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ABSTRACT
Mitochondria provide the main energy required for cardiac excitation-contraction
coupling via aerobic oxidative phosphorylation (OXPHOS) process. Accumulation of
reactive oxygen species (ROS), by-products of mitochondrial respiration, within
dysfunctional mitochondria results in the activation of cardiac cell death pathways and
has been associated with heart failure development. Therefore, maintaining mitochondrial
homeostasis as a balance between mitochondrial biogenesis and degradation is of great
importance toward cardiac proper functioning. In addition to the importance of
mitochondrial energy supply, gap junctions, intercellular channels which connect plasma
membrane of adjacent cardiomyocytes, by propagating action potential throughout the
myocardium maintain cardiac synchronous beating and rhythm. Gap junctions have a
rapid turnover and impair of gap junction quality control impacts cell-to-cell
communication; resulting in electrical conduction abnormalities and arrhythmogenesis.
Therefore, understanding the underlying mechanism the quality control of mitochondria
and gap junctions profoundly contributes toward understating the genesis of
cardiomyopathy.

Furthermore,

cardiovascular

problems

in

HIV

(Human

immunodeficiency virus) positive patients whose viral load is controlled via antiretroviral
therapy remains a problem while the underlying mechanism remains elusive. The current
study has used an in vitro model of primary neonatal rat ventricular cardiomyocytes
(NRVCs) to discover the molecular mechanisms of mitochondrial as well as gap junction
quality control under normal and stress conditions. Furthermore, electrical activities of
the primary cardiomyocytes were recorded using microelectrode array (MEA) system and
important electrophysiological components such as impulse propagation pattern and
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conduction velocity were extracted from the complex signal recordings. Overall, we have
pursued four main aims; Aim 1. Dysregulation of mitochondrial quality control
machinery leads to cardiac death; Aim 2. HIV-1 Tat (transcriptional transactivator)
dysregulates cardiac homeostasis via mitochondrial pathway; Aim 3. Impairment of
protein quality control impacts the quality of gap junction; Aim 4. Inhibition of gap
junction quality dysregulates electrical signal propagation within the culture.
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STATEMENT OF SIGNIFICANCE
Cardiovascular problems are the leading cause of morbidity and mortality as they
contribute to the human death of more than 610,000 in the United States every year.
Despite controlling the viral load via antiretroviral therapies, patients infected by Human
Immunodeficiency Virus-1 (HIV-1) carry a high risk of cardiac complications such as
hypertrophy, vasculopathy and valvular heart disease. Furthermore, the current
antiretroviral therapies may even lead to the development of other cardiovascular
complications such as ischemic heart disease. Therefore, understanding the precise
mechanisms and key molecular players underlying heart diseases contributes toward
development of more effective clinical therapies for cardiac complications emerged either
under HIV infection or other cardiac stress conditions such as ischemia/reperfusion in
case of cardiopulmonary bypass. Genetic or pharmacologic modulation of these
molecular players plays an important role in switching the stress-activated pathways
toward cardioprotective pathways. Considering the role of mitochondria in supplying
more than 90% of energy required for cardiac excitation-contraction coupling as well as
the role of gap junctions in regulating cell-to-cell communication in the myocardium,
dysregulation of their quality has been associated with development of various
cardiovascular problems and heart failure. Therefore, this study investigates the
underlying mechanisms and key molecular players regulating the function of
mitochondria and gap junctions in primary cardiomyocytes.
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CHAPTER 1
LITERATURE REVIEW AND SUMMARY OF SPECIFIC AIMS
Abstract
Mitochondria are dynamic organelles and are highly abundant in cardiomyocytes. By
supplying the major energy required for cardiac excitation-contraction coupling as well
as controlling the key intracellular survival and death pathways, mitochondria play an
important role in maintaining cardiac homeostasis and proper functioning. Healthy
mitochondria generate ATP molecules through an aerobic process known as oxidative
phosphorylation (OXPHOS). Mitochondrial injury under myocardial infarction impairs
OXPHOS and results in the excessive production of reactive oxygen species (ROS),
bioenergetics insufficiency and contributes toward development of cardiovascular
problems. Therefore, presence of proper mitochondrial quality control machinery which
removes unhealthy mitochondria along with mitochondrial biogenesis is pivotal for
mitochondrial homeostasis and cardiac health. Upon damage to mitochondrial network,
mitochondrial quality control components are employed to segregate the unhealthy
mitochondria or mitochondrial proteins for further degradation and elimination. Impair of
mitochondrial quality control and accumulation of abnormal mitochondria have been
reported in pathogenesis of various cardiac problems and heart failure. This review
provides an overview of recent studies describing various mechanistic pathways
underlying the mitochondrial homeostasis with the main focus on cardiac cells. In
addition, this review demonstrates the potential role of mitochondrial quality control
dysregulation in development of cardiovascular disease.
Keywords: Mitochondrial quality control, Mitophagy, Proteasome, Cardiomyopathy,
BAG3, Ischemia/Reperfusion Injury. Fission, Fusion
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Introduction
Mitochondria by generating energy and controlling key signaling of cell death play an
important role in maintaining cellular homeostasis and mitochondrial disorders have
been associated with the development of a large number of cardiovascular diseases
such as atherosclerosis, ischemic heart disease, cardiac hypertrophy and heart failure
[Chistiakov et al., 2017]. Mitochondria synthesize a large amount of energy via oxidation
of carbohydrates, fats and amino acids through oxidative phosphorylation (OXPHOS)
respiratory chain in which electron transport chain across the mitochondrial inner
membrane results in the reduction of oxygen and subsequent production of ATP
molecules [Narendra et al., 2011, Koene et al., 2009, Joncheere et al., 2012]. Patients
with mitochondrial defects show deficiencies in ATP synthesis and energy metabolism
[Koene et al., 2009]. Considering the high energy demand of cardiac excitationcontraction cycle and the role of OXPHOS in supplying the highest energy of cardiac
muscle, patients with mitochondrial abnormalities carry a high risk of heart disease
development which is a leading cause of mortality in those patients [Holmgren et al.,
2003, Rosca et al., 2013]. For example, hypertrophic cardiomyopathy was found in
children with cytochrome c deficiency which led to their death before the age of 13 years
[Holmgren et al., 2003].
Dysfunctional mitochondria have diminished capacity for ATP synthesis and generate
excessive amounts of ROS. ROS are highly reactive by-products of mitochondrial
respiration and their accumulation within the cells damages cellular components such as
DNA, carbohydrates, proteins and lipids leading to aging acceleration and cell death
[Narendra et al., 2011, Koene et al., 2011]. Considering the abundance of mitochondria
in cardiac muscle, elevated levels of ROS results in chronic oxidative damage and
contributes toward development of cardiovascular disease and potentially heart failure
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[Drummomd et al., 2011, Billia et al., 2011]. In this regard, mitochondrial quality control
machinery which targets the unhealthy mitochondria or mitochondrial proteins for
degradation and removal plays a vital role toward maintaining myocardial homeostasis
[Chistiakov et al., 2017]. Accumulation of abnormal, enlarged mitochondria has been
reported in myocardial tissue of patients with hypertrophic and dilated cardiomyopathy
[Holmgren et al., 2003, Rosca et al., 2013].
The quality of mitochondria is ensured via different intracellular pathways. Degradation
of mitochondrial damaged proteins usually occurs via ubiquitin-proteasome system
(UPS); whereas under chronic pathological condition whole mitochondrion is degraded
by autophagy-lysosome [Hammerling et al., 2014]. In these two pathways, substrates
are covalently conjugated with a small protein known as ubiquitin in an ubiquitination
process mediated by ubiquitin-handling enzymes and targeted for further degradation
and removal either by proteasome or lysosome [Bragoszewski et al., 2017]. Impair of
mitochondrial quality control components has been associated with contractile
dysfunction and cardiovascular disease [Nakai et al., 2007]. Within this review, we
describe recent discoveries about the mechanisms underlying the quality control of
mitochondria in cardiac cells. Furthermore, we discuss how impairment in the function of
mitochondrial quality control components may impact cardiac homeostasis leading to
development of cardiovascular complications.

Mitochondrial metabolism in heart
OXPHOS is an aerobic metabolic pathway in which electrons are transferred through an
electron transport chain (ETC) along with the mitochondrial inner membrane to reduce
oxygen

into

water

molecules

and

simultaneously

protons

are

pumped

into

intermembrane space against their concentration gradient (ΔpHm) [Perry et al., 2011,
Koene et al., 2009]. The movement of electrons in this respiratory chain creates a
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negative charge inside the mitochondrial matrix known as mitochondrial membrane
potential (m) [Logan et al., 2016]. Then by F1/F0 ATPase, complex V, protons move
down their electrochemical gradient (m and ΔpHm) into the matrix resulting in the
synthesis of ATP molecules [Holmgren et al., 2003, Perry et al., 2011, Jonckeere et al.,
2012]. Alterations in mitochondrial respiratory chain have been associated with
development of cardiovascular disorders which can potentially advance to heart failure
[Doenst et al., 2013]. For example, mitochondrial ETC defects have been implicated in
the pathogenesis of diabetic cardiomyopathy in patients with diabetes mellitus
[Berthiaume et al., 2017]. Furthermore, oxidative stress as a consequence of respiratory
chain dysfunction is accompanied with development of cardiac hypertrophy [Maulik et
al., 2012].
m functions as a crucial driving force for ATP synthesis. Considering the abundance
of mitochondria in the heart and role of mitochondria in supplying the major ATP
requiredfor excitation-contraction coupling of cardiac cells [Griffiths et al., 2009],
therefore m serves as an important indicator of cardiomyocyte health [Logan et al.,
2016]. Pathological stress damaging mitochondria results in m collapse and energetic
deficit leading to activation of cell death pathways and potential cardiovascular problems
[Perry et al., 2011, Jonckeere et al., 2012, Kuzmicic et al., 2011]. The extent of
mitochondrial damage has been reported as a key determinant factor of myocardial
injury under ischemia-reperfusion toward progression to heart failure [Doenst et al.,
2013, Niemann et al., 2017]. Ischemia-reperfusion injury as a consequence of coronary
heart disease dramatically increases mitochondrial permeability leading to dissipation of
electron and proton gradients, dysregulation of mitochondrial calcium homeostasis and
release of superoxide and apoptosis inducing factors which give rise to myocardial cell
death [Kang et al., 2017, Lesnefsky et al., 2017, Zhang et al., 2018]. Furthermore,
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mitochondrial super complexes lose their integrity as ETC subunits degrade under IR
which leads to impair of mitochondrial metabolism and enhanced ROS generation [Jang
et al., 2017, Sepuri et al., 2017] (Figure 1.1).

Figure 1.1. Schematic of mitochondrial oxidative phosphorylation process. (A) Movement
of electrons through the complexes embedded in mitochondrial inner membrane creates an
electrical gradient (m) and simultaneously protons are pumped into the intermembrane space
creating a proton gradient (ΔpHm). Electrical and proton gradients together create an
electrochemical motive force leading to the synthesis of ATP by F 1/F0 ATP-synthase. (B)
Ischemia/reperfusion damages mitochondrial respiration and leads to myocardial injury.

Mitochondrial dynamism in heart
Mitochondria account for over 30% of myocardial mass [Chen et al., 2011]. In neonatal
cardiomyocytes, mitochondria are located throughout the cytosol; whereas in adult heart,
mitochondria

are

arranged

within

three

subpopulations

of

subsarcolemmal,

myofibrillarand perinuclear mitochondria [Ong et al., 2017]. Upon damage to
mitochondrial network, mitochondria undergo structural and functional remodeling to
replenish the damaged mtDNA and dysfunctional units [Gegg et al., 2011, Niemann et
al., 2017]. To this end, mitochondria undergo fission and divide into two daughter
mitochondria, one with increased m and high fusion affinity while the other one bears
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diminished m and low fusion affinity [Ashrafi et al., 2013]. The damaged units with
major loss of functionality are then targeted by mitochondrial quality control machinery
for degradation and clearance; while the bioenergetically active units go under further
regeneration and repair to maintain membrane potential [Narendra et al., 2011, Song et
al., 2015].
Fission and fusion proteins function in a network to maintain mitochondrial homeostasis
and play an important role in regulating cardiac response under pathological conditions
such as ischemia-reperfusion, cardiomyopathy and heart failure [Kuzmicic et al., 2011].
Alterations of mitochondrial dynamic play a key role in pathophysiology of various
cardiac complications [Niemann et al., 2017]. Mice with deficiency of fission protein,
Drp1 (Dynamin-related protein 1), indicated lethal dilated cardiomyopathy with
ventricular wall thinning and reduced ejection fraction [Song et al., 2015]. Drp1 is highly
expressed in the heart, upregulates under stress [Chan et al., 2011] and translocates
from cytosol to the outer mitochondrial membrane to regulate mitochondrial dynamism
[Ikeda et al., 2015]. Drp1 deletion led to the mitochondrial enlargement and excessive
activation of mitophagy machinery [Song et al., 2015, Song et al., 2015]; and Drp1deleted mice developed heart failure 6 to 7 weeks after deletion [Song et al., 2015].
Mitochondrial fission by promoting autophagic degradation of damaged mitochondria
plays a protective role; however, excessive fission leads to mitochondrial mass loss,
ATP deficit and apoptosis activation [Zhou et al., 2017, Jin et al., 2018]. Drp1 functions
with the Bcl-2 family proteins, BAX and BAK, and promotes mitochondrial fragmentation,
mitochondrial outer membrane permeabilization and cytochrome c release in response
to apoptosis stimulation [Große et al., 2016]. Inhibition of Drp1 by hindering excessive
fission at the onset of reperfusion, maintained mitochondrial integrity and played a
cardiprotective role under cardiac stress circumstances such as IR and cardiac arrest in
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cell [Ong et al., 2010, Sharp et al., 2014], murine [Ong et al., 2010, Sharp et al., 2015]
and rat models [Tian et al., 2017, Disatnik et al., 2013]. Furthermore, reducing the levels
of mitochondrial fission factor, Mff, under hypoxia/reoxygenation resulted in enhanced
mitochondrial homeostasis as mitochondrial membrane potential loss was recovered
and apoptosis induction reduced [Jin et al., 2018].
Mitochondrial fusion proteins, Mfn1 and Mfn2, reside on the outer mitochondrial
membrane and ensure health of mitochondrial network by regulating fusion process
[Ikeda et al., 2015]. Considering the enormous amount of energy required for myocardial
contractility, presence of a fused mitochondrial network is of great importance toward
cardiac proper functioning [Kuzmicic et al., 2011]. In neonatal cardiac cells, mitochondria
are mobile; whereas, in adult cardiac cells mitochondria are relatively static and have
limited motility [Ong et al., 2017]. Fission and fusion occurrence in post mitotic myocytes
of adult hearts remains controversial; however these proteins are essential for
mitochondria to adjust their metabolism to meet the energy demands of cardiac muscle
and their disruption causes cardiovascular complications [Chen et al., 2011, Song et al.,
2015]. Suppression of fusion proteins in Drosophila model led to dilated cardiomyopathy
as well as contractile abnormality [Dorn et al., 2011]. Deletion of fusion proteins,
Mfn1/Mfn2, in mice heart resulted in abnormal mitochondrial morphology and
mitochondrial fragmentation leading to ventricular wall thickening and increase in cardiac
mass (>30%) accompanied with the symptoms of eccentric hypertrophy [Song et al.,
2015].

Mitochondrial quality control in heart
Autophagy-lysosome and ubiquitin-proteasome system (UPS) are two major proteolytic
machineries which degrade intracellular substrates to maintain protein homeostasis
[Minoia et al., 2014]. Deficiency or dysregulation of protein quality control pathways have
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been implicated in muscle degeneration in dystrophic patients [Wattin et al., 2018].
Clearance of misfolded proteins mostly occurs by UPS, while protein aggregates and
damaged organelles degrade mostly by autophagy pathway [Liu et al., 2013].
Mitochondrial damaged proteins degrade via UPS; while elimination of entire
mitochondrion under chronic stress selectively occurs via mitochondrial autophagy
known as mitophagy [Hammerling et al., 2014]. Failure in the function of mitochondrial
quality control machinery has been described in pathogenesis of heart failure [Doenst et
al., 2013].

