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Abstract: Atherosclerosis is a chronic systemic inflammatory disease that causes severe cardiovascular
events. B cell lymphoma 2-associated athanogene (BAG3) was proven to participate in the regulation
of tumor angiogenesis, neurodegenerative diseases, and cardiac diseases, but its role in atherosclerosis
remains unclear. Here, we aim to investigate the role of BAG3 in atherosclerosis and elucidate the
potential molecular mechanism. In this study, ApoE−/− mice were given a tail-vein injection of
BAG3-overexpressing lentivirus and fed a 12-week high-fat diet (HFD) to investigate the role of BAG3
in atherosclerosis. The overexpression of BAG3 reduced plaque areas and improved atherosclerosis
in ApoE−/− mice. Our research proves that BAG3 promotes autophagy in vitro, contributing to
the suppression of EndMT in human umbilical vein endothelial cells (HUVECs). Mechanically,
autophagy activation is mediated by BAG3 via the interaction between BAG3 and its chaperones
HSP70 and HSPB8. In conclusion, BAG3 facilitates autophagy activation via the formation of the
chaperone-assisted selective autophagy (CASA) complex interacting with HSP70 and HSPB8, leading
to the inhibition of EndMT during the progression of atherosclerosis and indicating that BAG3 is a
potential therapeutic target for atherosclerosis.

Keywords: atherosclerosis; EndMT; autophagy; CASA complex; BAG3

1. Introduction

Atherosclerosis, a prevalent chronic vascular disease, is the primary inducement of car-
diovascular and cerebrovascular diseases such as coronary heart disease and stroke, which
have become the leading causes of death worldwide [1]. Endothelial dysfunction is a risk
factor for atherosclerosis and an early predictor of atherosclerosis development [2]. Vascular
endothelial cell (EC) injury breaks the integrity and the barrier function of the endothelium,
which facilitates the deposition of lipids and leads to atherogenesis [3]. Endothelial-to-
mesenchymal transition (EndMT), the process by which ECs undergo a series of molecular
events that result in a mesenchymal cell phenotype [4], is characterized by the loss of
endothelial markers and functions and the acquisition of mesenchymal markers and func-
tions. During EndMT, ECs increase the secretion of extracellular matrix (ECM) proteins
and migratory abilities [5,6]. Previous studies have confirmed that EndMT contributes
to the fibrosis of plaque formation and the instability of plaque in the pathobiological
development of atherosclerosis [7,8]. As EndMT plays a major role in the atherosclerotic
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process [9], it is of great significance for the prevention and treatment of atherosclerosis to
explore novel and effective targets to alleviate vascular endothelial injury.

BAG3 contains a BAG domain located at the C terminus, a tryptophan–tryptophan
(WW) domain at the N-terminus, a proline-rich region (PXXP), two conserved Ile-Pro-Val
(IPV) domains and two phosphoserine-containing 14-3-3 binding motifs, which promotes
BAG3’s interaction with several proteins and the regulation of many biological path-
ways [10]. Previous studies have indicated that BAG3 plays an essential role in various
cardiovascular diseases (CVDs), such as myocardial hypertrophy, dilated cardiomyopa-
thy and chronic heart failure. In the heart, BAG3 facilitates autophagy by acting as the
co-chaperone with heat shock proteins, inhibits apoptosis by binding to B-cell lymphoma
2 and links the thea-adrenergic receptor to the L-type Ca2+ channel [11]. In addition, a
study has demonstrated that BAG3 is expressed in HUVECs and regulates tumor neoan-
giogenesis [12]. However, the effect of BAG3 on atherosclerosis remains unclear.

Autophagy is a cellular catabolic system by which cells maintain homeostasis. Au-
tophagy is characterized by the autophagic clearance of dysfunctional organelles, abnor-
mally aggregated proteins, lipid accumulation, and infected pathogens [13–15]. The dys-
regulation of autophagy in ECs was reported to be associated with a variety of pathologic
conditions because of the biological significance of autophagy [16–18]. The relationship be-
tween autophagy activity and the atherosclerotic process illustrates that autophagy in early
atheroma lesions may be a transient self-defense mechanism that then declines following
prolonged lipid oxidation and oxidative stress [19]. Autophagy emerges as a main protec-
tive mechanism in the endothelium [20]. Accumulating evidence indicates that ox-LDL
results in atherosclerotic EC injury and promotes atherosclerotic progression, whereas au-
tophagy activation reduces EC injury caused by ox-LDL to alleviate atherosclerosis [21–23].
However, the association between autophagy and EndMT has not been identified. The
underlying mechanisms for autophagy-induced EndMT still need to be investigated.

