acetylates 
BAG3, respectively, on BAG3-K431 
(A) HUVECs were co-transfected with Flag-P300, Flag- 
GCN5, Flag-CBP, or Flag-P300/CBP-associated factor 
(PCAF) and Flag-BAG3, and BAG3 acetylation levels 
were determined by immunoprecipitation with anti- 
Pan-AC antibodies. (B) The interaction between exog-
enous Flag-CBP and endogenous BAG3 in HUVECs was 
detected by immunoprecipitation, followed by immu-
noblot with anti-BAG3 antibodies. (C) The interaction 
between endogenous CBP and BAG3 in HUVECs was 
assessed by immunoprecipitation, followed by immu-
noblot. (D) Nicotinamide (NAM) (5 mM, 4 h) and tri-
chostatin A (TSA) (0.5 μM, 16 h) were used to improve 
protein acetylation levels, and acetylated BAG3 in 
HUVECs was immunoprecipitated with anti-BAG3 an-
tibodies. (E) HUVECs were co-transfected with Flag- 
WT-SIRT2 or Flag-SIRT2-Q167AH187Y (Mut) and 
Flag-BAG3, and BAG3 acetylation was detected by 
immunoprecipitation using anti-Pan-AC antibodies. (F) 
Normal control (NC) or shSIRT2 HUVECs underwent 
subsequent incubation with or without AGK2 (10 μM, 
24 h), and acetylated BAG3 underwent immunopre-
cipitation with anti-BAG3 antibodies. (G) HUVECs 
were co-transfected with Flag-WT-BAG3, Flag-BAG3- 
K431R, or Flag-BAG3-K431Q and Flag-CBP, and acet-
ylated BAG3 underwent immunoprecipitation with 
anti-Pan-AC antibodies. (H) HUVECs were co- 
transfected with BAG3-WT or BAG3-K431R and Flag- 
CBP, and acetylated BAG3 underwent immunoprecip-
itation with anti-Pan-AC antibodies. (I) HUVECs co- 
transfected with Flag-WT-BAG3, Flag-BAG3-K431R, 
or Myc-SIRT2 and Flag-CBP, and acetylated Flag-BAG3 
was detected by immunoprecipitation with anti-Pan- 
AC antibodies. (J) Flag-WT-BAG3 or Flag-BAG3- 
K431R was individually transfected in HUVECs, and 
immunoprecipitated Flag-BAG3 was assessed with site- 
specific K431 acetylation antibodies against BAG3 
(BAG3-K431AC). (K) NC or shSIRT2 HUVECs under-
went subsequent transfection with Flag-SIRT2, and 
BAG3 acetylation was examined by immunoprecipita-

tion with anti-BAG3-K431AC antibodies. (L) ShSIRT2 HUVECs were constructed, then treated without or with Ang II as indicated. BAG3 acetylation was assessed by 
immunoprecipitation with anti-BAG3 antibodies, followed by immunoblot with anti-BAG3-K431AC antibodies. (M) Alignment of sequences surrounding K431 in 
BAG3 homologs from various species. The acetylated lysine residue at BAG3-431 is depicted as bold and red. (N) Schematic model showing the potential function of 
the SIRT2 deacetylase in regulating BAG3. . (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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upon transfection (Fig. 6E). We then examined normal control (NC)- and 
short hairpin (sh) SIRT2-treated cells, which were incubated with or 
without 20 μmol/L AGK2, a commonly used SIRT2-specific inhibitor. 
BAG3 acetylation levels were higher in shSIRT2-treated and AGK2- 
treated cells compared with NC-treated cells (Fig. 6F), further support-
ing the conclusion that BAG3 is a novel physiological substrate of SIRT2. 

3.4.2. SIRT2/CBP deacetylates/acetylates the K431 residue of BAG3 
In order to provide direct evidence that SIRT2/CBP deacetylates/ 

acetylates BAG3, we sought to identify the specific site of BAG3 that is 
deacetylated/acetylated by SIRT2/CBP. Therefore, we analyzed the ef-
fect of individual mutations of BAG3 acetylation sites identified by mass 
spectrometry. Each of the five identified putative acetylation sites was 
mutated to arginine (R) through site-directed mutagenesis, thus pro-
ducing mutants that cannot be acetylated. Only mutating lysine (K) 431 
to R reduced BAG3 acetylation, and the BAG3 mutant with an arginine 
substitution at residue K431 showed similar levels of BAG3 acetylation 
with or without SIRT2 overexpression (Fig. S1A–B). This indicated K431 
as a major site for BAG3 regulation by SIRT2. 

