1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Cell Physiol. Author manuscript; available in PMC 2018 April 01.

Published in final edited form as:
J Cell Physiol. 2017 April ; 232(4): 797-805. doi:10.1002/jcp.25476.

-, HHS Public Access
«

Evidence for the Role of BAG3 in Mitochondrial Quality Control
in Cardiomyocytes

Farzaneh G. Tahrirl, Tijana Knezevicl, Manish K. Guptal, Jennifer Gordon?, Joseph Y.
Cheung?3, Arthur M. Feldman34, and Kamel Khalilil"

1Department of Neuroscience, Center for Neurovirology, Lewis Katz School of Medicine at Temple
University, Philadelphia, Pennsylvania

2Center for Translational Medicine, Lewis Katz School of Medicine at Temple University,
Philadelphia, Pennsylvania

3Department of Medicine, Lewis Katz School of Medicine at Temple University, Philadelphia,
Pennsylvania

4Cardiovascular Research Center, Lewis Katz School of Medicine at Temple University,
Philadelphia, Pennsylvania

Abstract

Mitochondrial abnormalities impact the development of myofibrillar myopathies. Therefore,
understanding the mechanisms underlying the removal of dysfunctional mitochondria from cells is
of great importance toward understanding the molecular events involved in the genesis of
cardiomyopathy. Earlier studies have ascribed a role for BAG3 in the development of
cardiomyopathy in experimental animals leading to the identification of BAG3 mutations in
patients with heart failure which may play a part in the onset of disease development and
progression. BAG3 is co-chaperone of heat shock protein 70 (HSP70), which has been shown to
modulate apoptosis and autophagy, in several cell models. In this study, we explore the potential
role of BAG3 in mitochondrial quality control. We demonstrate that SiRNA mediated suppression
of BAG3 production in neonatal rat ventricular cardiomyocytes (NRVCs) significantly elevates the
level of Parkin, a key component of mitophagy. We found that both BAG3 and Parkin are recruited
to depolarized mitochondria and promote mitophagy. Suppression of BAG3 in NRVCs
significantly reduces autophagy flux and eliminates expression of Tom20, an essential import
receptor for mitochondria proteins, after induction of mitophagy. These observations suggest that
BAG3 is critical for the maintenance of mitochondrial homeostasis under stress conditions, and
disruptions in BAG3 expression impact cardiomyocyte function.
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INTRODUCTION

BAG3 is a member of the BAG family of proteins which functions as a regulator of the
Hsp70/Hsc70 chaperone system (Rosati et al., 2011). In cardiac muscle, BAG3, through
association with the sarcomeric Z-disk, maintains the integrity and contractility of heart
muscle. Mutations in the BAG3 gene have been reported to cause the cardiac muscle
disorder known as familial dilated cardiomyopathy (DCM) (Arimura et al., 2011). BAG3 is
critical for survival; its deficiency in mice caused skeletal and cardiac tissue abnormalities
and strong myofibrillar degeneration which led to massive induction of apoptosis followed
by death after 4 weeks (Homma et al., 2006). Furthermore, reduction of BAG3 in adult
mouse ventricular myocytes interfered with contraction and calcium signaling (Feldman et
al., 2016). Recent studies have demonstrated enhanced expression of BAG3 and increased
levels of its chaperonic activity along with heat shock proteins during cellular stress and
aging, suggesting a crucial role for BAG3 in determining the cellular stress response (Behl et
al., 2011). BAG3 is known to play an important role in intracellular protein homeostasis by
participating either in protein folding and/or clearance of damaged proteins (Rodriguez et
al., 2016). To this end, BAG3 functions along with other proteins such as SQSTM1/P62
(referred to as P62 from here on), HSP70, and LC3 in a process called macroautophagy in
which misfolded or damaged proteins and organelles are sequestered within
autophagosomes and targeted to lysosomes for degradation (Behl et al., 2011). In this
process, BAG3 targets misfolded proteins to the aggresome for further degradation through
interaction with the dynein motor (Gamerdinger et al., 2011). Moreover, BAG3 functions as
an anti-apoptotic protein and inhibits apoptotic cell death through its interactions with Bcl-2
family proteins (Arimura et al., 2011; Liao et al., 2001).