Mitochondrial degradation via proteasome
Degradation of mitochondrial damaged proteins mostly occurs via proteasome. UPS
components are localized on mitochondria and are key regulators of mitochondrial
dynamism. Inhibition of proteasome activity can cause mitochondrial function
abnormalities [Bragoszewski et al., 2017]. For this purpose, damaged proteins are
tagged with ubiquitin protein through the action of an E1 ubiquitin-activating enzyme, an
E2 ubiquitin-conjugating enzyme, and an E3 ubiquitin ligase and targeted for elimination
via the proteasome [Ciechanover et al., 2017]. Accumulation of poly-ubiquitinated
substrates has been observed in heart tissue of patients with cardiac manifestations
such as cardiomyopathy and heart failure [Nishida et al., 2017]. Furthermore, impair of
UPS function has been detected in heart tissues of patients with hypertrophic
cardiomyopathy and human failing hearts; while no changes in protein content of the
UPS subunits were detected in those patients [Predmore et al., 2009]. Enhancement of
cardiac proteasome proteolytic function has been demonstrated to play a protective role
against pathophysiology of proteinopathy and ischemia-reperfusion injury in mice [Li et
al., 2011].
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Proteasome-dependent degradation is an important pathway for the quality control of
mitochondrial fission and fusion proteins [Bragoszewski et al., 2017]. In this regard,
parkin-mediated degradation of mitochondrial proteins via proteasome has been
reported in several research studies [Chan et al., 2011, Yoshii et al., 2011]. Upon
mitochondrial

membrane

potential

loss,

parkin

translocates

ubiquitinates mitochondrial outer membrane proteins

to

mitochondria,

[Narendra et al., 2008,

Bragoszewski et al., 2017], and by recruiting proteasome components to mitochondria
activates UPS [Chan et al., 2011, Hammerling et al., 2014]. For example, fission protein,
Drp1, was indicated to be ubiquitinated by Parkin and targeted for degradation through
proteasome in neurons. Parkin suppression resulted in the accumulation of Drp1 and
mitochondrial fragmentation [Wang et al., 2011]. However, fewer studies have been
performed regarding the role of proteasome in degradation of mitochondrial proteins in
cardiac cells.
Autophagy-lysosome and UPS pathways have been reported to be interrelated; such
that inhibition of proteasome activity leads to activation of autophagy-lysosome pathway
[Liu et al., 2013, Tahrir et al., 2017]. Under pressure overload, inhibition of proteasome
activity by preventing cardiac remodeling played a protective role and inhibited heart
failure progression in mice model [Hedhi et al., 2009]. In addition, proteasome inhibition
reduced the size of myocardial infarction after reperfusion injury [Pye et al., 2003].
However, whether protective effects of proteasome inhibition under stress conditions
arise from activation of autophagy-lysosome remains to be determined.

Mitochondrial degradation via mitophagy
Autophagy is a catabolism mechanism which by degrading non-essential or
dysfunctional cytoplasmic constituents preserves cellular ATP level and allows cells to
survive longer under adverse nutritional condition [Yoshii et al., 2011, Zhang et al.,
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2014]. Under pathological conditions cells protect themselves by activating survival
pathways such as autophagy; however, chronic pathological conditions trigger apoptotic
and necrotic pathways [Scherz-Shouval et al., 2007]. Autophagy upregulation in mouse
atrial HL-1 cardiomyocytes and human AC16 cells under mitochondrial stress restored
m and mitochondrial respiration [Dutta et al., 2013]. Mitochondrial autophagy is
selective degradation of mitochondria via autophagy which is known as mitophagy. In
this process, defective mitochondria are marked with ubiquitin chains and engulfed into
double-layered vesicles, autophagosomes, and ultimately delivered to lysosome for
further degradation and removal [Padman et al., 2013, Yoshii et al., 2011, Matsuda et
al., 2015]. Accumulation of damaged mitochondria when mitophagy is impaired is
associated with oxidative stress, reduced respiration and death activation in
cardiomyocytes [Tahrir et al., 2018]. Mitophagy-mediated degradation of mitochondria
has been extensively studied in cardiac cells; suggesting the importance of mitophagy
pathway in maintaining mitochondrial quality control in the heart [Song et al., 2015, Chen
et al., 2013, McWilliams et al., 2018]. Various mechanisms of mitophagy-mediated
degradation of mitochondria in cardiac cells are overviewed below.
Parkin-mediated mitophagy
Parkin gene encodes an E3 ubiquitin ligase composed of 465 amino acids [Truban et al.,
2017]. Parkin through interaction with E2 ubiquitin-conjugating enzymes promotes
ubiquitination of mitochondrial proteins and targets them for degradation and removal
[Chan et al., 2011, Lee et al., 2010]. Parkin translocation to mitochondria is pink1
(PTEN-induced putative kinase 1) dependent [Vives-Bauza et al., 2010]; such that
PINK1

promotes

phosphorylation

events

on

depolarized

mitochondria

and

phosphorylation acts as a signal for Parkin recruitment and subsequent ubiquitination
[Chen et al., 2013, Lazarou et al., 2015, Kane et al., 2014, Kazlauskaite et al., 2014,
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Koyano et al., 2014]. Ubiquitination then allows for binding of mitophagy proteins such
as p62/SQSTM1 and LC3 followed by cargo sequestration within autophagosome and
elimination of dysfunctional mitochondria via lysosome [Hammerling et al., 2014,
Narendra et al., 2011, Gegg et al., 2011]. Parkin deficiency in mice did not alter
mitochondrial respiration or cardiac function under basal condition; suggesting that
Parkin-mediated mitophagy may not be essential for cardiac function [Kubli et al., 2013,
Song et al., 2015]. However, parkin-deficient hearts indicated declined cardiac function
and larger infarct size compare to control mice after myocardial infarction [Kubli et al.,
2013]. Parkin-mediated mitophagy by maintaining mitochondrial homeostasis prevented
heart failure progression in mice with transverse aortic constriction (TAC) [Wang et al.,
2018] and in rats with injured hearts post MI [Qiao et al., 2018].
Mitochondrial outer membrane protein, Mfn2 functions as a substrate for Pink1
phosphorylation and phosphorylated Mfn2 is ubiquitinated by Parkin and subsequently
mitophagy is activated [Chen et al., 2013]. Mutated Mfn2 lacking Pink1 phosphorylation
site inhibited recruitment of Parkin to depolarized mitochondria and activation of
mitophagy in mouse hearts [Gong et al., 2015]. Mfn2 deletion in mouse hearts inhibited
Parkin-mediated mitophagy [Song et al., 2014] and caused mitochondrial enlargement
with impaired respiration [Chen et al., 2013] and higher ROS production; leading to heart
failure development [Song et al., 2014]. Mfn2 deficiency in mouse cardiac myocytes
inhibited Parkin translocation to mitochondria and reduced ubiquitination when
mitochondria were depolarized. Furthermore, Mitophagy activation and p62 recruitment
reduced in Mfn2-deficient mouse cardiomyocytes in response to mitochondrial damage
[Chen et al., 2013] (Figure 1.2). Additionally, Mfn1/Mfn2 deficiency in mouse hearts led
to mitochondrial fragmentation and mitochondrial morphology abnormalities without
mitophagy activation [Song et al., 2015] followed by lethal cardiomyopathy and heart
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failure progression by 7 to 8 weeks of age [Chen et al., 2011]. However, Mfn1 deficiency
did not impair Parkin translocation and mitochondrial ubiquitination [Chen et al., 2013].

Figure 1.2. Mfn2 functions as a substrate for Parkin ubiquitination in mitophagy process.
(A) Parkin ubiquitinates Mfn2 in a PINK1-dependent manner in depolarized cardiac myocytes. (B)
Mfn2 ablation inhibited Parkin translocation and recruitment of p62 to depolarized mitochondria;
leading to mitophagy impairment and accumulation of damaged mitochondria.

In drosophila model, Parkin-deleted hearts were detected with the accumulation of
enlarged, depolarized mitochondria with abnormal morphology and high ROS content
which advanced to development of dilated cardiomyopathy [Bhandari et al., 2014]
(Figure 1.3A). Furthermore, Mitofusin ortholog, MARF (mitochondrial assembly
regulatory factor), deficiency in drosophila heart resulted in enhanced levels of ROS and
mitochondrial depolarization leading to development of dilated cardiomyopathy
[Bhandari et al., 2014]. Interestingly, MARF knockout in Parkin-deficient drosophila
hearts rescued cardiomyopathy by correcting heart tube contraction and mitochondrial
dysfunction; whereas mitochondrial dysmorphology was not normalized [Bhandari et al.,
2014] (Figure 1.3B). Parkin deficiency impairs mitophagy and presence of fusion
proteins may lead to contamination of healthy mitochondria with the unhealthy ones;
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while simultaneous suppression of Parkin and fusion proteins prevents that event
[Bhandari et al., 2014].
In mice undergoing pressure overload, mitophagy was upregulated in a Drp1-dependent
manner. Prolonged pressure overload led to mitophagy suppression and heart failure
development [Shirakabe et al., 2016]. Deficiency of cardiac Drp1 impaired mitochondrial
degradation and resulted in the accumulation of enlarged mitochondria surrounded in
vacuolar compartments, impaired mitochondrial respiration and development of lethal
cardiomyopathy in mice [Kageyama et al., 2014]. Parkin deletion led to increased levels
of Drp1 and simultaneous deficiency of Drp1 and Parkin exacerbated cardiomyopathy
[Kageyama et al., 2014]. Controversial results were published by another group;
demonstrating that Parkin deficiency rescued Drp1 ablation effect in adult mouse hearts
by improving cardiac function and survival [Song et al., 2015]. They demonstrated that
Drp1 deficiency led to Parkin upregulation and elevated mitophagy resulting in
mitochondrial mass loss and lethal cardiomyopathy. Therefore, simultaneous deficiency
of Parkin and Drp1 reduced mitophagy and ventricular remodeling and improved cardiac
contractility and diminished cardiac myocyte necrosis [Song et al., 2015].
However, whether dysregulation of cardiac function under pathological conditions such
as ischemia/reperfusion occurs via direct effect on cardiomyocytes or impairing the
function of neighboring cells such as endothelial cells may contribute toward
pathogenesis of cardiomyocyte complications remains elusive. Recent study in mouse
hearts has described that excessive Drp1-mediated fission and subsequent Parkinmediated mitophagy triggers endothelial cell death pathways; leading to microvascular
injury and barrier permeability under reperfusion injury [Zhou et al., 2017]. Suppression
of Drp1-meditade mitochondrial fission inhibited apoptosis and protected cardiac
microvascular system [Zhou et al., 2017].
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Figure 1.3. Parkin-mediated mitophagy in drosophila heart. (A) Parkin deficiency in
drosophila heart impaired mitophagy and led to development of dilated cardiomyopathy. (B)
Simultaneous deletion of MARF and Parkin rescued cardiomyopathy.

Receptor-mediated mitophagy
Mitophagy receptors such as Bnip3l, BCL2/adenovirus E1B, also known as Nix (Nip3like protein X), and FUNDC1 (FUN14 domain containing 1) reside on mitochondrial outer
membrane and by regulating mitophgay pathway play an important role under I/R
[Hammerling et al., 2014, Nishida et al., 2017, Yuan et al., 2017]. FUNDC1 is highly
expressed in the heart and mediates mitochondrial fragmentation and mitophagy under
hypoxia [Liu et al., 2012, Zhang et al., 2017]. FUNDC1 interacts with LC3 on
autophagosome membrane and impair of LC3-interacting domain of FUNDC1 impairs
mitophagy [Liu et al., 2012]. Under cardiac I/R, activation of FUNDC1-mediated
mitophagy during ischemia blocks apoptosis; whereas, in reperfusion phase FUNDC114

mediated mitophagy is impaired which leads to apoptosis activation [Zhou et al., 2017].
Cardiomyocytes have been reported as major targets of I/R injury, however; recent
findings have demonstrated that circulating platelets play a crucial role in determining
cardiac dysfunction as a consequence of I/R injury [Zhang et al., 2018]. Mice lacking
FUNDC1 in their platelets had smaller infarct size with improved cardiac function
compare to control mice under I/R [Zhang et al., 2017]. Mitophgay improves energy
metabolism of platelets; therefore, activated platelets form thrombi and occlude coronary
artery leading to secondary ischemia and contribute toward cardiac IR injury [Zhang et
al., 2018]. In this regard, pharmacological or genetic manipulation of FUNDC1-mediated
mitophagy in platelets which suppresses their hyperactivity can protect heart against I/R
injury [Zhang et al., 2017, Zhou et al., 2017, Zhang et al., 2016].
BAG3-mediated mitophagy
Bcl-2-associated athanogene 3 (BAG3) is highly expressed in skeletal and cardiac
muscles [Homma et al., 2006] and maintains myofibrillar organization and prevents zdisk disruption and muscle degeneration [Hishiya et al., 2010]. BAG3 gene disruption in
mice led to myofibrillar degeneration and development of lethal myopathy followed by
death 4 weeks post disruption [Homma et al., 2006]. BAG3 also functions as a
chaperonic protein and targets misfolded proteins for lysosomal degradation via
autophagy pathway [Minoia et al., 2014, Zhang et al., 2014, Gamerdinger et al., 2010]
and mutations of BAG3 have led to proteotoxic stress and severe cardiomyopathy
[Schänzer et al., 2018]. Alterations in mtDNA, mitochondrial respiration and
mitochondrial biogenesis have been reported in patients with myofibrillar myopathies
[Vincet et al., 2016]. Furthermore, recent studies have demonstrated that parkinindependent mitophagy occurs in cardiac cells through compensatory mechanisms
[Piquereau et al., 2013]. Therefore, recent studies have reported the role of BAG3 in
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regulating mitochondrial dynamic and mitochondrial quality control in cardiac cells;
however, the exact underlying mechanisms remain elusive [Tahrir et al., 2017, Quintana
et al., 2016]. In neonatal cardiomyocytes, BAG3 level significantly increased in
mitochondrial fraction under mitochondrial stress and suppression of BAG3 reduced
mitophagy and impaired clearance of damaged mitochondria leading to apoptosis
induction and significant cardiomyocyte death [Tahrir et al., 2017]. Furthermore, BAG3
mutation resulted in mitochondrial fragmentation and alteration of mitochondrial fission,
Drp1, and fusion, Opa1 (cellular optic atrophy-1 protein), proteins in mouse hearts
leading to progressive heart failure development [Quintana et al., 2016].

Mitophagy during cardiac development
Mitochondrial dynamic and metabolism change during development [Neary et al., 2014,
Gong et al., 2015]. Fetal cardiomyocytes have metabolic tolerance to hypoxia; whereas,
after birth oxygen encountered by neonate acts as a driving force for mitochondrial
remodeling and biogenesis toward aerobic metabolism to meet the energy demand of
adult myocardium [Neary et al., 2014, Papanicolaou et al., 2012, Dorn et al., 2015]. In
mouse fetal cardiomyocytes, mitochondria go under mitophagy mediated by Pink1-Mfn2Parkin to be replaced with mature adult mitochondria within the first 3 weeks of life.
Parkin deficiency in adult cardiomyocytes did not provoke any cardiomyopathy; whereas
Parkin ablation in fetal mice led to impaired mitochondrial maturation and lethal
cardiomyopathy [Gong et al., 2015]. Ablation of mitofusins in embryonic myocardium
was lethal [Chen et al., 2011] and perinatal expression of mutated Mfn2 lacking Pink1
phosphorylation site inhibited postnatal mitochondrial maturation and led to metabolic
arrest followed by lethal cardiomyopathy by 7 to 8 weeks of age in mice [Gong et al.,
2015]. Furthermore, double deficiency of Mfn1/Mfn2 in mid-gestitional cardiac myocytes
impaired mitochondrial remodeling, mitochondrial biogenesis and metabolic switch in
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postnatal cardiac cells and led to heart failure development by day of 7 followed by
survival loss by 16 days of age [Papanicolaou et al., 2012].