The current study aimed to investigate the role of BAG3 in the progress of atheroscle-
rosis and the potential mechanisms. To this end, our findings reveal that BAG3 protects
against atherosclerosis by suppressing EndMT with the chaperone-assisted selective au-
tophagy complex triggered by autophagy activation.

2. Materials and Methods
2.1. Animals and Biochemical Assays

Male ApoE−/− mice were obtained at 6–7 weeks of age from Beijing Huafukang
Biotechnology (Beijing, China). The mice were kept under standard animal room conditions
with 55% ± 5% humidity and a temperature of 25 ± 1 ◦C. For BAG3 overexpression, the
sequence of LV-BAG3 (NM_013863) and CON335 (negative control) were synthesized and
cloned into lentivirus expression vector GV492 (GeneChem Co., Ltd., Shanghai, China). The
vector construction and virus packaging were carried out by GeneChem Co., Ltd. The mice
were randomly divided into an ND (normal diet) group, an HFD (high-fat diet) group, an
HFD + LV-BAG3 group, and an HFD + CON335 group, with 8 animals in each group. They
were simultaneously injected with stroke-physiological saline solution, CON335 lentivirus,
or BAG3-overexpressing lentivirus (6 × 107 TU/mL) via the tail vein. Then, the animals
in the ND group were fed a normal chow diet, while the other animals were fed a high-
fat diet (HFD: 20% fat and 1.25% cholesterol) by Xietong Pharmaceutical Bioengineering
(Nanjing, China) for 12 weeks to induce atherosclerosis. After successful modeling, the
hearts, aortas and blood samples of the mice were collected. All surgeries were conducted
under bromoethane anesthesia. Detection of the blood lipid levels was performed according
to the manufacturer’s instructions with four indexes of blood lipid assay kits, including
a total cholesterol assay kit, a triglyceride assay kit, a low-density lipoprotein cholesterol
assay kit, and a high-density lipoprotein cholesterol assay kit (Nanjing Jiancheng Biology
Engineering, Nanjing, China).
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2.2. Atherosclerotic Lesion Assay

After 12 weeks, the aortas and hearts were isolated from the mice. The cardiac
tissues were fixed with 4% paraformaldehyde overnight before dehydrating with 15%, and
30% sucrose sequentially. Then, tissues were embedded using the OCT (optimal cutting
temperature compound). OCT-embedded cardiac tissues were sectioned into 7 µm thick
slices. The frozen sections were used for Oil Red O staining and immunofluorescence
experiments. Oil Red O staining of the aorta and aorta root was performed with an Oil red
O staining kit (Nanjing Jiancheng Biology Engineering, Nanjing, China) to obtain the lipid
deposition. As for the hematoxylin–eosin (H&E) staining assay, tissues were fixed in 4%
paraformaldehyde overnight, then embedded with paraffin, and cut into 4 µm sections,
which were used for H&E staining assay. H&E staining of the aorta root was performed
with an H&E staining kit (Nanjing Jiancheng Biology Engineering, Nanjing, China) to show
the atherosclerotic lesions.

2.3. Immunohistochemistry

The frozen sections of tissues were washed by phosphate-buffered saline (PBS), then
penetrated with 4% Triton X-100 containing 1% BSA for 20 min. After blocking with goat
serum for 1 h at room temperature, tissues were incubated in the primary antibodies at 4 ◦C
overnight followed by incubation with Alexa Fluor 488-conjugated secondary antibodies
(Invitrogen, Carlsbad, CA, USA) or Alexa Fluor 594-conjugated secondary antibodies
(Invitrogen, Carlsbad, CA, USA) for 1 h. The sections were observed under a confocal laser
scanning microscope (LSM800, Olympus, Tokyo, Japan).