Dysregulation of mitochondrial homeostasis plays an important role in the development of
various types of disease in which mitochondrial abnormalities have been described,
including cancer, neurodegeneration, and cardiomyopathies (Vincow et al., 2013; Chan et
al., 2011; Maron et al., 2006). For example, damage to the mitochondrial respiratory chain
leads to the uncontrolled generation of reactive oxygen species (ROS) which, by oxidizing
cellular components, act as a stress signal and lead to caspase activation, thus triggering
apoptotic signaling pathways (Chan et al., 2011). In support of this finding, abnormalities in
mitochondrial distribution, morphology, and respiratory chain function have been reported in
patients with myofibrillar myopathies. In addition, alteration of NADH, SDH or COX
distribution is a hallmark feature of many myofibrillar disorders (Jackson et al., 2015).
Parkin, encoded by the PARKZ2 gene, has been reported as an important regulator of
mitochondrial quality control and mutations associated with Parkin are associated with the
development of neurodegenerative diseases such as the autosomal recessive form of
Parkinson’s disease (Yoshii et al., 2011). Parkin translocates from the cytosol to the
mitochondria in response to mitochondrial membrane potential loss and targets damaged
mitochondria for degradation and clearance via ubiquitination (Narendra et al., 2008). In this
regard, recent studies have focused on utilizing Parkin overexpression to enhance the
elimination of damaged mitochondria as well as understanding potential mechanisms of
mitochondrial quality control and maintenance within cells (Yoshii et al., 2011; Narendra et
al., 2008; Kim et al., 2013).
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Previous studies concluded that Parkin deletion did not interfere with cardiomyocyte
contractility or affect mitochondrial characteristics, while disruption of the mitochondrial
fission protein, Drpl (dynamin-related protein 1), led to both alterations of the cardiac
phenotype and myocardial dysfunction (Cao et al., 2015). These observations, along with the
role of mitochondrial abnormalities in the development of myofibrillar myopathies, led us to
hypothesize that BAG3 may play an important role in the clearance of dysfunctional
mitochondria. Thus, we investigated the role of BAG3 in the clearance of damaged
mitochondria in response to treatment with the electron uncoupler, carbonyl cyanide m-
chlorophenylhydrazone (CCCP). We observed an increase in Parkin expression in response
to knockdown of BAG3 and identified the translocation of both Parkin and BAG3 to the
depolarized mitochondria thus promoting its degradation. Although no direct interaction
between BAG3 and Parkin was detected, BAG3 suppression significantly reduced the
clearance of Tom20 after CCCP treatment, indicating that mitophagy is impaired in the
absence of BAG3. To our knowledge, this is the first study reporting BAG3 as a key
regulator of mitophagy induced by CCCP electron transport chain uncoupler.

MATERIALS AND METHODS

Cell Isolation and Culture Conditions

All experiments were performed under protocols approved by the Temple University
Institutional Animal Care and Use Committee. Cardiomyocytes were isolated from 1-2 day
old Sprague-Dawley rats (Charles River) as previously described (Gupta et al., 2016).
Isolated cells were cultured in Dulbecco’s modified Eagle medium (DMEM, Life
Technologies) supplemented with 2% fetal bovine serum (FBS, Denville Scientific inc.) and
25 pg/mL Gentamicin (Life Technologies).

Adenoviral Transduction

Cardiomyocytes were transduced in a minimal volume of DMEM containing either Adeno-
null (Mector Biolabs), as an internal control, or Adeno-siBAG3 (Vector Biolabs) with a
multiplicity of infection of 2 at 37°C for 2 hr, then refed with medium containing 2% FBS
and 25 pg/mL Gentamicin. 72 hr post-transduction, cells were subjected to other treatments.

Plasmids and Transfections

HEK cells were transfected using Lipofectamine 3000 transfection reagent (Life
Technologies) according to the manufacturer’s instructions. Cells were incubated with Opti-
MEM reduced-serum medium (Life Technologies) with YFP-Parkin (Addgene) with or
without BAG3 siRNA (Dharmacon) for 2 hr, then fed with culture medium (DMEM, 10%
FBS, 25 pg/mL Gentamicin) followed by overnight incubation. Medium then was replaced
with culture medium and 48 hr post-transfection, cells were subjected to other treatments.