Cardiac complications as a result of mitophagy dysregulation
Mitophagy has been reported to play a controversial role under cardiac stress; either
protective or detrimental [Zhou et al., 2017, Shirakabe et al., 2016, Zhang et al., 2018].
Mitophagy by eliminating malfunctioning mitochondria avoids release of pro-apoptotic
proteins to cytosol and apoptosis activation; and mitophagy impairment causes
intracellular accumulation of ROS and increases cells vulnerability to oxidative damage
[Zhou et al., 2017, Wild et al., 2010]. ROS are byproducts of OXPHOS and have been
reported in cardiovascular complications particularly in cardiac hypertrophy [Dutta et al.,
2013, Liu et al., 2012]. Manipulating the metabolic activity of mitochondria by attenuating
myocardial oxidative stress ameliorated cardiomyopathy after myocardial infarction
[Engberding et al., 2004, Liu et al., 2012]. Autophagy induction in aortic-banded mice
attenuated oxidative stress, reduced myocardial infract size and improved cardiac
function in hypertrophic myocardium [Ma et al., 2018]. On the other hand, excessive
mitophagy is followed by mitochondrial mass loss and myocardial ATP deficiency [Jin et
al., 2018]. Therefore, a balance between mitochondrial degradation and mitochondrial
biogenesis is of great importance toward myocardial protection under stress. Atrial
biopsy of patients undergoing cardiopulmonary bypass during cardiac surgery indicated
that both mitophagy and mitochondrial biogenesis were upregulated after heart surgery
[Andres et al., 2017].
Mutations of Parkin and Pink1 genes, two key regulators of mitophagy, have been
associated with development of degenerative disorders [Barodia et al., 2017]. Parkindeficient mice had normal hearts [Piquereau et al., 2013, Song et al., 2015]; however,
mitochondrial functional abnormalities were observed in those mice [Piquereau et al.,
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2013]. Under stress, protective role of Parkin-mediated mitophagy has been reported in
several research studies [Song et al., 2015]. Lack of Parkin was accompanied with
mitophagy reduction and accumulation of damaged mitochondria after MI [Kubli et al.,
2013]. Parkin deficiency exacerbated cardiac and mitochondrial dysfunction under
sepsis [Piquereau et al., 2013]. Substantial reduction in the level of PINK1 protein was
detected in end-stage heart failure patients [Billia et al., 2011]. PINK1 deficiency in
mouse hearts resulted in elevated levels of oxidative stress as well as apoptosis leading
to left ventricular dysfunction and cardiac hypertrophy [Billia et al., 2011]. In addition,
PINK1 deficiency increased cardiac susceptibility to I/R injury in mice and
overexpression of PINK1 protected against I/R injury in cardiac cells [Sidall et al., 2013].
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Summary of Specific Aims:
Specific Aim 1: To evaluate the role of HIV-1 Tat in maintaining
mitochondrial homeostasis in neonatal cardiomyocytes.
Rationale: HIV infections are associated with the development of cardiomyopathies
[Manga et al., 2017]. Antiretroviral therapies decrease the HIV mortality but are
associated with peripheral and coronary atrial diseases [Domingo et al., 2008]. HIV-1 Tat
functions as a transcriptional transactivator and impacts intracellular gene expression,
both nuclear and mitochondrial genes, leading to alterations in mitochondrial function
and apoptosis induction [Rodríguez-Mora et al., 2015]. Considering the notion that major
energy demand of cardiomyocytes is supplied by mitochondria and energy deficit leads
to cardiomyopathy, we hypothesized that Tat may impair cellular homeostasis by
impacting mitochondrial oxidative phosphorylation as well as mitochondrial quality
control in cardiomyocytes; leading to the accumulation of dysfunctional mitochondria and
subsequent activation of apoptosis pathway and cardiomyocyte death.
Specific Aim 1a: This aim evaluates mitochondrial bioenergetics such as ATP level,
mitochondrial oxygen consumption rate, calcium signaling and electrophysiological
activity in Tat expressing as well as control cardiomyocytes.
Specific Aim 1b: By evaluating changes in mitochondrial mass and translocation of
mitophagy proteins, this aim investigates the effect of Tat expression on mitochondrial
quality control. In addition, mitochondrial ROS content and morphology are investigated
in this aim. Lastly, this aim investigates the signaling pathways through which apoptosis
is activated in the presence of Tat.
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Specific Aim 2: To evaluate the role of BAG3 in maintaining
mitochondrial quality control in neonatal cardiomyocytes.
Rationale: Considering the role of mitochondria in providing the main energy required
for cardiac contractility, maintaining mitochondrial homeostasis as a balance between
mitochondrial biogenesis and removal is of great importance toward cardiac proper
functioning. Although Parkin has been reported as a key regulator of mitophagy in
neurons [Narendra et al., 2008], but previous studies concluded that Parkin deletion did
not interfere with mitochondrial function or affect cardiac contractility in the heart [Kubli et
al., 2013]. Mutations of BAG3 have been reported in patients with cardiovascular
disorders [Feldman et al., 2014] and BAG3 deficiency resulted in development of severe
myopathy and death at 4 weeks of age in mice [Homma et al., 2006]. Furthermore, it has
been reported that HIV-1 Tat protein by enhancing BAG3 levels impacts cellular protein
quality control [Bruno et al., 2014]. These observations led us to hypothesize that BAG3
may play an important role in maintaining the homeostasis of mitochondria in
cardiomyocytes and suppression of BAG3 under mitochondrial pathological condition
may lead to apoptosis activation and cell death.
Specific Aim 2a: This aim evaluates the role of BAG3 in clearance of damaged
mitochondria from neonatal cardiomyocytes when mitochondrial damage is induced.
Specific Aim 2b: This aim evaluates how impairment of mitophagy through BAG3
suppression may lead to the upregulation of apoptotic markers and cardiomyocyte
death.
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Specific Aim 3: To evaluate the impact of BAG3 on turnover and
stability of gap junction protein Connexin 43.
Rationale: Heart failure is caused when heart is unable to pump sufficient blood to the
organs of body [Billia et al., 2011]. To ensure normal function of heart, mitochondria as
cellular power centers must generate enough amounts of ATP molecules and cardiac
cells must synchronize their electrical activity during excitation-contraction coupling with
the neighboring cells [Gaudesius et al., 2003]. Gap junctions permit the intercellular
exchange of ions and small molecules and propagate action potential throughout the
myocardium [Goldberg et al., 2004]. Cx43 is highly expressed in gap junction structure
and has a short half-life (t1/2) of within 1-5 hr in the heart. Impair of Cx43 turnover
dysregulates intercellular communications and leads to arrhythmogenesis [Falk et al.,
2014]. Considering the importance of BAG3 in protein quality control and protein stability
in cardiomyocytes, we hypothesized that BAG3 may play an important role in controlling
the quality of Cx43 and evaluated the impact of BAG3 suppression on the turnover of
Cx43 under normal and pathological conditions.
Specific Aim 3a: This aim evaluates the impact of BAG3 suppression on Cx43 turnover
under normal and pathological conditions.
Specific Aim 3b: This aim evaluates the impact of BAG3 on the stability and half-life of
Cx43.
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Specific Aim 4: To investigate the impact of BAG3 on
electrophysiological
activity
of
neonatal
cardiomyocytes.
Furthermore, this aim investigates the impact of gap junction
inhibition on mitochondrial bioenergetics.
Rationale: Gap junctions propagate action potential initiated by ion channels. Cx43 is
highly expressed in gap junction structure in the heart and Cx43 mutations impair action
potential conduction leading to arrhythmogenesis [Epifantseva et al., 2017]. Considering
the importance of gap junctions in cardiac electrical activity, it is of great importance to
evaluate the impact of Cx43 on electrophysiological activity of cardiac cells. Recently we
found that BAG3 suppression dysregulated the quality of Cx43 by increasing its
degradation. Herein, we hypothesized that BAG3 deficiency impairs electrophysiological
activity of primary cardiomyocytes. In vitro characterization of cultured cardiomyocytes
presents a valid experimental model to better understand intercellular communication of
cardiomyocytes in the complex heart tissue. For this purpose, non-invasive MEA system
was employed to record extracellular ion currents known as field potentials. MEA
generates large data set which requires precise data analysis methods for interpretation.
By developing MATLAB codes, important electrophysiological components of the system
of spontaneously beating cardiomyocytes such as spike frequency, spike amplitude, and
conduction velocity in control and BAG3-suppressed cardiomyocytes were extracted
from the complex signal simultaneously recorded by 60 electrodes throughout the
culture.
Gap junctions are located on the cell borders and permit metabolic and electrical
coupling between the neighboring cardiomyocytes [Zhou et al., 2014]. In addition to the
role of Cx43 in intercellular communication, previous studies reported that Cx43 is also
localized in the inner mitochondrial membrane of myocardium [Boengler et al., 2005].
Under ischemic preconditioning, Cx43 translocated to mitochondria and played a
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cardioprotective role which was independent of Cx43 role in cell-cell communication
[Boengler et al., 2005]. However, the precise mechanism through which translocation of
Cx43 to mitochondria plays a protective role remains under question. We hypothesized
that Cx43 may function as a key player in regulating mitochondrial function and focused
on evaluating the impact of Cx43 on mitochondrial bioenergetics under normal and
stress conditions.
Specific Aim 4a: This aim evaluates the effect of BAG3 suppression on
electrophysiological activity of neonatal cardiomyocytes.
Specific Aim 4b: This aim evaluates the effect of gap junction and Cx43 inhibition on
mitochondrial bioenergetics such as calcium uptake and ATP levels.
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CHAPTER 2
DYSREGULATION OF MITOCHONDRIAL BIOENERGETICS AND
QUALITY CONTROL BY HIV-1 TAT IN CARDIOMYOCYTES
Abstract
Even under treatment with antiretroviral therapy, cardiovascular disease remains a
leading cause of morbidity and mortality in HIV positive patients. However, the
underlying molecular events responsible for the development of cardiac disease in
patients whose viral load is controlled by treatment remains unknown. HIV encoded Tat
protein plays a critical role in the activation of HIV gene expression and profoundly
impacts infected cell homeostasis as well as the bystander uninfected cells that have
taken up Tat released by the infected cells. Since cardiomyocytes function, including
excitation-contraction coupling, greatly depends on the energy provided by the
mitochondria, in this study we performed a series of experiments to assess the impact of
Tat on mitochondrial function and bioenergetics pathways in a primary cell culture model
derived from neonatal rat ventricular cardiomyocytes (NRVCs). Our results show that the
presence of Tat in cardiomyocytes is accompanied by a decrease in oxidative
phosphorylation, a decline in the levels of ATP, and an accumulation of reactive oxygen
species (ROS). Moreover, Tat impairs the uptake of mitochondrial Ca2+ ([Ca2+]m) and
electrophysiological activity of cardiomyocytes. Tat also affects the protein clearance
pathway and autophagy in cardiomyocytes under stress due to hypoxia-reoxygenation
conditions. A reduction in the level of ubiquitin along with dysregulated degradation of
autophagy proteins including SQSTM1/p62 and a reduction of LC3 II were detected in
cardiomyocytes harboring Tat. Taken together, our results suggest that, by targeting
mitochondria and protein quality control, Tat significantly impacts bioenergetics and
autophagy in cardiomyocyte health and homeostasis.
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Introduction
HIV positive patients have been reported to be more vulnerable to development of
various cardiovascular disorders such as atherosclerosis, myocardial fibrosis and
myocardial infarction [Manga et al., 2017, Eugenin et al., 2008]. Although the direct
infection of cardiomyocytes by HIV remains controversial but these cells can uptake the
HIV proteins released by adjacent infected cells [Fiala et al., 2004]. For example, HIV by
infecting myocardial endothelial cells can lead to the chronic inflammatory response and
subsequent cardiac dysfunction [Manga et al., 2017]. Moreover, HIV has been reported
to infect vascular smooth muscle cells both in vivo and in vitro leading to the
development of vascular disease [Eugenin et al., 2008]. Antiretroviral therapies have
played an important role in suppressing HIV progression and reduced HIV mortality but
they increase the risk of dyslipidemia and contribute to the development of heart disease
[Domingo et al., 2008]. However, the precise molecular mechanism through which HIV
causes cardiac problems still remains to be elucidated.
Among the HIV-1 encoded proteins, Tat, a transcriptional activator, has received much
attention due to its toxic effect on the infected as well as the uninfected cells which
uptake Tat released by infected cells [Nath et al., 2014]. Tat protein led to apoptosis
activation and cell death in primary mouse striatal neurons [Singh et al., 2005]. In
addition, Tat protein has been reported as one of the key factors in development of
neurological complications in HIV-infected patients [Carey et al., 2012]. Tat plays a
critical role towards developing cardiomyopathy [Duan et al., 2013, Fang et al., 2009].
Transgenic mice expressing Tat indicated dysregulated cardiac function with reduced
heart rate as well as depressed systolic and diastolic function [Fang et al., 2009].
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However, precise studies are needed to further understand the underlying pathway
through which Tat results in cardiac dysfunction.
Mitochondrial abnormalities with impaired metabolic capacity are associated with the
development of cardiac dysfunction; as mitochondria are the major energy source for
cardiac function [Parihar et al., 2017]. Therefore, it would be of great importance to
explore whether Tat alters mitochondrial function leading to the development of HIV
cardiomyopathy. In addition, HIV-1 transgenic mouse exposed to stress condition
indicated higher risk of cardiac dysfunction. 10 days after open heart surgery, significant
reduction in both cardiac contractility and relaxation was observed in HIV-1 transgenic
(Tg26) mice; compare to normal littermates [Cheung et al., 2015]. However, the
underlying mechanism through which HIV sensitizes cardiac cells to stress condition
remains unclear. Autophagy, an intracellular degradation pathway in which dysfunctional
proteins and organelles are delivered to lysosome for further degradation, has been
reported to be targeted by HIV proteins [Fields et al., 2015]. HIV-1 Tat protein has been
shown to interact directly with lysosomal-associated membrane protein 2A (LAMP2A),
prevents autophagosome fusion with lysosome and results in decreased autophagy in
neuronal cell line [Fields et al., 2015]. Autophagy dysregulation has been reported to be
associated with left ventricular dilation as well as depressed contractility and
cardiomyopathy [Gustafsson et al., 2008]. Mitophagy, a selective form of autophagy in
which damaged mitochondria are targeted for degradation, when impaired led to
significant

cell

death

in

primary cardiomyocytes

[Tahrir

et

al.,

2017].These

considerations led us to investigate the effect of HIV-1 Tat on quality control machinery
with the main focus on autophagy when cardiomyocytes were subjected to various
stress conditions.
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In this study we demonstrate that HIV-1 Tat leads to the significant loss of mitochondrial
metabolic function and increase in the accumulation of toxic ROS. In addition, Tat
dysregulated the mitochondria calcium uniporter (MCU)-mediated mitochondrial Ca2+
uptake and electrophysiological activity of cardiomyocytes. Moreover, we found that Tat
interfered with autophagy initiation and proper clearance of autophagic proteins when
cardiomyocytes were exposed to hypoxia/reoxygenation

27

Experimental
Cardiomyocyte Isolation and Culture Conditions. All animal experiments were
performed in accordance with the guidelines of Temple University Institutional Animal
Care and Use Committee. NRVCs were isolated from 1-2 day old Harlan SpragueDawley rats following the protocol previously described [Gupta et al., 2016]. Isolated
NRVCs were then maintained in Dulbecco’s Modified Eagle Medium (DMEM, Life
Technologies) supplemented with 2% fetal bovine serum (FBS, Denville Scientific Inc.)
and 25 µg/mL gentamicin (Life Technologies) and maintained in a humidified incubator
at 37°C and 5% CO2.
Adenoviral Transduction. NRVCs were transduced with Ad-Tat with multiplicity of
infection (MOI) of 1 in reduced volume of FBS-free DMEM at 37°C for 2 hours after
which medium was replaced with DMEM supplemented with 2% FBS and 25 µg/mL
gentamicin (Life Technologies). Experiments were performed 72 h post-infection. Ad-null
(Vector Biolabs) transduction was used as an internal control.
NRVCs were transduced with autophagy reporter construct mRFP-EGFP-LC3 (AdptfLC3) in the presence or absence of Tat transduction and analyzed 24 hr post
transduction.
Western Blotting. NRVCs were washed with PBS and then scraped in RIPA lysis buffer
(25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1%
SDS) supplemented with fresh protease inhibitor cocktail (Sigma-Aldrich). Equal aliquots
of cell lysates were loaded onto 10% or 12% SDS-polyacrylamide gels for
electrophoresis using Bio-Rad’s western blotting system. The gels were transferred on to
wet 0.1 µm nitrocellulose membranes (LI-COR, Inc., Lincoln, NE). Membranes were
probed with primary antibodies (3 hr at RT) and washed with PBST (1 x, 5 min)

28

containing 0.5% Tween 20 and PBS (3 x, 5 min ea.). Blots were then probed with
appropriate secondary antibodies (1 hr at RT) followed by washing with PBST and PBS.
Blots were scanned with ODYSSEY® CLx Imaging system (LI-COR, Inc., Lincoln, NE).
Protein band intensities were quantified using Image Studio Software. The following
antibodies were used for western blotting: BAG3 (Proteintech, 10599-1-AP),
SQSTM1/p62 (Cell Signaling Technology, 5114), LC3 (Sigma, L8918), GAPDH (Santa
Cruz, sc-32233), Cox-2 (Santa Cruz, sc-1745), Cytochrome c (Cell Signaling
Technology, 4272), BAX (Santa Cruz, sc-493), Ubiquitin (Santa Cruz, sc-8017),
NDUFA4L2 (Abcam, ab74138), Phospho-AKT (Cell Signaling Technology, 9271), ATG7
(Cell Signaling Technology, 2631) and Tat (Thermo Fisher NIH AIDS Reagent Program,
R705).
RNA Isolation and Quantitative Real-Time RT-PCR (qRT-PCR). RNA was extracted
using RNAeasy kit (Ambion) followed by on-column DNase digestion (QIAGEN). The
synthesis of cDNA was performed by utilizing 1 µg of the extracted RNA via reverse
transcription process. The synthesized cDNA was used for qRT-PCR by using
LightCycler® 480 SYBR Green I Master (Roche) in total reaction volume of 20 µL. β-actin
primer was used as a housekeeping gene to normalize data. The following primers were
used:

SQSTM1/p62

FW:

GAGTCATGCTGCACTCCACT;

RV:

TATCAGGCAGGAATGATGGA.
Immunocytochemistry. Immunocytochemistry analysis was described previously
[Tahrir et al., 2017]. Briefly, fixed cells were permeabilized with 0.5% Triton-X 100
followed by incubation with glycine and blocking solutions. Afterwards, cells were
incubated with primary and Alexa Fluor® secondary antibodies (Thermo Fisher
Scientific). Cells were then mounted using VECTASHIELD Hard set medium (Vector
Laboratories) and imaged using Leica fluorescent microscope.
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Cell Cycle Assay. Transduced NRVCs were trypsinized, washed and suspended in 1
mL PBS. The suspended cells were fixed immediately in 70% chilled ethanol followed by
centrifugation (4000 rpm, 10 min) and PBS wash to eliminate ethanol. Cell pellets were
resuspended in 300 µL of PBS supplemented with 0.5 mg/mL propidium iodide and10
mg/mL RNA A. After incubation at 37°C for 30 min, cells were chilled at 4°C for 1 hr and
analyzed with Flow Cytometry (FACS).
Cell Viability Assay. NRVCS were seeded in 96-well plates (10,000 cells/well) and
incubated with CellTiter-Blue® viability assay reagent (Promega) at 37°C for 2 hr
followed by measuring the fluorescence using a plate reader with excitation and
emission maximum at 575 and 590 nm respectively.
Annexin Apoptosis Assay. Transduced NRVCS were trypsinized, washed and
suspended in 500 µL DMEM 2% FBS. 100 µL of Guava Nexin® reagent was added to
100 µL of the cell suspension followed by incubation in the dark at RT for 20 minutes.
Percentage of cells undergoing apoptosis or necrosis was determined with FACS
analysis. Staurosporine-treated cells were used as a positive control.
ATP Assay. NRVCs were lysed and the ATP level was measured using an ATP
determination kit (Molecular Probes) as per manufacturer’s instructions. 10 µL of the cell
lysate was added to the 90 µL of the standard reaction solution (8.9 mL dH2O, 0.5 mL
20X reaction buffer, 0.1 mL 0.1M DTT, 0.5 mL of 10 mM D-luciferin and 2.5 µL firefly
luciferase (5 mg/ml)) and luminescence was measured using a luminometer
(Femtomaster FB 12 luminometer, Zylux). CCCP-treated cells were used as a positive
control for ATP depletion.
Oxygen Consumption Rate (OCR) and Extracellular Acidification Rate (ECAR)
Measurement. NRVCs were plated in XF96 cell culture microplates (Seahorse
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Bioscience) at a density of 45,000 cells/well. OCR was measured using a seahorse
XF96 Analyzer (Seahorse Bioscience) according to the manufacturer’s protocol. The
XFe96 extracellular flux assay kit (Seahorse Bioscience) was first calibrated using XF
calibrant solution (Seahorse Bioscience) by overnight incubation in a non-CO2 incubator
at 37°C. The XFe96 extracellular flux assay kit was loaded with various inhibitors of
mitochondrial ETC complexes including oligomycin, FCCP, Rotenone and Antimycin A
using a XF cell mito stress test kit (Seahorse Bioscience). Cells were incubated with XF
Assay medium (Seahorse Bioscience) in a non-CO2 incubator at 37°C for 1 hr before
recording. Mitochondrial complexes were inhibited by sequential adding of inhibitors and
changes in OCR and ECAR were measured. OCR and ECAR were normalized to the
number of cells.
ROS

Determination

Assay.