2.4. Cell Culture and Transfection

Human umbilical vein endothelial cells (HUVECs) were purchased from ScienCell
Research Laboratories (8000, Sciencell, San Diego, CA, USA) and cultured in the endothelial
cell medium (1001, Sciencell, San Diego, CA, USA). For the transfection experiments, BAG3
siRNA, ATG5 siRNA, and HSPB8 siRNA obtained from RIBOBIO Co., Ltd. (Guangzhou,
China) were used to knockdown BAG3 and ATG5, and BAG3 pcDNA3.1 obtained from
Shanghai Integrated Biotech Solutions Co., Ltd. (Shanghai, China) was used to overexpress
BAG3 in the HUVECs. After 7 h of transfection, the medium was replaced by a fresh
medium. Then, the HUVECs were stimulated with 100 µg/mL ox-LDL (Dalian Meilun
Biotechnology, Dalian, China) for 36 h, 5 µM Apoptozole (ApexBio Technology, Houston,
TX, USA) for 18 h or 200 nM rapamycin (Sigma-Aldrich, St Louis, MO, USA) for 24 h, and
experiments in vitro were performed post-drug treatment.

2.5. Reverse Transcription and Quantitative Real-Time PCR

RNA samples were extracted with TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
followed by reverse-transcription with the ReverTra Ace qPCR RT Kit (TOYOBO, Osaka,
Japan). Real-time PCR was performed using an SYBR ® Green Realtime PCR Master Mix
(TOYOBO, Osaka, Japan) on the PCR System (7500 FAST, ABI, Carlsbad, CA, USA) and the
relative levels of mRNAs are calculated according to the values of 2−∆∆CT. The sequences
of the primers are listed in Table 1.
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Table 1. Primer sequences used in the present study.

Primers Sequence

BAG3
Forward 5′-CTCCATTCCGGTGATACACGA-3′

Reverse 5′-TGGTGGGTCTGGTACTCCC-3′

CD31
Forward 5′-GCAACACAGTCCAGATAGTCGT-3′

Reverse 5′-GACCTCAAACTGGGCATCAT-3′

VE-cadherin
Forward 5′-GAGCCGCCGCCGCAGGAAG-3′

Reverse 5′-CGTGAGCATCCAGCAGTGGTAGC-3′

α-SMA
Forward 5′-AGGTAACGAGTCAGAGCTTTGGC-3′

Reverse 5′-CTCTCTGTCCACCTTCCAGCAG-3′

Table 1. Cont.

Primers Sequence

FSP1
Forward 5′-GTCCACCTTCCACAAGTAC-3′

Reverse 5′-TGTCCAAGTTGCTCATCAG-3′

ATG5
Forward 5′-TGGACAGTTGCACACACTAGGA-3′

Reverse 5′-TCAGATGTTCACTCAGCCACTG-3′

2.6. Western Blot Analysis

The total protein in the HUVECs was extracted with RIPA buffer containing protease
inhibitors. After quantification, the protein samples were loaded on 10% or 13% SDS-PAGE
gels and transferred to nitrocellulose (NC) membranes followed by blocking with 5% non-
fat milk dissolved in PBS for 2 h. The primary antibodies of BAG3 (10599-1-AP, Proteinates’
Group, Inc., Chicago, IL, USA), CD31 (ab24590, Abcam, Cambridge, UK), α-SMA (ab124964,
Abcam, Cambridge, UK), LC3 (83506, CST, Danvers, MA, USA), p62 (5114, CST, Danvers,
MA, USA), ATG5 (12994, CST, Danvers, MA, USA) and GAPDH (60004-1-Ig, proteinates’
Group, Inc., Chicago, IL, USA) were incubated overnight at 4 ◦C. After incubation with
secondary antibodies, the positive bands were analyzed using Odyssey Infrared Imaging
System (LI-COR Biosciences, Lincoln, NE, USA).

2.7. Immunocytochemistry

The HUVECs were fixed with 4% paraformaldehyde, and then permeabilized with
0.3% Triton X-100 containing 1% BSA for 20 min, and blocked with goat serum. After
blocking, cells were incubated with primary antibodies against CD31 (3528, CST, Danvers,
MA, USA), α-SMA (ab124964, Abcam, Cambridge, UK), BAG3 (10599-1-AP, proteinates
Group, Inc., Chicago, IL, USA), and HSP70 (66183-1-Ig, ProteinTech Group, Inc., Chicago,
IL, USA) overnight at 4 ◦C. The next day, after incubation with Alexa Fluor 488-conjugated
secondary antibodies (Invitrogen, Carlsbad, CA, USA) or Alexa Fluor 594-conjugated sec-
ondary antibodies (Invitrogen, Carlsbad, CA, USA) for 50 min, fluorescence was observed
using a fluorescence microscope (BX53, Olympus, Tokyo, Japan).