Mitochondrial Isolation

Mitochondrial enriched fractions were prepared using the sucrose gradient method. Cells
were scraped in mitochondrial isolation buffer containing 250 mM sucrose, 10 mM Tris-HCI
(pH 7.4), and 0.1 mM EGTA and homogenized using glass teflon homogenizers. Cells then
were centrifuged at 4,000 rpm for 10 min to pellet nuclei and cell debris. Supernatant was
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transferred to a new tube and centrifuged at 14,000 rpm for 30 min to pellet mitochondria.
Mitochondrial pellets were washed two times with mitochondrial isolation buffer and then
lysed in RIPA lysis buffer (25 mM Tris-HCI, 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate, 0.1% SDS) for further analysis.

Western Blotting

Cells were washed with PBS and then lysed in RIPA lysis buffer supplemented with 10%
protease inhibitor cocktail (Sigma-Aldrich) and rotated at 4°C for 30 min. Insoluble material
was separated by centrifugation at 14,000 rpm for 10 min and supernatants containing
soluble proteins were used for further analysis. Protein concentration was determined using
Bio-Rad protein assay reagent (Bio-Rad). Equal amounts of proteins were resolved by 10%
or 12% SDS-polyacrylamide gels and transferred onto nitrocellulose membranes (LI-COR,
Inc., Lincoln, NE). Membranes were blocked in Odyssey blocking buffer (LI-COR) for 1 hr
at room temperature (RT) and then incubated with primary (3 hr at RT) and secondary (1 hr
at RT) antibodies followed by washing with PBST containing 0.5% Tween 20 (Amresco, 1
%, 5 min) and PBS (3 x, 5 min ea.). After staining with secondary antibodies, membranes
were scanned with an Odyssey® CLx Imaging System (LI-COR, Inc., Lincoln, NE) The
following primary antibodies were used for Western blotting: BAG3 (Proteintech, 10599-1-
AP), SQSTM1/P62 (Cell Signaling Technology, 5114), Parkin (Abcam, ab77924), HSP70
(Santa Cruz Biotech, sc-1060), LC3 (Sigma, L8918), PINK1 (Abcam, ab23707), Tom20
(Abcam, ab199641), GAPDH (Santa Cruz, sc-32233), p-Actin (Santa Cruz, sc-47778), VCP
(Santa Cruz, sc-20799), Beclin-1 (Cell Signaling Technology, 3738), Cox-2 (Santa Cruz,
sc-1745), Cytochrome c (Cell Signaling Technology, 4272), BAX (Santa Cruz, sc-493) and
BAD (Cell Signaling Technology, 9292).

RNA Isolation and Quantitative Reverse Transcription-PCR (qRT-PCR)

RNA was extracted from NRVCs using the RNeasy Mini Kit (Ambion) according to the
manufacturer’s protocol. On column DNA digestion was performed using DNase |
(QIAGEN) to decrease DNA contamination in the eluted RNA solution. 1 pug of the isolated
RNA was used for reverse transcription and cDNA synthesis with M-MLV Reverse
Transcriptase (Invitrogen). gRT-PCR was performed in 20 L reaction volume with 10 pL
SybrGreen master mix (Roche) and Primers. B-actin was used as a reference gene to
normalize data. The following primers were used: Park2 FW: 5'-
ACCCAACCTCAGACAAGGAC-3’; Park2 RV: 5'-AGACAGGGTTCCTGACATCC-3’;
BAG3 FW: 5'-GGCCCTAAGGAAACTGCAT-3"; BAG3 RV: 5~
GGGAATGGGAATGTAACCTG-3"; HSP70 FW: 5'-GCTTCAGACCTCCCTTTGAG-3;
HSP70 RV: 5'-TCCAAGATGCTACGAAGTGG-3; SQSTM1/P62 FW: 5'-
GAGTCATGCTGCACTCCACT-3"; SQSTM1/P62 RV: 5'-
TATCAGGCAGGAATGATGGA-3'.