We then probed the role of the BAG3-K431 site in the regulation of 
BAG3 acetylation. Replacing K431 with either K431R (unacetylable) or 
an acetyl-mimetic glutamine (K431Q) dramatically decreased the 
overall BAG3 acetylation level compared with the WT protein, indi-
cating that K431 was indeed an important acetylation site in BAG3 
(Fig. 6G). We then transfected WT- or K431R-mutant BAG3 plasmids 
along with the Flag-control and Flag-CBP plasmids, respectively. Argi-
nine substitution in K431R suppressed BAG3 acetylation, in presence or 
absence of additional CBP, while WT-BAG3 acetylation level was 
elevated with additional CBP (Fig. 6H). Consistent with these findings, 
BAG3 acetylation was suppressed when the BAG3-K431R mutant 
plasmid was co-transfected with either the Myc control or Myc-tagged 
SIRT2 plasmid, whereas BAG3-WT acetylation level was decreased by 
additional SIRT2 (Fig. 6I). BAG3-K431 acetylation was next examined 
with antibodies specific to ectopically produced BAG3-WT without 
recognizing the BAG3-K431R mutant (Fig. 6J). In addition, the level of 
exogenous K431-acetylated BAG3 was increased in shSIRT2-treated 
cells in comparison with the NC group (Fig. 6K). Moreover, the level 
of Ang II-induced K431-acetylated BAG3 remained unchanged in 
shSIRT2 cells, but restored in SIRT2-expressing cells, confirming that 
SIRT2 regulated BAG3-K431 deacetylation (Fig. 6L). Interestingly, 
BAG3-K431 is evolutionarily conserved among mammals (Fig. 6M). 

Taken together, the results described above confirmed that the 
deacetylase SIRT2 and the acetyltransferase CBP interact with BAG3 
and, respectively, deacetylates and acetylates BAG3 at the K431 site 
(Fig. 6N). 

3.5. Deacetylation-dependent regulation of BAG3 promotes PARP1 
ubiquitination and degradation, inhibiting Ang II-induced oxidative stress 
endothelial damage 

According to the above result, we demonstrated that BAG3 interacts 
with the BRCT domain of PARP1 and induces PARP1 ubiquitination at 
K249 through WWP2. In addition, we confirmed that the acetyl-
transferase CBP acetylates BAG3 at the K431 site. And the deacetylase 
SIRT2 deacetylates BAG3 at the K431 site. Moreover, we verified that 
the ubiquitination and degradation of PARP1 depend on the deacety-
lation state of BAG3. 

The results showed that BAG3-WT or inactivation of the K431 res-
idue of BAG3 (BAG3-K431R) (deacetylation regulated by SIRT2) pro-
moted the ubiquitination of PARP1, but not BAG3-K431Q (acetylation 
regulated by CBP and inhibition of SIRT2 regulation) (Fig. 7A). 
Furthermore, after Ang II treatment, BAG3 knockdown decreased 
PARP1 ubiquitination, and supplementation of BAG3-WT or inactiva-
tion of the K431 residue of BAG3 (BAG3-K431R) promoted PARP1 
ubiquitination; meanwhile, supplementation of BAG3-K431Q could not 
induce PARP1 ubiquitination (Fig. 7B). Thirdly, BAG3 knockdown in 

endothelial cells with BAG3-WT or BAG3-K431R, but not BAG3-K431Q, 
significantly reduced the levels of Ang II-associated vascular endothelial 
cell damage proteins PARP1 and cleaved caspase-3 (Fig. 7C), and Ang II- 
related oxidative stress biomarkers 3-nitrotyrosine and OGG1, and 
markedly elevated the amounts of the antioxidative stress biomarker 
SOD1 (Fig. 7D). In addition, supplementation of BAG3-knockdown 
endothelial cells with BAG3-WT or BAG3-K431R, but not BAG3- 
K431Q, significantly reduced vascular endothelial cell apoptosis 
(Fig. 7E) and ROS generation (Fig. 7F). 

In addition, since HSP70 is the main interacting protein of BAG3, we 
will figure out whether HSP70 plays a role in the ubiquitination modi-
fication of PARP1 by deacetylated BAG3. Our results showed that BAG3- 
WT, but not Delta-BAG-BAG3 interacted with HSP70 (Fig. S2A), which is 
consistent with previous studies. In addition, we found that both BAG3- 
WT and Delta-BAG-BAG3 interacted with PARP1, and there was no 
significant change in the levels of interaction (Fig. S2B), suggesting that 
the interaction between BAG3 and PARP1 may not depend on HSP70. 