2.8. Transwell Assay

Transwell inserts with a 3.0 µm pore size were used for performing cell migration
and invasion assays. The cells were resuspended using serum-free medium and the
concentration was adjusted to 1 × 105 cells. Medium containing 5% serum was added to
each well in 24-well plates and incubated at 37 ◦C for 24 h in a humidified incubator. The
cells remaining on the upper surface of the membrane were removed, and the cells that
migrated to the lower surface were fixed in 4% paraformaldehyde for 40 min and stained
with 0.1% crystal violet. The migrated cells were counted under an inverted microscope.
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2.9. GFP-mRFP-LC3II Punctation

The HUVECs were transfected with GFP-mRFP-LC3II lentivirus (Hanbio Biotechnol-
ogy, Shanghai, China) for 1 h and then the medium was replaced with normal medium.
After 36 h, the cells were washed with PBS and viewed under a confocal laser scanning
microscope (LSM800, Olympus, Tokyo, Japan). GFP and RFP dots were counted by the
manual counting of fluorescent puncta in five high-power fields.

2.10. Transmission Electron Microscopy

The cells were obtained and fixed with 2.5% glutaraldehyde at 4 ◦C overnight. Then,
the prepared samples were dehydrated and stained with uranyl acetate and lead citrate,
dehydrated, embedded in epoxide resin, and cut into sections. The changes in HUVECs’
microstructure were observed using transmission electron microscopy.

2.11. Co-Immunoprecipitation (Co-IP) Analysis

The interactions between endogenous HSP70 or HSPB8 and BAG3 proteins were
detected using a Co-IP kit (Thermo Fisher, Waltham, MA, USA). According to the manufac-
turer’s instructions, 10 µg of antibody against BAG3 (10599-1-AP, ProteinTech Group, Inc.,
Chicago, IL, USA) was immobilized. For immunoblot analysis, equal amounts of lysed
proteins were separated by electrophoresis on a 12% SDS-PAGE gel and transferred to NC
membranes. To detect the interactions between HSP70 and HSPB8 and BAG3 protein, the
membranes were incubated with antibodies against HSP70 (66183-1-Ig, ProteinTech Group,
Inc., Chicago, IL, USA) and HSPB8 (15287-1-AP, ProteinTech Group, Inc., Chicago, IL, USA).
The immunoreactive bands were visualized using an Odyssey imaging system (LI-COR
Biosciences, Lincoln, NE, USA).

2.12. Statistical Analysis

All values are presented as the mean ± S.E.M. Statistical comparisons were performed
by Student’s t-test between two groups or one-way ANOVA for multiple comparisons. A
p < 0.05 was considered to indicate a significant difference. The data were analyzed using
the GraphPad Prism 7.0 software (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Overexpression of BAG3 Reduces Atherosclerotic Lesions

To investigate the role of BAG3 in atherosclerosis, ApoE−/− mice were given a tail-vein
injection of LV-BAG3 or CON335 and fed with an HFD for 12 weeks. The overexpression
of BAG3 reduced the serum levels of TC, TG, and LCL-C and elevated the level of HDL-
C in ApoE−/− mice (Figure 1A–D). In addition, the results of H&E staining and Oil
Red O staining revealed that atherosclerosis was successfully induced in the model. We
observed a significant increase in lesion size and lipid content in ApoE−/− mice fed with
HFD compared to the ND group. Strikingly, the BAG3 overexpression mice showed
significantly decreased lesion areas and lipid contents (Figure 1E–G). Taken together, BAG3
overexpression relieved the development of atherosclerosis.