Fluorescence Microscopy

Cells were washed with PBS, fixed with 4% paraformaldehyde (10 min at RT), and
permeabilized using 0.5% Triton-X (10 min at RT). Cells then were masked with 0.1 M
glycine (pH 3.5, 30 min at RT) followed by blocking (1% BSA, 0.1% Tween 20 in 1x PBS,
30 min at RT). Cells were probed with primary antibody (overnight at 4°C), rinsed in PBS
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and stained with Alexa Fluor® secondary antibody (Thermo Fisher Scientific) for 1 hr at RT.
After mounting in VECTASHIELD hard set mounting medium with DAPI (Vector
Laboratories), images were acquired using Leica fluorescent microscope. Tom20 (Abcam,
ab56783), BAG3 (Proteintech, 10599-1-AP) and Parkin (Abcam, ab15954) were used as
primary antibodies.

Intracellular ATP was measured using the ATP determination kit (Molecular Probes)
according to the manufacturer’s protocol. Mitochondria were isolated as described above
and lysed in RIPA buffer. Standard reaction solutions containing 8.9 mL dH20, 0.5 mL 20x
reaction buffer, 0.1 mL 0.1M DTT, 0.5 mL of 10 mM D-luciferin and 2.5 uL firefly
luciferase (5 mg/mL) were prepared. 10 pL of the lysed mitochondria was added to 90 pL of
the standard reaction solution and the luminescence was immediately read using a
luminometer (Femtomaster FB 12 luminometer, Zylux).

Cell Death Assays

NRVCs were plated in 96-well plates at a density of 10,000 cells/well. Cells were transduced
with either Ad-null or Ad-siBAG3 for 72 hr followed by treatment with different
concentrations of CCCP. Cell death was measured using the SYTOX Green cell death assay
(Invitrogen. Cells were incubated with SYTOX Green solution for 15 minutes at 37°C
followed by measurement of fluorescent emission at excitation/emission maxima of 504/523
nm to detect cells with damaged plasma membranes (SYTOX Green DNA intercalation) vs.
live cells (impermeable to SYTOX Green) using a spectrophotometer.

Statistical Analysis

RESULTS

Student’s t-test was used to determine the statistical significance of differences between two
pairs of data. £<0.05 was considered as statistically significant.

BAG3 knockdown decreases autophagy flux and BAG3 translocates to the mitochondria
upon depolarization

In order to assess the role of BAG3 in the regulation of autophagy, cells were treated with
either CCCP (20 puM, 6 hr) or bafilomycin Al (Baf A1, 50 nM, 6 hr) and autophagic activity
was evaluated by measuring LC3 | cleavage, an indicator of autophagy, using an anti-LC3
antibody to detect LC3 11 on the autophagosomal outer membrane (Pankiv et al., 2007).
CCCP was utilized to uncouple the proton gradient and interfere with the electron transport
chain across mitochondrial membrane, leading to loss of the mitochondrial membrane
potential. CCCP treatment activated mitophagy and increased LC3 Il levels, but autophagy
flux was reduced in NRVCs with lower levels of BAG3 compared to control cells.
Unexpectedly, cotreatment with CCCP and bafilomycin Al led to a decrease in both LC3 |
and LC3 Il levels; suggesting that the mitophagy pathway may be inhibited when
mitochondrial damage is induced and the lysosome is blocked. Moreover, reductions in LC3
I and LC3 Il under these conditions were significantly higher in cells with reduced BAG3
levels compared to control cells. In order to ensure the inhibition of autophagy, the
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autophagy receptor, P62, was examined and results revealed a significant reduction in P62
levels after bafilomycin A1 and CCCP treatment in BAG3 knock-down cells; indicating an
important role for BAG3 in regulating mitophagy (Fig. 1A). Since longer stress conditions
may result in the complete degradation of autophagy proteins, we examined cells treated
with CCCP for a shorter time period (4 hr) and mitochondrial enriched fractions were then
isolated by sucrose gradient separation. Results revealed that BAG3 levels did not change in
the whole cell lysates (Fig. 1B). By isolating mitochondria, we found that BAG3
translocated to the mitochondrial fraction in response to the membrane potential loss (Fig.
1C). Interestingly, BAG3’s binding partner, HSP70, did not translocate to mitochondria.
Parkin translocation from the cytosol to the depolarized mitochondria was observed, as has
been reported by others (Narendra et al., 2008) and BAG3 knock-down significantly
increased Parkin recruitment. P62, Beclinl and valosin-containing protein (VCP) also
translocated to the mitochondria after depolarization, while their degradation was not
observed in the whole cell extracts (Fig. 1B and C).