Furthermore, our results showed that both BAG3-WT, inactivation of 
the K431 residue of BAG3 (BAG3-K431R) and activation of the K431 
residue of BAG3 (BAG3-K431Q) interacted with HSP70, and there was 
no significant change in the levels of interaction (Fig. S2C), suggesting 
that the acetylation and deacetylation of BAG3 may not affect the 
interaction between BAG3 and HSP70. Interestingly, BAG3-WT or 
BAG3-K431R increased the interaction between E3 ubiquitination ligase 
WWP2 and PARP1, but not BAG3-K431Q (Fig. S2D). Therefore, the 
above results suggested that BAG3 increases the interaction between 
WWP2 and PARP1, and this effect may be independent of HSP70. 

Taken together, these results confirmed that BAG3 interacts with 
PARP1’s BRCT domain and induces PARP1 ubiquitination at K249 
through WWP2, and SIRT2/CBP interact with BAG3 to deacetylate/ 
acetylate BAG3-K431; in addition, deacetylation-dependent regulation 
of BAG3 promotes PARP1 ubiquitination and degradation, which is one 
possible mechanism to decrease vulnerability of oxidative stress in 
endothelial cells, thereby inhibiting oxidative stress-induced endothelial 
damage. 

4. Discussion 

The main findings of this study are that, firstly, we constructed BAG3 
endothelial specific knockout mice, which showed significantly wors-
ened oxidative stress-related vascular endothelial damage as well as 
post-injury remodeling. In addition, we constructed BAG3 transgenic 
mice, which relieved this phenomenon. Mechanistically, the oxidative 
stress injury protein PARP1 was identified as a new BAG3 substrate. 
BAG3 interacts with PARP1’s BRCT domain and promotes its ubiquiti-
nation at K249 by enhancing WWP2, an E3 ubiquitin ligase (Schematic 
model 1). Although BAG3 undergoes posttranslational modifications 
[39], reports evaluating its acetylation and regulatory mechanism are 
lacking. Surprisingly, we found that BAG3 is a novel physiological 
substrate of the acetyltransferase CBP and the deacetylase SIRT2. 
CBP/SIRT2 interacted with BAG3, and acetylated/deacetylated the 
BAG3-K431 residue, respectively (Schematic model 2). Finally, deace-
tylated BAG3 promoted the ubiquitination of PARP1, which is one 
possible mechanism to decrease vulnerability of oxidative stress in 
endothelial cells, thereby inhibiting oxidative stress-induced endothelial 
damage (Schematic model 3). Thus, identifying a new modification 
complex may help further design potential therapeutic approaches for 
cardiovascular disease. 

BAG3 is a stress-induced protein and a molecular chaperone regu-
lator of the BAG family, which interact with various proteins and in-
fluence cell survival by activating multiple pathways, making BAG3 
involving in the regulation of many major biological processes including 
apoptosis and development, cytoskeleton arrangement and autophagy 
[15,16,19–25]. Under physiological condition, BAG3 in mammals 
mainly assist the 70 kDa heat-shock protein (HSP70) in protein folding 
[40]. But their role as oncogenes is becoming increasingly obvious, more 
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and more cancers have been confirmed regulated by BAG3 [41–43]. 
BAG3 is expressed most significantly in the heart and skeletal muscles, 
and it was reported that BAG3 plays an important role in heart disease 
[44]. In our study, BAG3 was found to be deacetylated by SIRT2 then 
promoted the ubiquitination of PARP1, thereby inhibiting oxidative 
stress-induced endothelial damage. 

The currently known types of post-translational modifications of 
PARP1 include ubiquitination, methylation, phosphorylation and acet-
ylation [12,13,45–47]. The smyd2-related PARP1 methylation target, 
Lysine 528, was confirmed by LC-MS/MS and Edman degradation [45]. 
The receptor tyrosine kinase c-Met interacts with and phosphorylates 
the tyrosine 907 of PARP1 [46]. MORC2, a chromatin remodeling 