3.2. BAG3 Prevents EndMT in the Condition of Atherosclerosis

To further investigate the effect of BAG3 in the atherosclerotic process, HUVECs were
transfected with a negative control (NC) or BAG3-pcDNA3.1 and then treated with oxidized
low-density lipoprotein (ox-LDL). The cell morphology of ox-LDL-treated HUVECs was
drastically altered and exhibited a spindle-like morphology, whereas HUVECs treated with
BAG3-pcDNA3.1 recovered the characteristic cobblestone-like structure, which was nearly
identical to normal CD31+ cells (Figure 2A). Meanwhile, Western blot and PCR analyses
were performed to detect the protein and mRNA expression of the major genes involved
in EndMT. PCR and Western blot analysis revealed a downregulation of ECs markers
and upregulation of mesenchymal cell markers in the ox-LDL group, whereas the over-
expression of BAG3 inhibited the ox-LDL-induced EndMT (Supplementary Figure S1A–E
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and Figure 2B–E). Moreover, the Transwell permeability assay demonstrated that the
permeability coefficient of BAG3-overexpressed cells was lower than that in the control
ones (Figure 2F,G). Furthermore, the results of immunofluorescence staining showed
that the expression of endothelial marker CD31 was markedly increased and α-SMA
was significantly decreased in ApoE−/− mice with BAG3 lentivirus injection (Figure 2H).
The immunocytofluorescence staining of HUEVCs was consistent with the above results
(Supplementary Figure S1F). To sum up, the overexpression of BAG3 alleviated EndMT.
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Figure 1. Overexpression of BAG3 reduces atherosclerotic lesions in ApoE−/− mice. (A–D) The
levels of serum TG, TC, HDL-C and LDL-C in mice (n = 6). (E) Hematoxylin–eosin (H&E) and Oil
Red O staining of aortic root sections showing the atherosclerotic lesions and lipid deposition (scale
bar indicates 200 µm) (n = 3). (F,G) Representative en face images of Oil Red O staining of aortas; the
lesion area of the whole aorta was quantified (n = 3). The data are presented as the mean ± S.E.M.
* p < 0.05, ** p < 0.01.

3.3. BAG3 Prevents EndMT in the Condition of Atherosclerosis

BAG3 is known to facilitate autophagy in the heart [10,12]. To verify whether BAG3
can regulate autophagy in the vascular endothelium, we treated HUVECs with ox-LDL
and BAG3-pcDNA3.1. Regarding autophagy-related proteins, the LC3-II/LC3-I ratio was
significantly downregulated while p62 protein expression was increased in ox-LDL-treated
HUVECs, and the effect was suppressed upon BAG3 overexpression (Figure 3A–C). In
addition, the silencing of BAG3 reduced the number of autophagosomes, while rapamycin
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rescued the reduction of autophagosomes (Figure 3D). Importantly, autophagic flux in
HUVECs was observed by transfection of ad-GFP-mRFP-LC3II. We found that HUVECs
with the silencing of BAG3 showed a decreased number of RFP+GFP+ (autophagosomes)
and RFP+GFP− (autolysosomes) LC3II puncta compared to the NC group (Figure 3E).
These data suggested the importance of BAG3 in autophagy in HUVECs.
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(n = 5). (F,G) Transwell cell invasion assay was performed to analyze the migration ability of cells
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bar indicates 25 µm) (n = 3). The data are presented as the mean ± S.E.M. * p < 0.05, ** p < 0.01.
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3.4. Inhibition of Autophagy Induces EndMT in HUVECs

To confirm the regulatory effect of autophagy on EndMT in HUVECs, we transfected
ATG5 siRNA into HUVECs to block the activation of autophagy. Compared with the NC
group, HUVECs with the silence of ATG5 displayed an endothelial cobblestone appearance,
which exhibited an elongated mesenchymal morphology (Figure 4A). Meanwhile, we
found that the mRNA and protein expressions of endothelial markers were downregulated
while mesenchymal markers were upregulated in the ATG5 knockdown HUVECs, and the
effect was reversed by rapamycin treatment (Supplementary Figure S2 and Figure 4B–F).
The results of the Transwell assay suggested that knockdown of ATG5 increased the
permeability of HUVECs, and this variation could be eliminated by the co-application of
rapamycin (Figure 4G,H). Collectively, these findings indicated that autophagy inhibits
EndMT in HUVECs.
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3.5. BAG3 Suppresses EndMT by Autophagy