BAG3 promotes mitochondrial degradation through the autophagy-lysosome pathway
when the proteasome is inhibited

Upregulation of BAG3 expression upon proteasome inhibition has been previously reported
and BAGS3 is believed to mediate the initiation of the autophagy-lysosomal degradation
pathway (Liu et al., 2013). We further investigated the mechanism through which BAG3
promotes mitochondrial clearance by inhibiting proteasome activity using MG132 (5 uM for
12 hr). LC3 11 levels increased upon blocking of proteasome activity suggesting the
activation of autophagy in the absence of the proteasome degradation pathway. Furthermore,
proteasome inhibition led to an increase in BAG3, HSP70, and P62 protein levels (Fig. 2A).
When cells were treated with both MG132 and CCCP for 12 hr, BAG3, HSP70, and P62
proteins returned to their basal levels. The ratio of a given protein level to actin level as an
internal control is presented in Fig. S1. Moreover, qRT-PCR data showed that mRNA level
of these proteins increased when cells were treated with either CCCP or MG132 (Fig. 2B).
Collectively, these data suggest that BAG3, HSP70, and P62 proteins mediate the disposal of
damaged mitochondria and their levels are maintained within the normal range under stress
conditions. Western blot analysis indicated the translocation of VCP and Beclinl to
depolarized mitochondria, and levels degraded at 12 hr after CCCP treatment.

Fluorescence microscopy showed the localization of BAG3 to perinuclear aggresomes when
proteasomal activity was inhibited. Interestingly, these aggresomes were surrounded by a
Tom20 network (Fig. 2C). BAG3 levels in both mitochondria and cytosol fractions increased
after proteasome inhibition (Fig. 2D).

BAG3 knockdown increases Parkin levels and impairs clearance of depolarized
mitochondria

Fluorescence microscopy showed that 2 hr CCCP (20 uM) treatment caused fragmentation
of the mitochondrial network in that Parkin translocated from the cytosol to the fragmented
Tom20 network (Fig. 3A). Parkin degradation was also observed along with degradation of
damaged mitochondria as seen by Western blotting of lysates from NRVCs treated with 20
UM CCCP for 6 hr. Interestingly, reduction of BAG3 levels in NRVCs led to a significant
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increase in endogenous Parkin levels (Fig. 3B). Numerous studies have utilized cellular
systems that overexpress Parkin for studying the mitochondrial degradation pathway. In light
of these observations, we investigated the effect of BAG3 on the expression of exogenous
Parkin in the rat cardiac moyoblast cell line, H9c2. Flow cytometry analysis showed that
BAG3 knock-down significantly enhanced exogenous Parkin expressed as a YFP-tagged
fusion protein (Fig. 3C and S2). These observations indicate that BAG3 regulates both
endogenous and exogenous expression of Parkin, suggesting that BAG3 may function
upstream of Parkin in the mitochondrial clearance pathway.

In another experiment, we investigated the effect of BAG3 on the mitochondrial outer
membrane protein, Tom20. Our results showed that BAG3 knock-down significantly
decreased the clearance of damaged Tom20 in NRVCs treated with 20 uM of CCCP for 12
hr (Fig. 3D).

BAG3 knock-down increases sensitivity to apoptosis

Three days after transduction, NRVCs were treated with 20 pM CCCP for 4 hr and then
mitochondrial fractions were isolated to analyze ATP level. Intracellular ATP levels were
decreased upon treatment of cells with CCCP. Although knock-down of BAG3 only changed
ATP levels after CCCP treatment, NRVCs knocked-down for BAG3 had higher ATP levels
compared to control cells. Here, BAG3 expression was measured in cytosolic protein
extracts (Fig. 4A). Western blot data also showed that levels of the mitochondrial-encoded
Cox-2 protein in the whole cell protein lysates increased after CCCP treatment (Fig. 4B).

In order to investigate the role of BAG3 in mitochondria-associated apoptosis, NRVCs were
treated with 20 uM CCCP for 6 hr and the expressions of pro-apoptotic proteins such as
Bcl-2-associated death protein (BAD) and Bcl-2-associated X protein (BAX) were analyzed
by Western blot. BAD and BAX are involved in the initiation of apoptosis and their
upregulation is associated with increased cell death (Brunelle et al., 2009). Cytochrome ¢
levels were elevated after CCCP treatment. BAX and BAD levels were upregulated after
CCCP treatment in whole cell extracts from NRVCs knocked-down for BAG3, indicating
that BAG3 knock-down sensitizes the cells to mitochondrial stress conditions (Fig. 4C).