NRVCs

cultured

on

microscope

cover

glasses

(Fisherbrand) were incubated with 1 mM MitoSOX red (Life Technologies) for 30 min.
Cells were monitored using confocal microscopy and MitoSOX red signal was quantified
with Image J.
Simultaneous Measurement of Mitochondrial Ca2+ Uptake and Mitochondrial
Membrane Potential (m). The measurement of Ca2+ uptake and m was performed
based on the protocol previously described [Tomar et al., 2016]. Briefly, transduced cells
were trypsinized, washed with DMEM, and bathed in an intracellular medium (120 mM
KCl, 10 mM NaCl, 1 mM KH2PO4, 20 mM Hepes-Tris, pH 7.2 and 2 µM thapsigargin).
The cells were permeabilized with digitonin (40 µg/ml), loaded with bath Ca2+ indicator
Fura2FF (1 µM) and m indicator JC-1 (800 nM). Simultaneous measurement of
extramitochondrial Ca2+ ([Ca2+]out)

clearance and

was measured

using

a

multiwavelength excitation dual-wavelength emission fluorimeter (Delta RAM, PTI). After
reaching steady state, series of extramitochondrial Ca2+ pulses (10 µM) were added and
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the rate of mitochondrial Ca2+ uptake was measured as a function of decrease in bath
Ca2+ fluorescence.
Multi-electrode Array (MEA) Recording. NRVCs were plated on MEA plates
(Multichannel Systems, Germany) pre-coated with EmbryoMax® 0.1% Gelatin Solution
(Millipore) at a density of 1000 cells/mm2. Each MEA plate contains 60 titanium nitrate
(TiN) electrodes with diameter of 30 µM positioned in a rectangular grid. Extracellular
action potential was recorded at initial state before any transduction using MEA-1060
system (Multichannel Systems, Germany). Cells were then transduced with either AdTat or Ad-null and extracellular action potential was recorded post transduction. The
sampling frequency was set to 2000 kHz and an online built-in bandpass filter was
utilized throughout the recording. Data were recorded using the MC_Rack software and
further analyzed with MATLAB®.
Mitochondrial Mass. Transduced cardiomyocytes were incubated with 50 nM
MitoTracker Red (Thermo Fisher Scientific) for 30 min at 37°C followed by fluorescence
analysis using flow cytometry.
Statistical Analysis. Student’s t-test was used to assess statistical differences between
two pairs of data. P<0.05 was considered significant.
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Results
HIV-1 Tat Dysregulates Mitochondrial Bioenergetics in Cardiomyocytes
As a first step to investigate the impact of Tat on cardiomyocyte bioenergetics pathway,
we measured cellular ATP levels in control and Tat expressing NRVCs using a
luciferase-based ATP assay. Data showed that the expression of Tat in NRVCs
significantly reduced cellular ATP levels (Figure 2.1A). Next we asked whether the
decrease in cellular ATP is due to impaired OXPHOS. We measured the oxygen
consumption rate (OCR) in control and Tat expressing NRVCs and found significant
decrease in basal and maximal OCR as well as ECAR in cells expressing Tat compared
to control (Figure 2.1B-E). Additionally, we noticed that the impaired OXPHOS activity
was accompanied by decrease in the levels of NDUFA4L2 (NADH dehydrogenase,
complex I) and cytochrome c (complex III) and increase in the level of Cox-2
(Cytochrome c oxidase, complex IV) (Figure 2.1F-K). Because complex I and complex III
are the major source of mitochondrial ROS (mROS) production, one may expect
uncontrolled leakage of electrons from complex I and III, and increased level of mROS
production. Consistent with this notion that we observed decrease in NDUFA4L2 and
Cytochrome c abundance, mROS levels significantly increased in NRVCs expressing
Tat (Figure 2.1L-M). Together these data suggest that Tat transduced cardiomyocytes
show reduced mitochondrial respiratory capacity leading to lower ATP level and
accumulation of mROS.
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Figure 2.1. Tat dysregulates mitochondrial bioenergetics. NRVCs were transduced with
either Ad-Tat or Ad-null for 3 days and then mitochondrial bioenergetics was assessed by various
assays. (A) ATP levels were measured using luciferase-based assay in whole cell lysates.
NRVCs were treated with CCCP (50 µM, 4 hr) as a positive control of ATP depletion. Data were
normalized to ATP level in cells transduced with Ad-null. (B-E) NRVCs were subjected to
subsequent injections of mitochondrial inhibitors including Oligomycin, FCCP and
Rotenone/Antimycin A and OCR and ECAR were measured using XF96 Seahorse. Data were
normalized to the number of cells. Western blotting analysis showed that (F-G) NDUFA4L2 and
(H-I) Cyt. c levels decreased and (J-K) Cox-2 level increased in the presence of Tat. (L-M)
NRVCs were stained with MitoSOXred and imaged with a confocal fluorescent microscope. The
*
***
mitochondrial red signal was quantified with Image J analysis software. P<0.05; P<0.001.
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HIV-1 Tat Dysregulates Ca2+ Uptake and Electrophysiological Activity of
Cardiomyocytes
Because we observed increased mROS levels, next we assessed the  and
mitochondrial Ca2+ uptake. Intracellular calcium flux is one of the key regulators of
cardiac contractility. Mitochondria calcium uniporter functions as an exchange system
which facilitates Ca2+ uptake by mitochondria in a  dependent manner [Luongo et al.,
2015]. As seen in Figure 2.2A-D, expression of Tat in NRVCs significantly reduced the
MCU-mediated mitochondrial Ca2+ uptake as a consequence of collapse in  after a 10
M Ca2+ bolus.
In another experiment we examined whether Tat impacts cardiac contractility. To this
end, we used MEA system to record electrical signal from beating NRVCs known as
extracellular action potential over time. Data showed that Tat expression attenuated the
amplitude and lowered the frequency of firing (number of spikes generated by
cardiomyocytes per minute). 96 hr post transduction spikes completely suppressed in
Tat expressing cells whereas these reductions were not observed in control cells (Figure
2.2 E and F).

35

2+

Figure 2.2. Tat dysregulates [Ca ]m uptake and electrophysiological activity. Trypsindetached NRVCs were resuspended in an intracellular-like media, permeabilized with digitonin
2+
(40 µg/ml), loaded with Ca and m indicator Fura-2FF, and JC-1. After reaching steady state,
2+
2+
2+
10 µM Ca pulses were added and extramitochondrial Ca ([Ca ]out) clearance and changes in
2+
m were recorded before adding CCCP (2 µM) to collapse m and [Ca ]m uptake. (A) m
2+
decreased in the presence of Tat after addition of Ca pulses. (B) m was quantified based on
2+
2+
the data shown in (A). (C) [Ca ]out at each time point was recorded. (D) [Ca ]m uptake rate was
2+
calculated as a function of bath Ca clearance.(E) Electrophysiological activity of NRVCs was
recorded based on the extracellular action potential measured by a multi-electrode array system
in the presence or absence of Tat.(F) Number of spikes/min was calculated based on the data
*
***
shown in (E). P<0.05; P<0.001.
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HIV-1 Tat Triggers Apoptosis in cardiomyocytes
As mitochondrial permeabilitfy transition pore (MPTP) can be sensitized by both mROS
and mitochondrial Ca2+ overload, we anticipated increased mROS production in Tat
expressing NRVCs sensitized the opening of MPTP leading to cell death as evidenced
from the collapse in (Figure 2.2A). To further verify whether the Tat expressing
NRVCs are prone to apoptotic cell death, we performed Annexin-V staining and flow
cytometric analysis. Treatment with staurospoine (10 µM, 4 hr) was performed as a
control. Results showed that 72 hr post transduction Tat caused significant induction of
apoptosis but not necrosis in cardiomyocytes. As expected cellular viability in Tat
expressing NRVCs was significantly reduced by 20% (Figure 2.3A-C). Excessive ROS
production results in the activation of cell death signaling pathways in which
mitochondrial membrane permeability increases leading to the release of pro-apoptotic
factors and activation of caspases. Caspase activation by promoting the cleavage of
cellular DNA and proteins commits cells to death [Fulda et al., 2012]. Cell cycle analysis
showed that Tat led to the significant fragmentation of cellular DNA (Figure 2.3D and E).
We then examined changes in the level of some important signaling proteins involved in
apoptosis. AKT is one of the key anti-apoptotic proteins which inhibits caspase activation
and promotes cell survival [Fulda et al., 2012]. The level of phospho-AKT increased in
the presence of Tat (Figure 2.3F and G); suggesting that protective pathways are
activated to minimize cell death. On the other hand, the level of pro-apoptotic protein,
BAX, significantly increased in the presence of Tat (Figure 2.3H and I).
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Figure 2.3. Tat induces apoptosis in neonatal cardiomyocytes. (A-B) Transduced NRVCs
were stained with Annexin-V and the percentage of apoptotic and necrotic cells was measured
with FACS analysis.(C) NRVCs were plated in 96 well plates and 3 days post transduction were
treated with CellTiter-Blue® viability assay reagent (ex/em of 575 nm/590 nm) and emission
fluorescent was measured. (D-E) PI-based cell cycle assay showed that DNA fragmentation
significantly increased by Tat expression. (F-G) Western blotting analysis showed that the level of
anti-apoptotic protein phosphor-AKT significantly increased in the presence of Tat. (H-I) Western
blotting analysis showed that the level of pro-apoptotic protein BAX significantly increased in the
*
**
***
presence of Tat. P<0.05; P<0.001; P<0.001.
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HIV-1 Tat Interferes with Autophagy Initiation
Autophagy is one of the key intracellular events which upregulates during ATP reduction
and through degradation of nonessential components and macromolecules plays a
crucial role in maintaining cellular homeostasis and survival [Russel et al., 2014].
Autophagy dysregulation has been reported to be associated with cardiomyocyte death
[Tahrir et al., 2016; Su et al., 2016]. Considering ATP reduction in Tat expressing cells
we next wanted to investigate how and through which mechanism autophagy pathway is
affected by Tat. Inhibition of proteasome has been reported as an activator of
autophagy-lysosome pathway [Gamerdinger et al., 2011]. NRVCs were treated with
proteasome inhibitor, MG132, and expression of autophagy proteins such as LC3 and
p62 were investigated. Western blotting data showed that The level of autophagy protein
p62 increased in control cells but not in Tat-transduced cells after treating the cells with
MG132 (5 µM, 12hr). In addition, LC3 II levels did not increase in Tat-transduced cells
after MG132 treatment and the level of ATG7 reduced in Tat-transduced cells after
MG132 treatment; indicating that Tat-transduced cells were defective in activating the
autophagy-lysosome pathway (Figure 2.4A-D).
Fluorescent microscopy showed that Tat localized in both nucleus and cytosol of
cardiomyocytes (Figure 2.4E). Western blotting data also showed that Tat protein was
present in both nuclear and cytosolic fractions when a nuclear extraction kit was used.
Lamin A/C and GAPDH proteins were used as nuclear and cytosolic markers
respectively (Figure 2.4F). Since levels of Tat were significant in cell nuclei, we
evaluated the effect of Tat on the expression of the autophagy protein p62. RT-qPCR
results showed that p62 mRNA level was significantly reduced in Tat-transduced cells
compared to the control cells after treating the cells with MG132 (Figure 2.4G).
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In another experiment we evaluated the effect of Tat on the level of p62 protein when
NRVCs were treated with well-known autophagy activator Rapamycin in the presence or
absence of Baf A1 as an inhibitor of autophagolysosome formation. Data showed that
the level of p62 increased in NRVCs after Rapamycin treatment when autophagy flux
was inhibited by Baf A1; while it did not change in Tat expressing cells (Figure 2.4H).
Taken together, these results state that Tat interferes with autophagy and upregulation
of autophagy proteins; and p62 is one of the major targets for Tat.
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Figure 2.4. Tat interferes with autophagy initiation in neonatal cardiomyocytes. (A-D)
NRVCs were transduced with either Ad-Tat or Ad-null for 72 hr in the presence or absence of
MG132 (5 µM, 12 hr) and the level of autophagy proteins p62 and LC3 were quantified using
western blotting analysis. (E) ICC data showed that Tat is highly expressed in cellular nucleus
and cytosol. (F) Nuclear fractionation data showed that Tat is highly expressed in cellular
nucleus. (G) RT-qPCR data showed that Tat impaired upregulation of p62 mRNA in the presence
of MG132 (5 µM, 12 hr).(H) Cells were treated with autophagy activator Rapamycin (50 nM, 24
*
hr) and the level of p62 protein was analyzed in the presence or absence of Baf A1. P<0.05;
***
P<0.001.
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HIV-1 Tat Dysregulates Mitochondrial Quality Control in Cardiomyocytes
In order to measure mitochondrial mass, transduced NRVCs were stained with
MitoTracker Red followed by the analysis of fluorescent intensity using FACS analysis.
Data showed that Tat transduction led to increase in mitochondrial mass (Figure 2.5A
and B). Tat-induced mitochondrial hyperpolarization in neurons has been reported in
previous research studies [Norman et al., 2007; Perry et al., 2005]. Fluorescent
microscopy showed that mitochondrial morphology changed from filamentous network in
control cells into accumulated interconnected network in Tat expressing cells (Figure
2.5C). In order to investigate whether increase in mitochondrial mass happens due to
the impairment of mitophagy, selective form of autophagy in which mitochondria is
targeted for further degradation and removal, in the presence of Tat, mitochondrial and
cytosolic fractions were isolated and analyzed for autophagy proteins. Data showed that
LC3 II recruitment to mitochondria significantly reduced in Tat expressing cells
compared to control cells (Figure 2.5D and E).
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Figure 2.5. Tat expression increases mitochondrial mass and impairs mitophagy. (A-B)
Transduced NRVCs were incubated with 50 nM MitoTracker Red for 30 min at 37°C and
fluorescent intensity was analyzed using FACS analysis. (C) ICC by using antibody against
Tom20 showed that Tat altered mitochondrial morphology. (D-E) Mitochondrial isolation indicated
*
that LC3 II recruitment to mitochondria significantly reduced in the presence of Tat. P<0.05,
***
P<0.001.
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HIV-1 Tat Dysregulates Autophagy after Hypoxia/Reoxygenation
Hypoxia was reported to be associated with fragmentation of mitochondrial network and
activation of autophagy machinery for clearance of damaged mitochondria [Liu et al.,
2012]. In autophagy process dysfunctional organelles and damaged proteins are tagged
by ubiquitin in a process called ubiquitination and targeted to lysosome for further
degradation. p62 functions as an autophagy receptor and binds to ubiquitin tags as well
as LC3 on phagophore membrane and sequesters substrate into autophagosomes
[Fimia et al., 2013]. To investigate how the autophagy pathway was affected by Tat in
cells under pathological stress, we incubated NRVCs under hypoxia/reoxygenation
conditions, in the presence or absence of Baf A1. Data showed that Tat transduction
resulted in decreased levels of ubiquitination in NRVCs. When autophagy flux was
inhibited by Baf A1 the levels of both LC3 and p62 proteins increased in control cells as
degradation of these proteins occurs by lysosome in autophagy-lysosome pathway.
Lysosomal degradation of p62 reduced in Tat expressing cells under normal condition
and no significant increase in p62 level was found in Tat expressing cells under
hypoxia/reoxygenation when the autophagy flux was inhibited. In addition, autophagy
markers LC3 I and LC3 II significantly reduced under hypoxia/reoxygenation when Tat
was present (Figure 2.6A-C). Microscopic imaging after AdptfLC3 transduction also
showed that LC3 puncta reduced in Tat expressing cardiomyocytes compared to control
cells when cells were exposed to H/R stress condition. These results indicate that Tat
transduction significantly reduced autophagy and impaired lysosomal degradation of p62
(Figure 2.6D and E).
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Figure 2.6. Tat expression dysregulates autophagy under hypoxia/reoxygenation. (A-C)
NRVCs were subjected to hypoxic condition for 14 hr followed by reoxygenation for 4 hr in the
presence or absence of Baf A1. The levels of autophagy proteins p62, LC3 and Ub were
analyzed with western blotting. (D-E) NRVCs were transduced with Ad-ptfLC3 for 24 hr in the
presence or absence of Tat transduction and subjected to H/R and monitored for LC3 puncta.
*
***
P<0.05; **P<0.01; P<0.001.
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Discussion
HIV-1 infection has been reported to be associated with the development of
cardiomyopathy. In one study on patients with HIV cardiomyopathy, hearts were
reported to be hypertrophic with increased average heart weight from 337 g (healthy) to
580 g (HIV positive) [Fiala et al., 2004]. Valvular heart disease and vasculopathy have
been reported in HIV infected patients [Manga et al., 2017]. Current antiretroviral
therapies utilized in the treatment of HIV-infected patients may aggravate the
development of peripheral and coronary arterial diseases [Barbaro 2002]. Therefore,
understanding the precise mechanism by which HIV-1 infection causes cardiac
dysfunction plays an important role toward the design and development of novel and
less toxic therapies. Herein, we targeted HIV-1 Tat for further studies as Tat by
functioning as a transactivator controls viral replication [Jeang et al., 1999]. Moreover,
Tat alters intracellular gene expression; leading to changes in organelle function and cell
death [Rodríguez-Mora et al., 2015].
Our results unequivocally demonstrate that Tat significantly diminished cellular ATP
level, reduced OCR and increased ROS accumulation in mitochondria. Lower levels of
Cytochrome c and NDUFA4L2 in Tat-transduced NRVCs partly accounted for reduced
electron transport chain activity and oxidative phosphorylation. ROS has been reported
to play an important role in dysregulating cellular homeostasis contributing to the
development of cardiac disease [Sugamura et al., 2011]. ROS accumulation causes
mutations of mitochondrial DNA (mtDNA) and damages the respiratory chain system
[Rodríguez-Mora et al., 2015]. In addition, our results showed that the level of Cox-2
significantly increased with Tat expression. Cox-2 is a component of complex IV and
encoded by mtDNA [Rodríguez-Mora et al., 2015]. Expression of genes encoded by
mtDNA is regulated by nuclear-encoded respiratory factor 1 (NRF-1) and mitochondrial