To demonstrate whether BAG3 affects EndMT through autophagy activation, we
performed a rescue experiment. The knockdown of BAG3 presented lower levels of EC
markers and higher levels of mesenchymal cell markers as shown by PCR, Western blot
analysis and immunofluorescent staining. However, the results were reversed in HUVECs
after rapamycin treatment. In addition, BAG3 knockdown decreased the ratio of LC3-II to
LC3-I, and this effect was suppressed by rapamycin treatment (Supplementary Figure S3
and Figure 5A–D). Meanwhile, the Transwell assay results revealed that BAG3 defi-
ciency increased the migration ability of HUVECs, while rapamycin eliminated this ef-
fect (Figure 5E,F). Consistently, immunohistochemical staining revealed an increased
EndMT gene signature after the loss of BAG3, which was reversed by rapamycin treatment
(Figure 5G). Thus, BAG3 deletion promoted EndMT by autophagy inhibition.
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Figure 4. Inhibition of autophagy induces EndMT in HUVECs. (A) Morphological changes post
the indicated treatments were observed under the microscope (scale bar indicates 100 µm) (n = 3).
(B–F) ATG5, CD31, and α-SMA protein expressions and the LC3-II/LC3-I ratio were detected using
Western blotting. Fold changes are shown (n = 5). (G,H) Transwell cell invasion assay was performed
to analyze the migration ability of cells (scale bar indicates 100 µm) (n = 3). The data are presented as
the mean ± S.E.M. * p < 0.05, ** p < 0.01.

3.6. BAG3 Blocks Ox-LDL-Induced EndMT through Formation of CASA Complex with HSP70
and HSPB8

BAG3 is a member of the co-chaperones with a BAG domain that binds to the N-
terminal ATPase domain of heat shock protein 70 (HSP70) [24–26]. BAG3 binds to small
heat shock proteins (sHSPs), such as HSPB8, via two IPV motifs [27–29]. The CASA
complex, which is made up of BAG3 and its molecular chaperones HSP70 and HSPB8,
has a protective effect on the heart [30]. As mentioned above, BAG3 inhibited EndMT
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by promoting autophagy. We further investigated whether BAG3 regulates EndMT by
activating autophagy through the presence of the CASA complex. Co-IP analysis revealed
the interactions between BAG3 and HSP70 or HSPB8 in HUVECs (Figure 6A), indicating
the existence of the CASA complex in ECs. BAG3 overexpression-mediated suppression
of α-SMA expression, and promotion of the LC3-II/LC3-I ratio, and CD31 expression in
HUVECs, which was reversed by treatment with Apoptozole, an inhibitor of the ATPase
activity of HSP70. Although the overexpression of BAG3 elevated the expressions of
HSPB8, BAG3, and HSP70, the addition of Apoptozole had no influence on their levels
(Figure 6B–H). To further understand the role of BAG3 on EndMT in the atherosclerosis
model, we used BAG3 pcDNA with and without Apoptozole in ox-LDL treated HUVECs.
Observation of the cell morphology observation showed that the BAG3 overexpressed
group exhibited the characteristic cobblestone-like morphology as normal HUVECs, while
transfected HUVECs became elongated with ox-LDL and additional Apoptozole treatment
(Figure 6I). Meanwhile, the Transwell assay results showed that BAG3 overexpression
decreased the migration ability of ox-LDL treated HUVECs, while Apoptozole abolished
this effect (Figure 6J,K). Consistently, immunohistochemical staining showed an increased
EndMT gene signature in ox-LDL treated HUVECs after the overexpression of BAG3, which
was reversed by Apoptozole treatment (Figure 6L). Taken together, our results confirmed
the interaction between BAG3 and HSP70, and HSPB8 in HUVECs, suggesting that BAG3
rescues EndMT by activating autophagy through the development of the CASA complex.
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of cells (scale bar indicates 100 µm) (n = 3). (G) Representative images of double-fluorescent staining
with α-SMA (green) and CD31 (red). The nuclei were stained blue with DAPI. (scale bar indicates
50 µm) (n = 3). The data are presented as the mean ± S.E.M. * p < 0.05, ** p < 0.01.
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and HSPB8 in HUVECs. (A) Co-IP analysis for the interaction of BAG3 with HSP70 or HSPB8.
HUVEC extracts were immunoprecipitated with anti-BAG3 antibody and probed with anti-HSP70 or
anti-HSPB8 antibody. (n = 3). (B–H) BAG3, HSP70, HSPB8, CD31, and α-SMA protein expressions
and the LC3-II/LC3-I ratio were analyzed using Western blotting. Fold changes are shown (n = 5).
(I) Morphological changes post the indicated treatments were observed under a microscope (scale bar
indicates 100 µm). (J,K) Transwell cell invasion assay was performed to analyze the migration ability
of cells (scale bar indicates 100 µm). (n = 3). (L) Representative images of double-fluorescent staining
with α-SMA (green) and CD31 (red). The nuclei were stained blue with DAPI (scale bar indicates
50 µm). The data are presented as the mean ± S.E.M. ns p > 0.05, * p < 0.05, ** p < 0.01.