In another experiment, cell death was measured after 6 hr treatment of NRVCs with
increasing concentrations of CCCP. Results showed that BAG3 knock-down significantly
increased cell death as measured by SYTOX Green when mitochondrial stress was applied
(Fig. 4D).

DISCUSSION

The results presented herein ascribe a role for BAG3 in mitophagy and demonstrate
translocation of BAG3 along with Parkin to mitochondria upon depolarization. Evidently,
BAG3 facilitates the clearance of damaged Tom20 and its down regulation increases the
level of Parkin translocation to the mitochondria after CCCP treatment. It was previously
reported that BAG3 knock-down increased the amount of mitochondria in HeLa cells
(Rodriguez et al., 2016). The accumulation of dysfunctional mitochondria within cells has
been implicated in the development of neurodegenerative disorders such as Parkinson’s
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disease. In this regard, mitophagy functions as a protective response and selectively targets
damaged mitochondria for degradation (Matsuda et al., 2015). Upon mitochondrial
depolarization, Parkin as an E3 ubiquitin ligase ubiquitinates the damaged mitochondria in a
PINK1-dependent manner (Vincow et al., 2013). The ubiquitin tag is then recognized by the
mitophagy machinery and the selected mitochondria are targeted for lysosomal degradation.
This model was further refined by Lazarou et al., (2015) reporting that PINK1
phosphorylates ubiquitin thus activating Parkin recruitment, and Parkin triggers recruitment
of autophagy receptors by adding ubiquitin chains to the mitochondrial outer membrane
proteins. Moreover, the recruitment of the autophagy receptors, NDP52 and Optineurin
(OPTN), by PINK1 were found to be independent of Parkin, as this was observed in HeLa
cells lacking Parkin (Lazarou et al., 2015). Moreover, /n vivo studies showed that even
though mitochondrial fragmentation was observed in respiratory chain-deficient
dopaminergic neurons, Parkin did not translocate to the defective mitochondria and the
absence of Parkin did not alter the clearance of dysfunctional mitochondria (Sterky et al.,
2011). These observations are highly consistent with our findings indicating that BAG3 may
function upstream of Parkin in mitochondrial clearance.

The two main pathways through which intracellular degradation is carried out to maintain
protein quality control are the ubiquitin-proteasome and the autophagy-lysosome pathways
(Pankiv et al., 2007). Parkin has been reported to mediate the proteasomal degradation of
mitochondrial outer membrane proteins (Chan et al., 2011; Yoshii et al., 2011). In mouse
embryonic fibroblasts overexpressing Parkin, the degradation of mitochondrial outer
membrane proteins happened through Parkin-mediated proteasomal pathway while the
degradation of inner membrane and matrix proteins relied mainly on mitophagy (Yoshii et
al., 2011). We found that Parkin levels did not increase by blocking proteasome activity,
suggesting the possibility of a dual role for Parkin in both ubiquitin-proteasome and
autophagy-lysosome pathways.

BAG3 has been reported to play an important role in regulating autophagy through
aggresome targeting. In this pathway, BAG3 transports HSP70-bound substrates to
aggresomes residing in the perinuclear area by interacting with microtubules. The cargo is
then directed to lysosomes through the autophagy process for degradation (Gamerdinger et
al., 2011). It has been reported that the HSP70 chaperon protein functions in protein quality
control through recognition of misfolded proteins (Behl et al., 2011). BAG3 binds to the
ATPase domain of HSP70 through its BAG domain and modulates its chaperonic activity
(Liu etal., 2013; Arimura et al., 2011; Behl et al., 2011). Although BAG3 translocates to
depolarized mitochondria, no such translocation was observed for HSP70. These results
suggest that BAG3 may function upstream of HSP70 in the recognition of cargo in the
mitophagy process.