46

transcription factor A (TFAM) [Rodríguez-Mora et al., 2015]. It is conceivable that HIV-1
Tat, by altering the expression of nuclear and mitochondrial genes, further exacerbated
damages in mitochondrial electron transport chain with resultant reduction in oxidative
phosphorylation. We previously reported that ATP depletion in NRVCs by proton
uncoupler CCCP enhanced the level of Cox-2 [Tahrir et al., 2016]. Cox-2 increase is
indicative of higher cellular ATP demand which leads to the increase in the expression of
ETC proteins for enhanced electron transfer within mitochondria. Our data showed that
mitochondrial reserve capacity was significantly suppressed in the presence of Tat;
indicating that the capability of mitochondria to meet excess energy demand under
stress was compromised; and thus rendering cells to be less able to cope with stress
conditions [Hill et al., 2009].
Ca2+ uptake by mitochondria is critically important to cellular signaling as well as
matching energy demand with energy production by virtue of mitochondrial Ca 2+dependent dehydrogenases [Griffiths and Rutter 2009; Denton & McCormack, 1980]. In
the presence of Tat both Ca2+ uptake and mwere significantly reduced when 10 µM
Ca2+ pulses were added. Extracellular action potential measurement over time indicated
that Tat expression suppressed cardiac contractility 96 hr post transduction.
Apoptosis induction in HIV-infected patients leads to AIDS development [Maldarell et
al., 1995] and cardiomyocyte apoptosis in those patients has been reported as a key
event leading to HIV cardiomyopathy [Twu et al., 2002]. Our results showed that Tat
significantly induced apoptosis but not necrosis in NRVCs. The level of pro-apoptotic
protein BAX significantly increased in the presence of Tat. AKT is one of the critical
proteins in regulation of mitochondria-related apoptosis [Fulda 2012]. Upon activation by
phosphorylation, pAKT phosphorylates key apoptotic proteins such as BAX suppresses
mitochondrial permeabilization and subsequent apoptosis and caspase activation
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signaling [Fulda 2012]. Our results showed that the level of pAKT protein increased in
Tat-transduced cells; which explains how activation of protective signaling proteins may
minimize cell death.
Autophagy by recycling the essential macromolecules through degradation of organelles
and long-lived proteins promotes cell survival [Gustafsson et al., 2008]. It was reported
that autophagy receptor p62 interacts with Tat and target if for degradation and p62
knockdown led to the increase in Tat protein level in Flag-Tat transfected HEK cells. In
this system, treatment of cells with autophagy inducer torin 1 caused significant
degradation of Tat; while this degradation was inhibited when autophagy gene Atg7 was
knocked down [Sagnier et al., 2014]. Colocalization of autophagy proteins LC3 and
Beclin1 were observed with HIV proteins Gag and Nef, respectively [Kyei et al., 2009]. It
was previously reported that MG132 treatment in cardiomyocytes increased the
expression of autophagy proteins toward the activation of autophagy-lysosome pathway
[Tahrir et al., 2016]. We found that Tat expression led to the suppression of autophagylysosome pathway since the level of autophagy proteins p62 and LC3 II were
significantly reduced when proteasome pathway was blocked using MG132 compared to
the control cells. RT-qPCR data indicated that Tat significantly suppressed mRNA
expression of p62.

It was reported that HIV-1 Tat interfered with the initiation of

autophagy by decreasing the level of autophagy marker LC3 II and increasing the level
of autophagy inhibitor Akt in monocyte-derived macrophages after treating the cells with
autophagy inducer, Rapamycin [Van Grol et al., 2010].
Autophagy plays a dual role either as a protective signaling or excessive autophagy can
cause cellular death through degradation of cellular essential components [Gustafsson
et al., 2008]. For example, it was found that HIV-1 envelope glycoprotein (Env) caused
Beclin1 accumulation. Knock down of Beclin1 and Atg7 proteins in this condition
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inhibited cell death [Espert et al., 2006]. On the protective side, Su et al., reported that
autophagy induction in cultured cardiomyocytes as well as in vivo mice model was
associated

with

survival

enhancement

and

infarct

size

reduction

after

ischemia/reperfusion [Su et al., 2016]. When transduced cells were subjected to H/R in
the presence or absence of Baf A1, we found that ubiquitination was reduced in the
presence of Tat. Autophagy receptor p62 binds to the ubiquitin-tagged substrates and
targets them for further degradation [Sagnier et al., 2014]. Under H/R stress condition,
Tat expression significantly blocked lysosomal degradation of p62 and reduced LC3 II
level. In addition to the apoptotic cell death which is followed by caspase 3 activation,
autophagy cell death as a result of the accumulation of autophagic cargos can lead to
cell death in the absence of caspase 3 activation [Espert et al., 2006].
Mitophagy is selective degradation of defective mitochondria by autophagy machinery.
Mitochondrial mass significantly increased in Tat expressing cells. In addition,
mitochondrial isolation indicated that LC3 II level in mitochondrial fraction of Tat
transduced cells reduced compared to control cells. Although microscopic imaging
showed that Tat expression led to the alteration in the morphology of mitochondrial
network, but mitochondrial fragmentation as essential component for mitophgay
induction was not observed in the presence of Tat. Together these data suggest that
mitochondrial quality control was adversely affected by Tat (Figure 2.7A-B).
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Figure 2.7. Schematic diagram of HIV-1 Tat impact on mitochondrial bioenergetics and
autophagy in cardiomyocytes. (A) Tat expressing cells indicated reduced viability and
increased level of apoptosis. Tat expression led to the dysregulation of oxidative phosphorylation,
reduced ATP level and enhanced ROS production. (B) HIV-1 Tat reduced the level of autophagy
proteins as well as impaired proper degradation of autophagic protein, p62, under
hypoxia/reoxygenation stress condition.
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CHAPTER 3
ROLE OF BAG3 IN MITOCHONDRIAL QUALITY CONTROL IN
NEONATAL CARDIOMYOCYTES
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.
Keywords: BAG3, Parkin, Tom20, mitophagy, proteasome
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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).
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Mitochondrial homeostasis is maintained by proper balance between the mitochondrial
biogenesis and degradation (Palikaras et al., 2014). 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, a
metabolic pathway in which electrons move along with the mitochondrial inner
membrane to reduce oxygen and generate ATP, 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
(Selivanov 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 PARK2 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). Mitochondrial quality control machinery
maintains mitochondrial homeostasis by targeting the dysfunctional mitochondria for
degradation and clearance. Parkin as a component of mitochondrial quality control
machinery translocates from the cytosol to the mitochondria in response to mitochondrial
membrane potential loss, depolarization, and targets damaged and dysfunctional
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
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of mitochondrial quality control and maintenance within cells (Yoshii et al., 2011;
Narendra et al., 2008; Kim et al., 2013).
Previous studies concluded that Parkin deletion did not interfere with cardiomyocyte
contractility or affect mitochondrial characteristics, while disruption of the mitochondrial
fission protein, Drp1 (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.
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Experimental
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 µg/mL Gentamicin (Life
Technologies).
Adenoviral Transduction. Cardiomyocytes were transduced in a minimal volume of
DMEM containing either Adeno-null (Vector Biolabs), as an internal control, or AdenosiBAG3 (Vector Biolabs) with a multiplicity of infection of 2 at 37°C for 2 hr, then refed
with medium containing 2% FBS and 25 µg/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 µg/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-HCl (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
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nuclei and cell debris. Supernatant was 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 TrisHCl, 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 x, 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), β-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, sc493) and BAD (Cell Signaling Technology, 9292).
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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 I
(QIAGEN) to decrease DNA contamination in the eluted RNA solution. 1 µg of the
isolated RNA was used for reverse transcription and cDNA synthesis with M-MLV
Reverse Transcriptase (Invitrogen). qRT-PCR was performed in 20 µL reaction volume
with 10 µL SybrGreen master mix (Roche) and Primers. β-actin was used as a reference
gene to normalize data. The following primers were used: Park2 FW: 5’ACCCAACCTCAGACAAGGAC-3’;
BAG3

FW:

Park2

RV:

5’-AGACAGGGTTCCTGACATCC-3’;

5’-GGCCCTAAGGAAACTGCAT-3’;

BAG3

RV:

5’-

GGGAATGGGAATGTAACCTG-3’; HSP70 FW: 5’-GCTTCAGACCTCCCTTTGAG-3’;
HSP70

RV:

5’-TCCAAGATGCTACGAAGTGG-3’;

GAGTCATGCTGCACTCCACT-3’;

SQSTM1/p62

FW:

RV:

SQSTM1/p62

5’5’-

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 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.
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ATP Assay. 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
dH2O, 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 µL of the lysed mitochondria was
added to 90 µL 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. Student's t-test was used to determine the statistical significance
of differences between two pairs of data. P <0.05 was considered as statistically
significant.
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Results
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 µM, 6 hr) or bafilomycin A1 (Baf A1, 50 nM, 6 hr) and autophagic
activity was evaluated by measuring LC3 I cleavage, an indicator of autophagy, using an
anti-LC3 antibody to detect LC3 II 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 II levels, but autophagy flux was reduced in NRVCs with lower levels of BAG3
compared to control cells. Unexpectedly, co-treatment with CCCP and bafilomycin A1
led to a decrease in both LC3 I and LC3 II 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 II 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 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
(Figure 3.1A).
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 (Figure 3.1B).
By isolating mitochondria, we found that BAG3 translocated to the mitochondrial fraction
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in response to the membrane potential loss (Figure 3.1C). 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, Beclin1 and valosin-containing protein (VCP) also translocated to the
mitochondria after depolarization, while their degradation was not observed in the whole
cell extracts (Figure 3.1B and 3.1C).
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Figure 3.1. BAG3 regulates autophagy and is recruited to mitochondria upon
depolarization. (A) NRVCs were treated with CCCP (20 µM, 6 hr) in the absence or presence of
Bafilomycin A1 (Baf, 50 nM, 6 hr) and autophagy markers LC3 and p62 were evaluated using
Western blot analysis. CCCP treatment increased autophagy marker, LC3 II, 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 µM, 4 hr). (C) NRVCs were
treated with CCCP (20 µM, 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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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 BAG3 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 µM for 12 hr). LC3 II 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 (Figure 3.2A). 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 (Figure 3.2B). 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.
Fluorescence microscopy showed the localization of BAG3 to perinuclear aggresomes
when proteasomal activity was inhibited. Interestingly, these aggresomes were
surrounded by a Tom20 network (Figure 3.2C). BAG3 levels in both mitochondria and
cytosol fractions increased after proteasome inhibition (Figure 3.2D).
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Figure 3.2. BAG3 mediates clearance of defected mitochondria through autophagylysosome when proteasome is inhibited. NRVCs were treated with CCCP (20 µM) in the
presence or absence of MG132 (5 µM). 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 µM, 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 µM, 5 hr). By inhibiting proteasome, LC3 II 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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BAG3 knockdown increases Parkin levels and impairs clearance of depolarized
mitochondria
Fluorescence microscopy showed that 2 hr CCCP (20 µM) treatment caused
fragmentation of the mitochondrial network in that Parkin translocated from the cytosol to
the fragmented Tom20 network (Figure 3.3A). Parkin degradation was also observed
along with degradation of damaged mitochondria as seen by Western blotting of lysates
from NRVCs treated with 20 µM CCCP for 6 hr. Interestingly, reduction of BAG3 levels in
NRVCs led to a significant increase in endogenous Parkin levels (Figure 3.3B).
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 (Figure 3.3C
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 µM of CCCP for
12 hr (Figure 3.3D).
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Figure 3.3. BAG3 regulates Parkin expression and BAG3 knock down impairs mitophagy in
cardiomyocytes. (A) CCCP (20 µM, 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 µM, 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 µM,
4 hr) and fluorescent signal was detected using flow cytometry analysis. Cells with BAG3
suppression showed higher levels of Parkin expressions. (D) Knock down of BAG3 significantly
inhibited the clearance of Tom20 after CCCP treatment (20 µM, 12 hr).
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BAG3 knock-down increases sensitivity to apoptosis
Three days after transduction, NRVCs were treated with 20 µM 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 (Figure 3.4A). Western blot data also showed that levels of the
mitochondrial-encoded Cox-2 protein in the whole cell protein lysates increased after
CCCP treatment (Figure 3.4B).
In order to investigate the role of BAG3 in mitochondria-associated apoptosis, NRVCs
were treated with 20 µM 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 c 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 (Figure 3.4C).
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 (Figure 3.4D).
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Figure 3.4. Cellular death and bioenergetics 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 µM or 50 µM) and cell death was analyzed using SYTOX
Green cell death assay. BAG3 knock-down cells showed more sensitivity to mitochondrial stress
condition. *P<0.05; **P<0.01.
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Discussion
The results presented herein show that BAG3 and Parkin both translocate to
mitochondria upon depolarization. BAG3 knockdown impaired the clearance of damaged
Tom20 and increased the level of Parkin translocated 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 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, in 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.
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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 ubiquitinproteasome 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 et al., 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
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their autophagic clearance (Pankiv et al., 2007; Watanabe et al., 2011; Behl et al.,
2011).
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, Cox2, 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. HeLa 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).