4. Discussion

In the present study, overexpression of BAG3 reduced atherosclerotic lesions in
ApoE−/− mice. Thus, we hypothesized that BAG3 plays an important role in the atheroscle-
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rotic process. To explore the potential mechanism of BAG3 in atherosclerosis, HUVECs
were treated with ox-LDL to induce endothelial injury. The expression of BAG3 decreased
in the injured HUVECs induced by ox-LDL stimulation. The knockdown of BAG3 in-
ducing EndMT was attributed to defective autophagy. Mechanically, BAG3 could bind
its molecular chaperone HSP70 and HSPB8 to form the CASA complex, which mediated
the cargo-selective form of autophagy and allowed the ubiquitination of selected proteins
recognized by HSP70 via the CHIP ubiquitin ligase and sequestration by autophagosomes
through the LC3 adapter p62/SQSTM in the presence of synaptopodin2 [31], thereby
inhibiting EndMT by enhancing autophagy.

Human BAG3 is 575 amino acids in length and has a molecular mass of 74 kDa [32],
mainly seen in the cytoplasm [33]. Previous studies have indicated that BAG3 is involved in
various cardiovascular diseases, such as myocardial hypertrophy, dilated cardiomyopathy,
and chronic heart failure. However, BAG3 has rarely been mentioned in vascular diseases.
Falco et al. identified that BAG3 expresses in HUVECs and regulated tumor neoangiogen-
esis, and therefore, it is a novel target for anti-angiogenic therapies [12]. In recent years,
Shasha Yu and Yao Fu have reported that angiotensin II promoted the phenotypic transfor-
mation of primary rat VSMCs through the regulation of BAG3 expression [34,35]. Thus, we
hypothesized that BAG3 might be a novel therapeutic target in the setting of atherosclerosis.
In our study, we found that the expression of BAG3 in HUVECs was downregulated with
ox-LDL treatment. In addition, BAG3 overexpression reduced atherosclerotic lesions in
ApoE−/− mice, indicating that BAG3 plays an important protective role in atherosclerosis.

Although the development of atherosclerosis involves a variety of cells [36], it is
mainly initiated by endothelial cell activation through modified lipids such as oxidized
low-density lipoprotein [37]. As a recently recognized type of cellular transdifferentiation,
EndMT was first described by Leonard M. Eisenberg in heart development [38], the concept
of which was also put forward to explain the pathophysiological process of atherosclero-
sis from the perspective of cell transdifferentiation [39]. Su et al. reported that ox-LDL
could promote Snail, an EndMT transcriptional factor in human aortic endothelial cells
(HAECs), in an ox-LDL receptor-dependent manner [40]. In the present study, HUVECs
were treated with ox-LDL to determine the atherosclerotic models of endothelial injury.
The morphological observation showed that ox-LDL-treated HUVECs were altered and
exhibited spindle-like from cobble-like morphology, accompanied by the loss of endothelial
cell markers and a gain of mesenchymal cell markers. In addition, their cell migration
ability was significantly increased. However, the effect was abolished by the overexpression
of BAG3. Thus, the overexpression of BAG3 effectively alleviated ox-LDL-induced injury of
HUVECs. The results of the animal experiments were consistent with the results of the cell
experiments. Our data suggested that overexpression of BAG3 could inhibit endothelial
injury and rescue EndMT in vivo and in vitro, illustrating that BAG3 might be targeted
therapeutically to restore atherosclerosis. Several experimental studies have shown that au-
tophagy dysregulation causes a significant increase in cardiovascular diseases, meanwhile,
autophagy activation is always associated with the improvement of cardiac and vascular
functions [41,42]. Hsieh Paishiun et al. described that knockout of autophagy transcrip-
tional regulator Kruppel-like transcription factor-4 (KLF4) in the endothelium results in a
stunted in vivo response to the vasodilator acetylcholine, indicative of endothelial dysfunc-
tion through suppressing autophagy [43]. However, autophagy reactivation by rapamycin
improves this functional deficit, which denotes the relationship between autophagy and
endothelial function [44]. Taken together, these findings strongly suggest that autophagy
plays an essential role in maintaining the homeostasis of the cardiovascular system.