Our results indicate that the autophagy receptor, P62, translocated to the mitochondria upon
membrane potential loss. SQSTM1 has been reported to play a protective role under
conditions of proteasome inhibition (Milan et al., 2015). P62 functions as a cargo receptor
and binds to both ubiquitinated and non-ubiquitinated substrates and triggers their
autophagic clearance (Pankiv et al., 2007; Watanabe et al., 2011; Behl et al., 2011).
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Beclin 1 is the mammalian homolog of yeast Vp30/Atg6 and is essential for autophagosome
formation. Upon blockage of the ubiquitin-proteasome pathway in HepG2 cells, BAG3
promoted autophagy initiation; which was not suppressed by silencing of Beclin 1,
indicating a non-canonical autophagy initiation (Liu et al., 2013). VCP functions as a
segregase in Parkin-mediated mitophagy and extracts autophagy components from the
ubiquitinated proteins. VCP mutations in mouse embryonic fibroblasts overexpressing
Parkin impaired mitophagy (Kim et al., 2013). Our results showed that both Beclin 1 and
VCP translocated to the depolarized mitochondria and their degradation in whole cell lysate
was observed upon treatment of the cells with CCCP.

Our data indicate that CCCP treatment causes ATP depletion in cardiomyocytes. CCCP
interferes with mitochondrial ATP synthesis by damaging the electron transport chain and
causes uncontrolled oxygen consumption. The mitochondrial encoded protein, Cox-2, which
plays a role in electron transport, increases to maintain ATP homeostasis. Cells with reduced
BAG3 expression indicated higher ATP levels compared to those maintaining basal BAG3
levels when they were treated with CCCP, suggesting less clearance of mitochondrial
proteins. Hel a cells overexpressing Parkin showed faster clearance of depolarized
mitochondria and less cell viability when they were cultured in galactose media compared to
cells with endogenous Parkin level; indicating that more mitochondrial clearance caused a
lower ATP concentration and led to cell death when glycolysis was inhibited (Narendra et
al., 2008).

Accelerated cell death in cardiomyocytes is accompanied with the development of
degenerative cardiovascular diseases (Brunelle et al., 2009). BAG3 functions as an anti-
apoptotic protein through interaction with Bcl2 (Knezevic et al., 2015). Apoptotic cell death
significantly increased in neonatal rat cardiomyocytes with BAG3 mutations (Arimura et al.,
2011). High levels of BAG3 were found in pancreatic tumor cells compared to normal
pancreas tissue which promoted malignancy by functioning as an anti-apoptotic protein
(Liao et al., 2001). BAX and BAD belong to the Bcl2 protein family and function as pro-
apoptotic proteins. Higher levels of BAX in pancreatic cancer cells were associated with
longer survivability of pancreatic cancer patients (Liao et al., 2001). Cytochrome c levels
significantly increased in response to CCCP treatment. BAX and BAD showed higher levels
in BAG3 knock-down cells compared to the control cells after CCCP treatment. Increased
levels of these pro-apoptotic proteins in the cells with reduced BAG3 levels makes cells
more susceptible to death when mitochondrial stress is induced. Moreover, when the
autophagic machinery is not working properly to clear damaged mitochondria, cells are
exposed to the toxic effects of free radicals and oxidative stress which trigger death
signaling. Collectively, these results indicate that BAG3 plays a vital role in mitochondrial
quality control within cardiomyocytes and its reduction impairs the clearance of damaged
mitochondria (Fig. 5).

In summary, the present study uses NRVCs to demonstrate a new pathway for the clearance
of dysfunctional mitochondria in which BAG3 regulates both endogenous and exogenous
expression of Parkin. BAG3 and Parkin are both recruited to the mitochondria upon
depolarization. BAG3 knock-down reduced autophagy flux and impaired the clearance of
defective mitochondria which led to the higher levels of toxicity within the cells and
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subsequent cell death. Proteasome inhibition suggested BAG3’s crucial role in activating the
autophagy process along with other autophagy proteins such as HSP70 and P62. However,
further mechanistic studies are needed to determine the mechanism through which BAG3
and Parkin function, whether Parkin ubiquitination signaling is essential for BAG3
recruitment, and whether BAG3 works upstream of Parkin. Moreover, the role of BAG3 as a
key factor in mitophagy regulation in adult cardiomyocytes remains to be demonstrated.
Taken together, our observations demonstrate that BAG3 may be a promising target for the
treatment of heart failure and other myofbrillar myopathies.
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Figure 1. BAG3 regulates autophagy and isrecruited to mitochondria upon depolarization
(A) NRVCs were treated with CCCP (20 uM, 6 hr) in the absence or presence of