70

Accelerated cell death in cardiomyocytes is accompanied with the development of
degenerative cardiovascular diseases (Brunelle et al., 2009). BAG3 functions as an antiapoptotic 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 (Figure 3.5).
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Figure 3.5. Schematic diagram of Tom20 degradation in cardiomyocytes. (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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5. Supplementary Figures

Figure S 1. Protein level normalized to Actin level after proteasome inhibition. NRVCs were
treated with MG132 (5 µM, 12hr) in the presence or absence of CCCP (20 µM, 12 hr). Protein
levels of (A) BAG3, (B) Parkin, (C) VCP, (D) Beclin 1, (E) HSP70, (F) P62 and (G) LC3 II are
normalized to Actin levels.
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Figure S 2. BAG3 increases exogenous Parkin expression. H9c2 cells were transfected with
fluorescent Parkin plasmid with or without BAG3 siRNA and fluorescent signals were detected
using flow cytometry in (A) Parkin overexpression (B) Parkin overexpression and CCCP
treatment, (C) Parkin overexpression and BAG3 knockdown, and (D) Parkin overexpression,
BAG3 knockdown and CCCP treatment conditions.
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CHAPTER 4
ROLE OF BAG3 IN QUALITY OF GAP JUNCTION PROTEIN,
CONNEXIN 43, IN CARDIOMYOCYTES
Abstract
BAG3 is a stress-induced pleiotropic protein involved in both autophagy and apoptosis.
Ablation of the BAG3 gene causes a broad range of pathology in the heart. In
cardiomyocytes, changes in BAG3 perturb expression and activity of autophagy proteins
involve in protein quality control. Here, we demonstrate that BAG3 regulates expression
of Connexin 43, Cx43, one of the major proteins in gap junction structure which has a
short half-life and rapid turnover and is involved in intercellular communication by gap
junctions. Any pathological stress which impairs proper turnover of Cx43 and/or the state
of its phosphorylation can adversely impact on myocardial cell behavior, thus leading to
the development of cardiac disease and heart failure. Our results in primary neonatal rat
ventricular cardiomyocytes show that any impairment of autophagy-lysosome pathway,
either by inhibiting lysosomal activity or suppressing the level of BAG3, dysregulates
proper turnover of Cx43. Inhibition of lysosomal activity leads to the accumulation of
Cx43 aggregates and suppression of BAG3 significantly reduces turnover of Cx43. In
addition, knock-down of BAG3 downregulates the levels of Cx43 by dysregulating its
stability through a translational pathway. Under stress, expression of BAG3 impacts on
the state of Cx43 phosphorylation and its degradation. Furthermore, we found colocalization of BAG3 with the cytoskeleton protein, tubulin, and depolymerization of
tubulin leads to the accumulation of hypophosphorylated Cx43. These observations
ascribe a novel function for BAG3 that involves control of quality of Cx43 under normal
and stress conditions and potentially optimizing communication of cardiac muscle cells
through gap junctions.
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Introduction
Gap junctions are protein structures which permit metabolic and electrical coupling
between two neighboring cardiomyocytes and mediate cell-to-cell communication. Each
gap junction channel consists of two hemi-channels on the plasma membrane of two
adjacent cells known as connexons. Connexons are formed by the assembly of
hexameric complexes of connexin transmembrane proteins [Zhou et al., 2014]. In
healthy heart, conduction of action potential through gap junctions maintains the heart’s
regular rhythm and contraction while under pathological condition, impairment of action
potential propagation through myocardium results in arrhythmia and cardiovascular
disease [Severs et al., 2004]. Among the members of the connexin protein family,
connexin 43 (Cx43) is highly expressed in heart tissue and has a short half-life of
between 1-5 hr [Saffitz et al., 2000]. Therefore, maintaining the homeostasis of Cx43 as
a balance between its degradation and proper delivery of newly synthesized Cx43 to
plasma membrane is of great importance for maintaining conduction of cardiac tissue
and avoiding arrhythmia [Saffitz et al., 2000, Epifantseva et al., 2017].
Previous reports have described degradation of Cx43 through three main pathways:
autophagy [Epifantseva et al., 2017], ubiquitin-proteasome [Leithe et al., 2004] and
endo-lysosome [Gilleron et al., 2008]. Autophagy is an intracellular degradation
mechanism which plays an important role in maintaining cardiac homeostasis by
regulating cellular metabolism and energy balance [Lavandero et al., 2015]. In this
process, damaged organelles and protein aggregates are engulfed within doublemembrane vesicles, referred to as autophagosomes, and delivered for degradation and
removal by lysosomes [Johansen et al., 2011]. The protective role of autophagy in the
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heart under stress condition has been reported by several researchers [Su et al., 2016,
Zhnag et al., 2016, Wu et al., 2017]. Recently, we reported that induction of autophagy in
mice with myocardial ischemia/reperfusion injury significantly reduced infarct size and
ameliorated heart function [Su et al., 2016]. Earlier studies demonstrated that autophagy
is also involved in degradation of internalized gap junctions in cells overexpressing Cx43
[Fong et al., 2012]. However, the underlying mechanisms and key molecular players are
poorly understood.
Among the various regulators of protein quality control (PQC), BAG3 has been reported
to be a key regulator of the autophagy pathway in various cell types especially in the
heart. BAG3 is a 575-amino acid protein which is highly expressed in cardiac and
skeletal muscle [Knezevic et al., 2015]. BAG3 interacts with the ATPase domain of heat
shock protein 70 (HSP70) through its BAG domain and regulates the function of the
HSP70/HSC70 molecular chaperone to maintain protein homeostasis [Rosati et al.,
2011]. BAG3 functions as an anti-apoptosis protein through binding with Bcl-2 and
overexpression of BAG3 in cancer cells contributes to tumor resistance to chemotherapy
[Liao et al., 2001]. Mutations of BAG3 impair Z-disc assembly and led to development of
dilated cardiomyopathy [Feldman et al., 2014, Arimura et al., 2011, Franaszczyk et al.,
2014]. BAG3 deficiency results in myofibrillar degeneration followed by development of
lethal cardiomyopathy and death by 4 weeks of age [Homma et al., 2006]. While the role
of BAG3 in quality control has been reported by several researchers, to our knowledge,
there is no study describing the impact of BAG3 on gap junction quality control, either in
basal or stress conditions. We hypothesized that BAG3 might be an important molecular
player in regulating the life cycle of Cx43 and evaluated the role of BAG3 in maintaining
Cx43 homeostasis.
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In this study, we used primary cultures of neonatal cardiomyocytes and found that
there was a significant reduction in Cx43 abundance as well as Cx43 flux in BAG3suppressed cardiomyocytes. In addition, we found that suppression of BAG3 resulted in
destabilization of Cx43. We also examined the impact of BAG3 on Cx43 degradation
under starvation stress conditions and found that when BAG3 was knocked down,
stress-induced degradation of Cx43 was significantly impaired. In addition, our results
showed that BAG3 colocalized with the tubulin network and tubulin depolymerization led
to significant accumulation of Cx43 within cardiomyocytes.
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Experimental
Isolation of cardiomyocytes and culture conditions
All experiments were performed in accordance with the guidelines and regulations of the
Temple University Institutional Animal Care and Use Committee. NRVCs were isolated
from 1-2 day old Sprague-Dawley rats (Charles River) following the protocol described
previously [Gupta et al., 2016]. Isolated cardiomyocytes were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Life Technologies, Carlsbad, CA) supplemented with
2% fetal bovine serum (FBS, Denville Scientific Inc., Hollistion, MA) and 25 µg/ml
gentamicin (Life Technologies).
Adenoviral transduction
NRVCs were transduced with Ad-siBAG3 (Vector Biolabs, Malvern, PA) in reduced
volumes of FBS-free DMEM at 37°C for 2 hr. The medium was then replaced with
DMEM with 2% FBS and 25 µg/ml gentamicin. As an internal control, cells were
transduced with Ad-GFP (Vector Biolabs, Malvern, PA). Transduced cardiomyocytes
were subjected to other treatments 3 or 5 days post transduction.
Western blot
NRVCs were washed with cold 1X PBS and lysed in RIPA buffer (25 mM Tris-HCl, 150
mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) supplemented with
mammalian protease inhibitor cocktail (Sigma-Aldrich). After 30 min, cells were rotated
at 4°C, they were spun down at 14000 rpm for 10 min and supernatants were kept as
soluble fractions of cell lysates. In order to prepare insoluble fractions, lysis buffer
insoluble pellets were washed with cold 1X PBS and dissolved in 2% (w/v) SDS for 30
min at room temperature (RT). Protein concentrations were determined using Bio-Rad
Protein Assay Dye. Equal amounts of protein lysates were separated using 10% and
12% SDS polyacrylamide gels and transferred onto wet nitrocellulose membranes (LI79

COR) using Bio-Rad’s Western blot system. Membranes were incubated for 3 hr with
primary antibody (diluted 1:1000) and 1 hr with secondary antibody (diluted 1:10000)
followed by washing with PBST containing 0.5% Tween 20 (1x, 5 min) and 1X PBS (3x,
5 min ea.) after each antibody incubation. The following antibodies were used: BAG3
(Proteintech, 10599-1-AP), LC3 (Sigma, L8918), Cx43 (Abcam, ab11370), α-Tubulin
(Sigma, T6074), HSP70 (Santa Cruz, sc-24), Actinin (Sigma, A7732), AKT (Cell
Signaling, 9272), PAKT (Cell signaling, 9271).
Immunocytochemistry
NRVCs

were

grown

in

2-well

chamber

slides

(Lab-Tek®),

fixed

with

4%

paraformaldehyde (10 min, RT) and permeabilized with 0.5% Triton-X 100 (10 min, RT).
Cells were then incubated with 0.1 M glycine (pH 3.5, 30 min, RT), blocked with 1%
(w/v) bovine serum albumin solution containing 0.1% Tween 20 (30 min, RT) and
labeled for 3 hr at RT with primary antibody (diluted 1:100) and then 1 hr at RT with
Alexa Fluor® secondary antibody (diluted 1:200, Thermo Fisher Scientific, Eugene, OR).
Cardiomyocytes were then mounted with DAPI-containing VECTASHIELD hard set
(Vector Laboratories) and imaged using a Leica fluorescent microscope (Leica
Microsystems, Deerfield, IL). The following antibodies were used: Cx43 (Abcam,
ab11370), Actinin (Sigma, A7732), AKT (Cell Signaling, 9272), PAKT (Cell signaling,
9271), BAG3 (Proteintech, 10599-1-AP) and α-Tubulin (Sigma, T6074).
Co-Immunoprecipitation (Co-IP)
NRVCs were lysed in lysis buffer (20 mM Tris HCl pH 8, 137 mM NaCl, 10% glycerol,
1% Nonidet P-40 and 2 mM EDTA) and rotated with a specific antibody for BAG3 or
normal rabbit serum (NRS) as control for 4 hr at 4°C. The resultant lysates were then
rotated with protein A/G beads (Pierce) for 4 hr at 4°C followed by washing and analysis
by western blotting.
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Scrape-loading dye transfer
NRVCs were seeded in Lab-Tek® chamber slides and transduced with either Ad-control
or Ad-siBAG3 for 3 days. Confluent cardiomyocytes were washed twice with HBSS
medium and then scrape-loaded with 1.5 mg/mL sulforhodamine B (MP Biomedicals)
followed by incubation at room temperature for 3 min. Cells were rinsed and fixed with
PFA 4% at 4°C and imaged using Keyence BZ-X710 fluorescent microscope. Maximum
dye transfer distance was quantified by taking two points in each image using Image J
analysis.
Statistical analysis
Data are presented as mean ± SD. Student’s t-test was utilized to calculate the
significance of the differences between two groups. P values less than 0.05 was
considered as statistically significant.
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Results
Knock-down of BAG3 reduces lysosomal flux and protein levels of Cx43
As a first step, expression of Cx43 was analyzed in protein lysates of NRVCs by using
an antibody against Cx43. Protein migration on SDS-PAGE gels resulted in triplet bands
of phosphorylated Cx43 (P-Cx43) and non-phosphorylated Cx43 (NP-Cx43) around 40
kDa to 43 kDa which are indicative of its post-translational modifications and
phosphorylation state (Figure S1A). In order to investigate whether Cx43 degradation in
NRVCs occurs through lysosome, lysosomal activity was inhibited by treating the
cardiomyocytes with 50 nM Bafilomycin A1 (BafA1) for 3 hr and the levels of autophagy
markers, LC3 I and LC3 II, and Cx43 were analyzed by Western blot. BafA1 inhibits
lysosomal acidification and blocks the fusion between autophagosome and lysosome by
impairing the function of proton pumps in the lysosomal membrane [Mauvezin et al.,
2015]. Data indicated that inhibition of lysosome resulted in the significant increase in
the levels of LC3 I and LC3 II. Western blot data showed that the levels of
phosphorylated (P-) and non-phosphorylated Cx43 (NP-Cx43) significantly increased as
a result of lysosomal blockage (Figure 1A-D). We also investigated whether Cx43
degrades through the proteasome in cardiomyocytes. For this purpose, cells were
treated for 12 hours with 5 µM MG132 and Cx43 levels were investigated. Western blot
and quantification showed that only the levels of phosphorylated Cx43 significantly
increased as a result of proteasome inhibition (Figure S1B-C). These findings were
further confirmed by monitoring Cx43 localizations and morphology in control as well as
cardiomyocytes treated with BafA1. Immunocytochemistry imaging indicated that Cx43
protein was highly expressed in plasma membrane of the primary cardiomyocytes. In the
presence of BafA1, Cx43 aggregates were detected accumulated in the cytoplasm;
suggesting that Cx43 degrades through lysosomal pathway (Figure 1E).
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BAG3 functions with HSP70/HSC70 chaperone complex and regulates degradation of
misfolded and damaged proteins through autophagy-lysosome pathway [Stürner et al.,
2017]. BAG3’s role in maintaining PQC has been investigated by several researchers
but, to our knowledge, its role in the quality control of Cx43 has not been reported. To
understand the role of BAG3 in the quality control of Cx43, NRVCs were knocked down
for BAG3 using adenovirus transduction of siRNA to BAG3 for 3 and 5 days. Transduced
cardiomyocytes were then treated with BafA1 and the levels of autophagy marker, LC3
II, P-Cx43 and NP-Cx43 were evaluated. Western blot data and quantification analysis
of the soluble fractions showed that LC3 II levels significantly reduced in BAG3suppressed cardiomyocytes compare to control cells. Furthermore, Cx43 levels
significantly increased in the presence of BafA1 in control cells, but BafA1 treatment did
not lead to significant increase in Cx43 levels in BAG3-suppressed NRVCs suggesting
that knock-down of BAG3 has impaired lysosomal turnover of Cx43 (Figure 1F-I).
Considering the notion that Cx43 is a membrane-spanning protein, we analyzed the
insoluble fraction of cell lysates as well. Western blot data revealed that Cx43 protein
levels significantly reduced in NRVCs knocked down for BAG3 (Figure 1J-L). We also
investigated the effect of BAG3 suppression on proteasomal degradation of Cx43. For
this purpose, transduced cardiomyocytes were treated with MG132 (5 µM, 12 hr) and the
levels of Cx43 were investigated. Western blot data of the soluble and insoluble fractions
and quantification showed that Cx43 proteasomal degradation was not affected by
BAG3 suppression. (Figure S1D-G). α-tubulin served as a loading control for both
soluble and insoluble fractions. Taken together, these results suggest that dysregulating
the autophagy-lysosome pathway either by inhibiting the activity of lysosomal or
suppressing BAG3 as a key molecular player in autophagy, impairs proper turnover of
Cx43.
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Figure 4.1. Cx43 degrades through autophagy-lysosome pathway and knock-down of
BAG3 reduces protein levels of Cx43. (A-D) NRVCs were treated with the autophagy inhibitor
BafA1 (50 nM, 3hr) and the levels of autophagy proteins, LC3 I and LC3 II, and Cx43 were
measured and quantified. Western blot data showed that the levels of LC3 I, LC3 II and P-Cx43
and NP-Cx43 significantly elevated in the presence of BafA1. .*p<0.05; **p<0.01; ***p<0.001
(n=4). (E) Microscopic imaging using an antibody against Cx43 indicated that Cx43 is highly
expressed in plasma membrane of NRVCs control cells. Internalized Cx43 aggregates were
observed in NRVCs treated with lysosomal inhibitor BafA1 (50 nM, 3hr). NRVCs were transduced
with either Ad-siBAG3 or Ad-control for 3 or 5 days in the presence or absence of BafA1 (50 nM,
3hr) and Cx43 levels were measured and quantified. (F-I) Western blot and quantifications of the
soluble fractions of cell lysates indicated that autophagy flux of LC3 II, P-Cx43 and NP-Cx43 were
significantly inhibited in NRVCs knocked down for BAG3.*p<0.05; **p<0.01, ***p<0.001 (n=3). (JL) Western blot of the insoluble fractions of cell lysates indicating that Cx43 protein levels were
significantly reduced in NRVCs knocked down for BAG3. **p<0.01; ***p<0.001 (n=3). α-Tubulin
served as a loading control for both soluble and insoluble fractions.
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BAG3 plays an important role in regulating stability of Cx43
Because we observed reduced levels of Cx43 in response to BAG3 knock-down and
considering the role of BAG3 as a co-chaperone in protein stabilization [Fang et al.,
2017], we next investigated whether BAG3 affects the stability of Cx43 through a
translational pathway. To this end, transduced NRVCs were treated with the translation
inhibitor, cycloheximide, for different time intervals and Cx43 levels were then evaluated
by Western blot. Our data indicate that reduction of Cx43 protein at each time point was
significantly higher in cardiomyocytes with BAG3 knocked down compared to control
cells. At 6 hours post treatment with cycloheximide, the difference in Cx43 reduction
between control and cardiomyocytes with BAG3 knocked down was insignificant.
Furthermore, we investigated the effect of BAG3 suppression on translation of LC3 and
found that LC3-II levels were significantly reduced in siBAG3-transduced NRVCs
compare to control cells when cells were treated with cycloheximide (Figure 4.2A-D).
The role of BAG3 in regulating mRNA translation of LC3-II was recently reported in HeLa
cells and our data are consistent with those published previously [Rodriguez et al.,
2016]. In addition, we also evaluated the protein levels of the BAG3 partner, HSP70, in
control as well as BAG3-suppressed cardiomyocytes and did not detect any significant
reduction in HSP70 levels as a result of cycloheximide treatment, either in control or
BAG3-suppressed cardiomyocytes (Figure S4A-C). Taken together, our results suggest
that BAG3 plays a key role in controlling the stability of Cx43 and LC3 II proteins in
primary cardiomyocytes.
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Figure 4.2. BAG3 plays a key role in regulating the stability of Cx43. (A-D) NRVCs were
transduced with either Ad-siBAG3 or Ad-control for 3 days. Transduced NRVCs were then
incubated with the mRNA translation inhibitor cycloheximide (10 µg/ml) for different time intervals
(0, 30 min, 45 min, 1 hr, 2 hr, 4 hr, 6 hr and 8 hr) and the expression of autophagy marker LC3 II
and Cx43 proteins were measured by Western blot. LC3-II and Cx43 levels for each condition
(Ad-siBAG3 or Ad-control) at each time point were quantified and normalized to their levels at
time zero. *p<0.05; **p<0.01; ***p<0.001 (n=5). α-Tubulin served as a loading control.
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Cx43 dynamics under nutrient starvation
In order to explore the molecular mechanism underlying the turnover of Cx43 under
pathological conditions, NRVCs were exposed to HBSS starvation medium and Cx43
expression and localization were investigated. Western blotting analysis of the soluble
fraction of cell lysate indicated that starvation led to reduction in P-Cx43, while NP-Cx43
level increased over time. Quantification analysis revealed that 10 hours post starvation,
there was a 55% and a 22% decrease in the levels of P-Cx43 and total Cx43,
respectively. No significant change in the expression of BAG3 was found (Figure 4.3AC). We also analyzed the insoluble fraction of cell lysate and found that consistent with
data from the soluble fraction, P-Cx43 reduced and NP-Cx43 increased as a result of
starvation. Previous studies have reported dephosphorylation [Beardslee et al., 2000]
and autophagic degradation [Martins-Marques et al., 2015] of Cx43 during ischemic
stress conditions. However, the precise pathways and key molecular players still remain
unknown. Our results indicate that although dephosphorylation of Cx43 increased as a
result of nutrient starvation, but 10 hours post starvation, total Cx43 expression exhibited
71% reduction suggesting that both degradation and dephosphorylation pathways are
regulating the fate of Cx43 under stress condition (Figure 4.3D-F). Microscopic imaging
revealed that Cx43 localized to the plasma membrane and perinucleus in control cells. In
starved cardiomyocytes, the level of membrane-bound Cx43 was reduced and Cx43
aggregates were observed in the perinucleus (Figure 4.3G).
AKT has been reported to phosphorylate Cx43 on Ser373 [Park et al., 2007]. We then
investigated the effect of HBSS starvation on protein levels of AKT and PAKT. Western
blotting and microscopic analyses indicated that the levels of AKT and PAKT reduced as
a result of HBSS starvation (Figure 4.3H-L). Taken together, these results indicate that
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starvation leads to decrease in total levels of Cx43 as well as alteration in its
phosphorylation state.