Fig. 7. Deacetylation-dependent regulation of BAG3 promotes PARP1 ubiquitination and degradation, inhibiting Ang II-induced oxidative stress endothelial 
damage. 
(A) HUVECs co-transfected with Flag-BAG3-K431Q, Flag-BAG3-K431R, Flag-WT-BAG3, or Myc-PARP1 and HA-UB. Ubiquitinated PARP1 underwent immunopre-
cipitation with anti-Myc antibodies, followed by immunoblot detection with anti-HA antibodies. (B) NC or shBAG3 HUVECs were co-transfected with Myc-PARP1, 
HA-UB, and Flag-WT-BAG3, Flag-BAG3-K431R, or Flag-BAG3-K431Q. The cells were then treated without or with Ang II. PARP1 ubiquitination was examined by 
immunoprecipitation with anti-Myc antibodies, followed by immunoblot detection with anti-HA antibodies. (C) ShBAG3 HUVECs underwent transfection with 
BAG3-WT, BAG3-431R, or BAG3-431Q, then treated without or with Ang II. The expression levels of BAG3, PARP1 and cleaved caspase-3 were assessed by 
immunoblot with various antibodies, with tubulin as a reference. Experiments were repeated thrice; **P < 0.01, two-way ANOVA with post hoc Bonferroni test. (D) 
The expression levels of 3-nitrotyrosine, OGG1 and SOD1 were assessed by immunoblot with various antibodies, with tubulin as a reference. Experiments were 
repeated thrice; **P < 0.01, two-way ANOVA with post hoc Bonferroni test.(E–F) The TUNEL assay was performed, and ROS production was evaluated in Ang II- 
treated shBAG3 HUVECs transfected with BAG3-WT, BAG3-431R, or BAG3-431Q. Experiments were repeated thrice; **P < 0.01, ***P < 0.001, two-way ANOVA 
with post hoc Bonferroni test. (G) Schematic model showing the potential function of deacetylated BAG3 in promoting PARP1 ubiquitination by enhancing the E3 
ubiquitin ligase WWP2. 
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enzyme involved in DNA damage response, stabilizes PARP1 by 
increasing its acetylation at lysine 949 under control of the acetyl-
transferase nat10, blocking PARP1 ubiquitination on the same residue, 
followed by subsequent binding by E3 ubiquitin Enzyme CHFR for 
degradation [47]. In our study, BAG3 binds to PARP1’s BRCT domain to 
promote its ubiquitination (K249 residue) leading to the degradation of 
PARP1, which is one possible mechanism to decrease vulnerability of 
oxidative stress in endothelial cells. 

In this study, we found BAG3 promoted PARP1 ubiquitination by 
enhancing WWP2. WWP2 represents an important member of the Nedd4- 
like protein family of E3 ubiquitin ligases, which regulate various physi-
ological processes by ubiquitinating substrates on specific lysine residues 
[48–50]. As an important regulator of the cardiovascular system, WWP2 
mediates pathological cardiac fibrosis by regulating TGFβ/Smad 
signaling [51]. Moreover, phosphorylation at the C-terminal domain of 
S1P1 leads to poly-ubiquitinylation by WWP2, as the key to maintain 
vascular integrity and resist vascular leak–inducing agents [52]. More 
importantly, we previously demonstrated PARP1 is the key cardiovas-
cular injury factor that undergoes ubiquitination by WWP2 [12,13]. 
Therefore, this study further refined our theory and confirmed that BAG3 
is a key regulatory protein of WWP2 ubiquitination-modified PARP1. 

An important finding is that BAG3 is a newly discovered substrate of 
SIRT2 deacetylase. BAG3 is a stress-induced protein and a member of the 
BAG family of proteins [19–24,53]. As a deacetylase, SIRT2 can induce 
post-translational modifications of its downstream proteins and affect 
the occurrence and development of a variety of diseases [32–34,54,55]. 
SIRT2 directly deacetylates key factors affecting NFATc2 and inhibits its 
activity, thereby suppressing pathological myocardial hypertrophy [54]. 
In addition, SIRT2 reduces the degradation of BUBR1 by inhibiting the 
acetylation of BUBR1, which maintains the normal pumping function of 
the heart [55]. Here, we found that SIRT2 deacetylated BAG3 at K431 
residue. In addition, BAG3, deacetylated by SIRT2, promoted PARP1 
ubiquitination, which is one possible mechanism to decrease vulnera-
bility of oxidative stress in endothelial cells and decreased endothelial 
damage as well as remodeling after injury. 

We firstly found out deacetylated BAG3 can promote the ubiquiti-
nation of PARP1 at K249. Since BAG3 has a wide range of effects on 
downstream proteins, we suggested choosing the ubiquitination site 
(K249) of PARP1 which was regulated by BAG3 as the possible theo-
retical basis of targeted drugs in the future. Further studies are war-
ranted to explore whether other BAG family members are involved in 
oxidative stress-associated endothelial damage and subsequent vascular 
remodeling. Moreover, whether BAG3 protects from atherosclerosis and 
hypertension deserves further attention. 
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