Bafilomycin Al (Baf, 50 nM, 6 hr) and autophagy markers LC3 and P62 were evaluated
using Western blot analysis. CCCP treatment increased autophagy marker, LC3 Il, and
BAG3 knockdown cells had lower autophagy flux compared to control cells. (B) The protein
expression analysis of the whole cell extract after treatment with CCCP (20 pM, 4 hr). (C)
NRVCs were treated with CCCP (20 uM, 4 hr) and then mitochondrial fraction was isolated.
Mitochondrial and cytosolic fractions were analyzed using Western blot analysis. BAG3 and
Parkin translocated to mitochondria upon depolarization and BAG3 knock-down increased
the level of Parkin translocated to depolarized mitochondria. VDAC and GAPDH were used
as markers of mitochondria and cytosol, respectively (data were normalized with respect to

GAPDH).
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Figure 2. BAG3 mediates clear ance of defected mitochondria through autophagy-lysosome when
proteasome isinhibited

NRVCs were treated with CCCP (20 pM) in the presence or absence of MG132 (5 pM). 12
hr post-treatment, cells were analyzed with (A) Western blot for protein analysis or (B) qRT-
PCR for mRNA expression analysis. (C) NRVCs were treated with MG132 (20 uM, 5 hr)
and BAG3 and Tom20 localizations were visualized with a fluorescence microscope. (D)
Mitochondrial and cytosolic fractions were analyzed for BAG3 translocations after
proteasome inhibition (20 uM, 5 hr). By inhibiting proteasome, LC3 Il level increased,
suggesting activation of autophagy-lysosome degradation pathway in the absence of
proteasome-ubiquitin pathway. Both mRNA and protein expressions of BAG3, HSP70 and
P62 increased by inhibiting proteasome; while Parkin level remained unchanged.
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Figure 3. BAG3 regulates Parkin expression and BAG3 knock down impairs mitopahgy in

cardiomyocytes

(A) CCCP (20 uM, 2 hr) treatment caused the fragmentation of Tom20 network and Parkin
was recruited to the depolarized mitochondria. (B) Parkin degraded along with the
mitochondrial degradation after CCCP treatment (20 UM, 6 hr). Parkin endogenous level
increased as a result of BAG3 knock down. (C) H9c2 cells were transfected with YFP-
Parkin with or without BAG3 siRNA. 48 hr after transfection, cells were treated with DMSO
or CCCP (20 pM, 4 hr) and fluorescent signal was detected using flow cytometry analysis.
Cells with BAG3 supression showed higher levels of Parkin expressions. (D) Knock down of
BAGS3 significantly inhibited the clearance of Tom20 after CCCP treatment (20 uM, 12 hr).
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Figure 4. Cellular death and bioener getics assays after CCCP treatment
(A) Mitochondrial fractions were isolated and intracellular ATP level was measured. CCCP

treatment led to the decrease in ATP level. BAG3 knock-down cells showed a higher ATP
level compared to the control cells treated with CCCP, suggesting the impairment of
mitochondrial clearance in the absence of BAG3. (B) Cox-2 protein level increased after
CCCP treatment. (C) The expression of pro-apoptotic proteins after CCCP treatment was
analyzed using Western blot analysis. (D) NRVCs were treated with CCCP (20 uM or 50
uM) and cell death was analyzed using SYTOX Green cell death assay. BAG3 knock-down
cells showed more sensitivity to mitochondrial stress condition. */<0.05; **/<0.01.
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Figure 5. Schematic diagram of Tom20 degradation in car diomyocytes
(A) BAG3 and Parkin translocate from cytosol to mitochondria upon depolarization. Parkin

functions as an E3 ubiquitin ligase and ubiquitinates Tom20. Tom20 is then sequestered
within autophagosome and BAG3 through interactions with microtubule, targets the cargo
for lysosomal degradation. (B) BAG3 knockdown increases Parkin expression and more
Parkin translocates from cytosol to depolarized mitochondria. Autophagy flux decreases and
Tom20 clearance is impaired when BAG3 is not present, suggesting that BAG3 is one of the
key regulators of mitophagy in cardiomyocytes.
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