Figure 4.3. Alteration of Cx43 under conditions of nutrient starvation. NRVCs were starved
in HBSS medium for different time intervals (0, 1, 2, 4, 6, 8 and 10 hr). (A) Protein levels of Cx43
were measured in soluble fractions of cell lysates by Western blot. The levels of (B)
phosphorylated Cx43 and (C) total Cx43 in soluble fractions of cell lysates were quantified.
*p<0.05; **p<0.01; ***p<0.001. (n=5). (D) Protein levels of Cx43 were measured in lysis bufferinsoluble fractions of cell lysates by Western blot. (n=3). The levels of (E) phosphorylated Cx43
and (F) total Cx43 in lysis buffer-insoluble fractions of cell lysates were quantified. (n=3). (G)
NRVCs were starved for 8 hr in HBSS medium and Cx43 localization was monitored by
immunocytochemistry. Microscopic imaging with antibodies to actinin and Cx43 indicated that
under starvation, Cx43 levels reduced in plasma membrane while Cx43 localization increased in
the perinucleus of cardiomyocytes. (H) Protein levels of PAKT and AKT were measure in soluble
fractions of cell lysates by Western blot. The levels of (I) PAKT and (J) AKT in soluble fractions of
cell lysates were quantified. **p<0.01; ***p<0.001. (n=4). NRVCs were starved for 8 hr in HBSS
medium and (K) PAKT and (L) AKT localizations were monitored using immunofluorescence
analysis. α-Tubulin served as a loading control for both the soluble and insoluble fractions.
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BAG3 suppression impairs phosphorylation state and degradation of Cx43 under
nutrient starvation
BAG3 has been reported to be a critical regulator of autophagy [Rosati et al., 2011]. In
order to find out whether BAG3 plays a role in Cx43 degradation under pathological
condition, NRVCs were transduced with either Ad-control or Ad-siBAG3 for 3 days.
Transduced cardiomyocytes were then starved in HBSS medium for different time
intervals of 2, 6 or 10 hours and Cx43 degradation was investigated by Western blot. We
first evaluated the effect of BAG3 on autophagy activation by measuring the ratio of LC3II/LC3-I. LC3-II is the lipidated form of LC3-I and is involved in autophagosome
membrane fusion events during autophagy.

The LC3-II/LC3-I ratio is indicative of

autophagic activity and autophagosome formation. Analysis of the soluble fraction
revealed that LC3-II/LC3-I ratio significantly increased in control cardiomyocytes at 6 and
10 hours after starvation, while no such increase was observed in BAG3-suppressed
cardiomyocytes (Figure 4.4A-B). In addition, P-Cx43 levels significantly reduced 2, 6 and
10 hours after starvation in control cardiomyocytes while no significant reduction in PCx43 level was observed in Ad-siBAG3-transduced cardiomyocytes. We also
investigated the levels of NP-Cx43 as a result of starvation and found that NP-Cx43
significantly upregulated in control cardiomyocytes while no significant increase in NPCx43 was detected in cardiomyocytes suppressed for BAG3 (Figure 4.4A-D). In addition,
data from the lysis buffer-insoluble fraction indicate that 10 hr after starvation, there was
a 58% reduction in P-Cx43 in control cardiomyocytes and it a 30% reduction in cells with
BAG3 knocked down; suggesting that BAG3 suppression interferes with Cx43
degradation under stress (Figure 4.4E-F). Considering the role of AKT in Cx43
phosphorylation, we then investigated the levels of PAKT and AKT in control as well as
BAG3-knocked down cardiomyocytes under starvation. Data indicate that 10 hours after
starvation, there was 79% reduction in PAKT level in control cells; while it reached to
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50% in BAG3-knocked down cells. Furthermore 10 hours after starvation, AKT level
significantly reduced by 48% in control cells; while no significant reduction was detected
in AKT level in cardiomyocytes with BAG3 suppression (Figure 4.4G-I). Collectively,
these data suggest that BAG3 plays an important role in regulating quality of Cx43,
either degradation or phosphorylation state, under stress condition.
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Figure 4.4. Knock-down of BAG3 impairs Cx43 dynamics under starvation stress
condition. NRVCs were transduced with either Ad-siBAG3 or Ad-control for 3 days and then
cells were starved in HBSS medium for 2, 6 or 10 hr. (A) The levels of the autophagy markers,
LC3-II and LC3-I, Cx43 and BAG3 were measured in soluble fractions of cell lysates by Western
blot. (B) The levels of LC3-II/LC3-I in soluble fractions of cell lysates were quantified based on the
data shown in (A). *p<0.05; ***p<0.001. (n=3). (C) The levels of phosphorylated Cx43 in soluble
fractions of cell lysates were quantified based on the data shown in (A). *p<0.05; ***p<0.001.
(n=5). (D) The levels of non-phosphorylated Cx43 in soluble fractions of cell lysates were
quantified based on the data shown in (A). *p<0.05; **p<0.01. (n=5). (E) The levels of BAG3 and
Cx43 in lysis buffer-insoluble fractions of cell lysates were measured. (F) The levels of
phosphorylated Cx43 in lysis buffer-insoluble fractions of cell lysates were quantified based on
the data shown in (E). *p<0.05; **p<0.01 (n=3). (G) The levels of PAKT and AKT were measured
in soluble fractions of cell lysates by Western blot. (H) The levels of PAKT in soluble fractions of
cell lysates were quantified based on the data shown in (G). *p<0.05; **p<0.01; ***p<0.001 (n=3).
(I) The levels of AKT in soluble fractions of cell lysates were quantified based on the data shown
in (G). *p<0.05; ***p<0.001 (n=3). α-Tubulin served as a loading control for both soluble and
insoluble fractions. α-Tubulin served as a loading control for both soluble and insoluble fractions.
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Tubulin deplymerization dysregulates Cx43
BAG3 transports protein aggregates to lysosomes for removal through autophagy
pathway by interacting with microtubules [Gamerdinger et al., 2011]. Next, we performed
a series of experiments to explore the importance of tubulin in regulating the Cx43
turnover. Microscopic imaging using antibodies against BAG3 and α-Tubulin indicated
that BAG3 colocalized with the tubulin network in primary cardiomyocytes (Figure 4.5A).
Co-IP by using an antibody to pull down BAG3 protein indicated that BAG3 interacts with
tubulin network in NRVCs (Figure 4.5B). We also investigated the localization of Cx43
and tubulin and found that Cx43 was surrounded by the tubulin network in the
perinucleus (Figure 4.5C). We further investigated the impact of tubulin on Cx43 protein
homeostasis by impairing the assembly of microtubules using vinblastine. NRVCs were
treated with 5, 10 or 25 µM vinblastine for 12 hours and the level of Cx43 protein was
investigated in both the soluble and lysis buffer-insoluble fractions. Data indicate that the
levels of NP-Cx43 significantly increased in response to 10 and 25 µM concentrations of
vinblastine. In addition, we found that NP-Cx43 bands were upregulated in insoluble
fractions as a result of vinblastine treatment (Figure 4.5D-F). Immunofluorescence
analysis indicated that transport of Cx43 to plasma membrane inhibited and Cx43
accumulated in cellular cytoplasm as a result of microtubule depolymerization (Figure
4.5G). In addition, accumulation of BAG3 aggregates were observed in vinblastinetreated cardiomyocytes (Figure 4.5H). These data suggest that BAG3 and tubulin are
two important regulators of Cx43 in cardiomyocytes.
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Figure 4.5. BAG3 colocalizes with the tubulin network and tubulin depolymerization
dysregulates Cx43. (A) Immunocytochemistry labeling using antibodies against α-tubulin and
BAG3 proteins showed that BAG3 colocalized with α-tubulin cytoskeleton network. (B) Co-IP
results by pulling down BAG3 protein showed that BAG3 interacts with tubulin network. (C)
Immunocytochemistry labeling by using antibodies against α-tubulin and Cx43 proteins showed
that Cx43 colocalized with α-tubulin in the perinucleus. NRVCs were treated for 12 hr with 5, 10
and 25 µM microtubule depolymerizing agent, vinblastine. (D) The levels of BAG3 and Cx43
proteins were measured in soluble fractions of cell lysates by Western blot. (E) The levels of total
Cx43 protein were quantified in soluble fractions of cell lysates based on the data shown in (D).
**p<0.01; ***p<0.001. (n=3). (F) The levels of BAG3 and Cx43 proteins were measured in lysis
buffer-insoluble fractions of cell lysates. α-Tubulin served as a loading control for both soluble
and insoluble fractions. (G) Immunocytochemistry labeling by using antibodies against α-tubulin
and Cx43 proteins showed that Cx43 accumulated in cellular cytoplasm as a result of vinblastine
treatment. (H) Immunocytochemisty labeling by using antibodies against α-tubulin and BAG3
showed that BAG3 aggregates accumulated in cellular cytoplasm as a result of vinblastine
treatment.
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BAG3 suppression impairs gap junction function
To determine whether BAG3 suppression impacts the function of gap junction in
cardiomyocytes, we measured transfer distance of low molecular weight dye,
sulforhodamine B, by using scrape-loading technique. For this purpose, several
scratches were made in confluent culture of transduced cardiomyocytes using surgical
scalpel. NRVCs were then incubated with sulforhodamine B dye followed by imaging.
Image J analysis indicated that dye transfer distance significantly reduced as a result of
BAG3 suppression; suggesting that BAG3 may impact intercellular communication of
cardiomyocytes by impairing the quality of gap junction protein, Cx43 (Figure 4.6A-B).

Figure 4.6. Knock down of BAG3 impairs gap junction-mediated dye transfer. (A) NRVCs
were transduced with either Ad-siBAG3 or Ad-control. 3 days post transduction, confluent
cardiomyocytes were scape loaded with sulforhodamine B dye followed by imaging using
fluorescent microscope. (B) Image J quantification indicated that dye transfer distance was
significantly less in BAG3-suppressed cardiomyocytes compare to that in control cells. ***p<0.001
(n=56)
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Discussion
Gap junctions propagate action potentials through the myocardium and maintain cardiac
rhythm by connecting the plasma membrane of cardiomyocytes [Severs et al., 2004].
Cx43 is highly expressed in cardiomyocytes and has a very dynamic turnover
[Epifantseva et al., 2017]. Therefore, exploring the key molecular players which regulate
quality control of Cx43 is of great importance for understanding proper heart function. In
this manuscript, we have identified the importance of BAG3 in regulating the fate of
Cx43 under normal as well as stress conditions in primary cultures of neonatal
cardiomyocytes using different experimental approaches. Co-chaperone BAG3 interacts
with the HSP70/HSC70 chaperone complex through its BAG domain [Stürner et al.,
2017]. Molecular chaperones interact with unfolded polypeptides and assist protein
folding and stability. Impairment of chaperone function dysregulates protein homeostasis
and results in the formation of protein aggregates and disease development [Hartl et al.,
2011]. Mutations of BAG3 dysregulate the function of the HSP70/HSC70 chaperone
complex and impair protein homeostasis leading to accumulation of protein aggregates
and development of cardiomyopathy [Fang et al., 2017]. Our data indicate that Cx43
protein expression was downregulated as a result of BAG3 knock-down. By inhibiting
translation, we found that stability of Cx43 protein significantly reduced in BAG3suppressed cardiomyocytes compared to control cells. Whether BAG3 directly impacts
on Cx43 stability or the absence of BAG3 destabilizes Cx43 by impairing the chaperone
activity of heat shock proteins remains in question. Interestingly, a recent study showed
that deletion of a member of heat shock protein family, HSPB7, resulted in Cx43
reduction in mice followed by impairment of cardiac electrical conduction and
development of heart failure [Liao et al., 2018].
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The role of BAG3 in protein quality control in cardiomyocytes has been reported
previously [Knezevic et al., 2015]. However, to our knowledge, there is no report
describing the role of BAG3 in gap junction quality control. Recent studies have showed
that BAG3 impacts autophagosome formation and autophagy flux by regulating LC3
lipidation through a translational mechanism [Rodriguez et al., 2016]. Autophagy is a
catabolic process which recovers essential amino acids and sustains cellular energy
balance by degrading unnecessary components during nutrient starvation [Johansen et
al., 2011]. We found that when lysosomal activity was inhibited by BafA1, both P- and
NP-Cx43 levels significantly increased and Cx43 aggregates accumulated in the
cytoplasm. When BAG3 was suppressed using adenovirus transduction of BAG3 siRNA,
autophagic flux of Cx43 was inhibited. Considering the rapid turnover of Cx43 in heart,
impairment of Cx43 flux adversely affects cell-to-cell communication in cardiac tissue
and contributes toward arrhythmia and heart failure [Saffitz et al., 2000].
When cardiomyocytes were subjected to starvation, dephosphorylation of Cx43 occurred
while total Cx43 level reduced. Immunofuorescence labeling indicated that Cx43
aggregates localized to the perinucleus as a result of starvation. It was previously
reported that Cx43 degrades through autophagy pathway during ischemia [MartinsMarques et al., 2015]. BAG3 plays a protective role under cardiac stress conditions by
activating autophagy [Tahrir et al., 2017]. Therefore, we next investigated the effect of
BAG3-mediated autophagy on the fate of Cx43 under stress conditions. Western blot
data of the levels of autophagy markers, LC3-I and LC3-II, indicated that
autophagosome formation was significantly higher in control cells compared to
cardiomyocytes with BAG3-knocked down. We then found that Cx43 degradation was
significantly impaired in BAG3-suppressed cardiomyocytes. In addition, our data indicate
that knock down of BAG3 significantly impaired Cx43 dephosphorylation. During
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ischemia, protein phosphatases interact with Cx43 and cause its dephosphorylation [Ai
et al., 2005]. However, further experiments are required to explore the effect of BAG3 on
the activity of phosphotases and the phosphorylation state of Cx43.
Microtubules interact directly with Cx43 and control its trafficking and translocation into
gap junction structure [Giepmans et al., 2001]. In addition, it has been reported that
BAG3 interacts with microtubule-motor dynein and delivers misfolded proteins into
aggresomes for further degradation and elimination by autophagy. Aggresome formation
was impaired when microtubules were depolymerized [Gamerdinger et al., 2011]. We
found that BAG3 colocalized with tubulin in NRVCs and tubulin disassembly resulted in
alteration of Cx43 as NP-Cx43 was significantly accumulated. Accumulation of
nonphosphorylated Cx43 within gap junctions is associated with arrhythmogenesis and
heart failure [Beardslee et al., 2000]. These data suggest that BAG3 and tubulin are
important regulators of Cx43 in primary cardiomycyotes (Figure 4.7).
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Figure 4.7. Schematic model representing the role of BAG3 in quality control as well as
stability of Cx43 protein. (A) BAG3 through association with microtubules delivers misfolded
and damaged proteins for further degradation and removal through autophagy-lysosome
pathway. Impair of autophagic degradation of proteins in the absence of BAG3, results in the
accumulation of insoluble aggregates. (B) BAG3 functions as a co-chaperone of HSP70/HSC70
chaperone complex and plays an important role in protein stabilization. BAG3 suppression results
in the destabilization of Cx43; leading to Cx43 degradation and reduction in Cx43 level.
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5. Supplementary Figures