Emerging evidence has demonstrated that ox-LDL may induce autophagy dysfunction
in ECs [45], while impaired autophagy flux contributes to vascular endothelial dysfunction
and atherosclerotic plaque development by regulating lipid metabolism dysfunction [19,46].
Our study confirms autophagic flux impairment and EndMT induced by ox-LDL in HU-
VECs. Additionally, ox-LDL treatment repressed the expression of endothelium marker
CD31 and the ratio of LC3-II/LC3-I and increased the level of mesenchymal marker α-SMA
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and EC migration. Moreover, we found that the knockdown of ATG5 aggravated EndMT
through autophagy repression, which was eliminated by rapamycin-induced autophagy
activation. These results indicate that the suppression of EndMT in endothelium was
caused by autophagy activation.

As a multifunctional HSP70 co-chaperone and anti-apoptotic protein, BAG3 interacts
with the ATPase domain of heat shock protein 70 (HSP70) through the C-terminal BAG
domain [47]. Important motifs in the M-domain of BAG3 are two IPV motifs that bind
to a series of small HSPs, including HSPB8 [27,48]. HSPB8 acts as a dimer bound to the
HSP70 co-chaperone BAG3, a scaffold protein that is also capable of binding to HSP70
(associated with the E3-ligase CHIP) and dynein [49]. Misfolded proteins are engulfed into
nascent autophagosomes to be degraded via the chaperone-assisted selective autophagy
CASA formed by the two molecules of HSPB8, the HSP70 cochaperone BAG3 and the
HSP70 itself [50]. A previous study revealed that cancer therapeutic JG-98, which is toxic
for cardiomyocytes, inhibits the BAG3–HSP70 interaction and mitigates tumor growth, also
reduced autophagy flux and altered the expression of BAG3 and several binding partners
involved in BAG3-dependent autophagy, including HSPB8 [51]. Moreover, BAG3 is critical
for the protein turnover of sHSPs via the activation of autophagy in the heart [52]. Our data
indicated that BAG3 could form the chaperone-assisted selective autophagy CASA complex
with HSP70 and HSPB8 in HUVECs. Moreover, overexpression of BAG3 upregulated the
levels of its co-chaperones HSP70 and HSPB8. Formed by these proteins, the CASA
complex induced vascular endothelium autophagy activation through the elevated ratio of
LC3-II/LC3-I, and the effect was reversed by the ATPase domain inhibitor of HSP70.

In addition, autophagy activation reduced the mesenchymal markers in atheroscle-
rosis models and rescued endothelium dysfunction. Furthermore, the study revealed
that BAG3 inhibited endothelial cell injury caused by defective autophagy and EndMT,
while EndMT was induced by defective autophagy. These data illustrated that BAG3
prevented endothelial injury by activating autophagy via chaperone-assisted selective
autophagy complex formation, thereby helping to improve atherosclerosis. The present
study identified the correlation between EndMT and autophagy and clarified that BAG3
could regulate autophagy-induced EndMT by constituting the CASA complex. In the
context of atherosclerosis, further work is needed to explore the role of the CASA complex
in different types of cells in atherosclerotic lesions, including vascular smooth muscle cells
and macrophages. Future studies will need to focus on further unraveling the specific
mechanism of the CASA complex in atherosclerotic progression, identifying whether the
CASA complex or its component could be a biomarker for the diagnosis of atherosclerosis.
Much work remains to be carried out this way.

5. Conclusions

In summary, BAG3 mitigates atherosclerosis by suppressing EndMT via synthesizing
a CASA complex with HSP70 and HSPB8 to activate autophagy. Our research illustrates
that BAG3 has a protective effect against atherosclerosis and provides a new target for
treating atherosclerosis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes13081338/s1, Figure S1: BAG3 prevents EndMT in vitro;
Figure S2: Inhibition of autophagy induces EndMT in vitro; Figure S3: BAG3 suppresses EndMT by
inducing autophagy in vitro.
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