Figure S3. Cx43 degrades through ubiquitin-proteasome pathway in cardiomyocytes. (A)
NRVCs were treated for 12 hr with 5 µM proteasome inhibitor, MG132, and the levels of Cx43
were measured by Western blot. (B) The levels of phosphorylated Cx43 were quantified based on
the data shown in (A). *p<0.05 (n=4). NRVCs were transduced with either Ad-control or AdsiBAG3 for 3 days and then treated with MG132 (5 µM, 12 hr). (C) The levels of BAG3 and Cx43
were measured in soluble fractions of cell lysates by Western blot. (D) The levels of
phosphorylated Cx43 were quantified based on the data shown in (C). **p<0.01. (n=4). (E) The
levels of BAG3 and Cx43 were measured in insoluble fractions of cell lysates by Western blot.
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Figure S4. Stability of HSP70. (A, B) NRVCs were transduced with either Ad-siBAG3 or Adcontrol for 3 days. Transduced NRVCs were then incubated with the mRNA translation inhibitor
cycloheximide (10 µg/mL) for different time intervals (0, 30 min, 45 min, 1hr, 2hr, 4hr, 6hr and
8hr). The levels of HSP70 in each condition (Ad-siBAG3 or Ad-control) were measured by
Western blot. (C) HSP70 levels for each condition (Ad-siBAG3 or Ad-control) at each time point
were quantified and normalized to their levels at time zero. α-Tubulin served as a loading control.
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CHAPTER 5
BAG3 SUPPRESSION IMPAIRS ELECTRICAL ACTIVITY OF
CARDIOMYOCYTES
Abstract
Gap junctions (GJs) are intercellular channels which connect plasma membrane of two
adjacent cardiomyocytes to propagate action potentials (APs) generated by ion channels
throughout the myocardium; therefore, they play an important role in maintaining cardiac
synchronous beating and rhythm. Impair of GJ coupling results in electrical conduction
abnormalities and has been associated with arrhythmogenesis. Recently, we have
demonstrated that bcl2-associated athanogene 3 (BAG3) plays an important role in
regulating the quality of connexin 43 (Cx43), the most abundantly expressed GJ protein
in ventricles, in neonatal cardiomyocytes. BAG3 is an anti-apoptotic protein whose
mutations have been implicated in the pathogenesis of cardiac complications such as
dilated cardiomyopathy. Herein we have used an in vitro model of neonatal rat
ventricular cardiomyocytes (NRVCs) to investigate whether dysregulation of GJ quality
via BAG3 suppression impacts cardiomyocyte electrical activity. For this purpose,
electrical activities of control and BAG3-suppressed NRVCs were recorded using
microelectrode array (MEA) system and important electrophysiological components such
as signal propagation pattern and conduction velocity were extracted from the complex
signal recordings. Our data indicated that impair of GJ quality via BAG3 suppression
attenuated electrophysiological activity of neonatal cardiomyocytes. Furthermore,
considering the notion that GJ proteins are located in both plasma membrane and
mitochondria of cardiomyocytes, we investigated mitochondrial bioenergetics change as
a result of GJ inhibition and found that impair of GJ activity significantly dysregulated
mitochondrial membrane potential and calcium homeostasis. Taken together, our results
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demonstrate that Cx43 alterations dysregulate electrophysiological activities as well as
mitochondrial bioenergetics in neonatal cardiomyocytes.
Keywords: BAG3, Cardiomyocytes, Conduction velocity, Connexin 43, Gap junction,
MEA, Mitochondria

Introduction
Electrical potential change as a result of ion movement across plasma membrane
between inside and outside of the cell is known as action potential (AP) [Grant et al.,
2009]. APs are initiated by ion channels and propagated throughout the myocardium via
the action of GJs [Epifantseva et al., 2018]. To this end, excitatory currents generated by
ion channels spread through intercellular GJs to depolarize adjacent cardiomyocytes
[Grant et al., 2009]. Electrical activity of the heart is assessed by means of various
techniques such as electrocardiogram (ECG), patch-clamping and microelectrode array
(MEA); in which ECG measures electrical activity of atria and ventricles, patch-clamping
measures AP from a single cell and MEA measures extracellular ion currents known as
field potentials (FPs) [Navarrete et al., 2012]. Monitoring the intra- and extracellular
electrical activity of cardiac cells and precise determination of electrophysiological
parameters are essential as alterations in electrophysiological parameters are indicative
of myocardial abnormalities and arrhythmia [Sameni et al., 2010]. For example, ion
channel mutations which cause dysregulation of ventricular repolarization lead to
prolongation of QT and development of long-QT syndrome [Schwartz et al., 2009, Grant
et al., 2009].
GJs are vital components for cardiac AP propagation as they permit direct
communication between neighboring cardiomyocytes. Impair of GJ activity under cardiac
stress conditions results in cardiac conduction abnormalities and has been implicated in
the pathogenesis of arrhythmia [Epifantseva et al., 2018]. Each adult cardiomyocyte is
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coupled to ~ 11 adjacent cells via GJs to ensure anisotropic electrical conduction in the
myocardium [Rohr et al., 2004]. Therefore, modulation of intercellular coupling via GJs
has become a promising target for the action of anti-arrhythmic drugs [Grant et al.,
2009]. Among various techniques to measure cardiac electrical activity, MEA screening
mapping technique is a high resolution and non-invasive method which has been widely
used for drug screening purposes in pharmacological studies to identify cardiotoxic
drugs [Navarrete et al., 2012]. Precise measurement and analysis of MEA-derived FP
recordings give rise to a better understanding of electrophysiology of cardiac cells; as FP
parameters correlate with those measured by ECG or patch-clamping. For example, FP
duration (FPD) correlates with AP duration (APD) measured by patch-clamping and QT
intervals measured by ECG [Navarrete et al., 2012].
BAG3 is an anti-apoptotic protein composed of 575 amino acids and is highly expressed
in cardiac and skeletal muscles [Myers et al., 2018]. BAG3 deficiency in mice led to
muscle degeneration and lethal cardiomyopathy followed by death by 4 weeks of age
[Homma et al., 2006]. Several research studies have reported BAG3 as a key regulator
of protein quality control in the heart [Myers et al., 2018]. Recently, we have
demonstrated that BAG3 suppression impaired the quality of GJ protein, Cx43, by
enhancing its degradation. Connexin proteins are the main constituents of GJ
hemichannels and Cx43 is the most abundantly expressed isoform of connexin family in
the structure of GJs in ventricular cardiomyocytes [Boengler et al., 2018]. Role of
connexin proteins in cardiac electrical conduction has been reported previously [Vaidya
et al., 2001]. Cx40 is present in atria and His-purkinje system [Tse et al., 2015] and
deficiency of Cx40 resulted in dysregulation of intercellular coupling and led to electrical
conduction failure in mouse hearts [Tamaddon et al., 2000]. Dysregulation of Cx43
resulted in cell-to-cell uncoupling and was associated with arrhythmogenesis [Vaidya et
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al., 2001]. Cx43 also plays an important role in heart remodeling during cardiac
development and Cx43 deficiency led to ventricular malformation and early neonatal
death in mice [Reaume et al., 1995]. Furthermore, Cx43 alteration and remodeling under
ischemia/reperfusion has been associated with arrhythmia and infarction [Schulz et al.,
2015]. Considering the role of Cx43 in cardiac electrical activity, we have evaluated the
impact of BAG3 suppression on electrophysiological activity of primary neonatal
cardiomyocytes.
Herein we have used an in vitro culture of spontaneously beating neonatal
cardiomyocytes to study the impact of BAG3 attenuation on electrical signal generation
and progression in monolayer culture of cardiomyocytes. Acquired data were analyzed
using

custom-designed MATLAB

algorithms

and

important

electrophysiological

parameters such as spike frequency, spike amplitude and signal conduction velocity
were extracted. Furthermore, considering the notion that Cx43 resides on both the
plasma membrane and mitochondria, the impact of Cx43 inhibition on mitochondrial
bioenergetics was investigated as well.
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Experimental
Isolation and culture of neonatal cardiomyocytes
All animal protocols used within this study were approved by the Institutional Animal
Care and Use Committee at Temple University. NRVCs were isolated from 2-3 day old
Harlan Sprague-Dawley rats (Charles River) using the protocol previously described
[Gupta et al., 2016]. Isolated cardiomyocytes were plated on EmbyoMax® 0.1% Gelatin
solution (Millipore)-coated plates in minimum essential medium alpha (MEMα, Life
Technologies) with 10% fetal bovine serum (FBS, Denville Scientific Inc., Hollistion, MA).
24 hours post seeding, the medium was replaced with Dulbecco’s minimal essential
medium (DMEM, Life Technologies, Carlsbad, CA) supplemented with 2% FBS and 25
µg/mL gentamicin (Life Technologies).
Adenovirus transduction
24 hours after isolation, NRVCs were transduced with either Ad-control (Vector Biolabs)
or Ad-siBAG3 (Vector Biolabs) in reduced volumes of FBS-free DMEM for 2 hours. The
transduction medium was then replaced with DMEM supplemented with 2% FBS and 25
µg/mL gentamicin.
MEA recording
NRVCs were plated at a density of 1000 cells/mm2 on MEA glass arrays (Multichannel
Systems, Germany) pre-coated with EmbyoMax® 0.1% Gelatin solution (Millipore) and
were allowed to adjust for 48 hr. Each MEA plate consists of 60 titanium nitrate (TiN)
electrodes with diameter of 30 µm embedded in the bottom of the dish and positioned in
a rectangular grid. Two days post seeding, extracellular recordings of untreated
cardiomyocytes were performed as initial conditions using MEA-1060 system
(Multichannel Systems, Germany). Then afterwards, cardiomyocytes were either
transduced with Adenovirus or subjected to various GJ inhibitors such as carbenoxolone
105

(CBX, Sigma) and ioxynil-octanoate (Iox, abcam). Extracellular recordings were
performed at the sampling frequency of 2 kHz using MC_Rack software which generates
data in the format of mcd. Then by using MC_Data Tool, data were converted to ASCII
format for further analysis by MATLAB®. Cardiomyocytes were maintained in an
incubator at 37°C supplied with 5% CO2 throughout the duration of experiments.
Measurement of mitochondrial calcium uptake and membrane potential (m)
NRVCs were treated with GJ inhibitors, CBX (100 µM) and Iox (10 µM), for 1 hr and
mitochondrial calcium uptake and m were measured following the protocol described
previously [Tomar et al., 2016]. Trypsinized cardiomyocytes were bathed in an
intracellular-like medium (120 mM KCl, 10 mM NaCl, 1 mM KH2PO4, 20 mM Hepes-Tris,
pH 7.2 and 2 µM thapsigargin) and permeabilized with digitonin (40 µg/ml). The
permeabilized cardiomyocytes were treated with bath Ca2+ indicator Fura2FF (1 µM) and
m indicator JC-1 (800 nM) and extramitochondrial Ca2+ ([Ca2+]out) clearance and
mwere simultaneously measured in the presence of 10 µM Ca2+ pulses using
multiwavelength excitation dual-wavelength emission fluorimeter (Delta RAM, PTI).
Western blotting
Cells were washed with cold 1X PBS and scraped into RIPA lysis buffer (25 mM TrisHCl, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) supplemented with
protease inhibitor. Cell lysates were rotated for 30 min and centrifuged at 14000 rpm for
10 min. Protein concentrations in supernatant were determined using Bio-Rad protein
assay (Bio-Rad). Equal amounts of protein lysates were loaded onto 10% and 12%
SDS-polyacrylamide gels followed by gel electrophoresis to separate protein bands
based on their molecular weight. Gels were transferred onto nitrocellulose membranes
(LI-COR) and blocked in LI-COR blocking solution for 1 hr at RT. After blocking,
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membranes were probed with primary and secondary antibodies and scanned with
Odyssey® CLx Imaging System (LI-COR).
Statistical analysis
Student’s t-test was used to calculate the statistical differences between two
independent groups. p values less than 0.05 were considered as statistically significant.
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Results
Suppression of BAG3 dysregulates electrical activity of cardiomyocytes
NRVCs were plated onto MEA plates and allowed to settle for 48 hr. Extracellular
electrical activities from spontaneously beating NRVCs were recorded as initial
conditions (day zero, D0). Then afterwards, cells were transduced with adenovirus and
electrophysiological activities were recorded over time via MEA (D1, D2 and D3) and
reported as Local Field Potentials (LFPs). Each recording was carried out for 10 min. As
a first step to analyze data, signals obtained from MEA recordings were filtered by a lowpass filter to enhance signal-to-noise ratio by attenuating the electrical signals with
frequency higher than cutoff frequency (f c). In order to determine signal fc, Fast Fourier
Transform (FFT) was applied to decompose the time-based signal into its constituent
frequencies. The resultant transformation represented the signal in frequency domain in
which Y-axis corresponds to signal intensity and X-axis corresponds to signal frequency
(Figure 5.1A). Typically the background noise of the system determined from the
reference electrode was about 12 µV (Figure 5.1B). Each spike in FP recordings is
characterized by a biphasic peak with positive and negative potentials. We then
calculated spike frequency as the number of spikes divided by the time difference
between the first and last spikes of each electrode. Our results indicated that adenovirus
transduction enhanced spike frequency 1 day post transduction. Then over time, BAG3
suppression led to higher extent attenuation of spike frequency compared to control
cardiomyocytes. 3 days post transduction, firing frequency was 1.7-fold higher in control
cells compare to their initial frequency; while it reduced by 63% compare to initial
frequency in BAG3-suppressed cardiomyocytes. We also calculated spike amplitude as
the voltage difference between positive and negative values of each spike. Data
indicated that signal amplitudes in control and BAG3-suppressed cardiomyocytes
significantly reduced 3 days post transduction. The averages of spike frequencies and
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amplitudes from 60 electrodes belonging to 3 independent experiments were plotted for
each condition. In control cells, increase in signal frequency requires higher energy
demand which may contribute to signal amplitude suppression. However, data from
MEA recordings indicated that both signal frequency and amplitude reduced in BAG3suppressed cardiomyocytes 3 days pot transduction. Furthermore, electrical activity of
some of the electrodes completely suppressed as a result of BAG3 knock down which
were not considered in amplitude calculations (Figure 5.1C-E).
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Figure 5.1. BAG3 suppression attenuated electrophysiological activity of cardiomyocytes.
(A) By applying Fast Fourier Transform to the signals recorded by MEA, Cutoff frequency was
determined as 60 Hz. (B) Background noise of the recording system was determined to be
approximately 12 µV. (C) Electrical activities of NRVCs were recorded as initial conditions (D0).
Cells were then transduced with either Ad-control or Ad-siBAG3 and extracellular FPs were
recorded via MEA over time (D1, D2 and D3). (D) The impact of BAG3 suppression on spike
frequencies was quantified based on the data presented in (A). (E) The impact of BAG3
suppression on spike amplitudes was quantified based on the data presented in (A). ***p<0.001.
(n=3).
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In order to determine the spiking activity of the monolayer culture of cardiomyocytes
simultaneously recorded by 60 electrodes, spike raster plots for control and BAG3suppressed cardiomyocytes were created over time. For this purpose, a MATLAB
algorithm was designed to read the electrical trace and leave a dot by detecting any
spike at each time point. Figure 5.2 shows two dimensional (2D) spike occurrence
representing the activity of 60 electrodes over 10 seconds of reading time. Y-axis
corresponds to the electrode number and X-axis corresponds to time. Spike activation at
initial condition (D0) indicated similar patterns for both conditions; while BAG3
suppression led to dysregulation of spike activity over time as the number of spikes
reduced and irregular spontaneous activity increased as a result of BAG3 reduction. We
then magnified spike occurrence within 1000 ms of recording and found that
spontaneous firing pattern and spike timing were dysregulated as a result of BAG3
suppression over time. Data analysis indicated that 3 days post transduction, regular
activity of the monolayer culture of cardiomyocytes dysregulated as a result of BAG3
knock down. Furthermore, BAG3 suppression led to alteration in signal wave shape 3
days post transduction (Figure 5.3A-B).
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Figure 5.2. Spike rasters depicting simultaneous activity of 60 electrodes in control and
BAG3-suppressed cardiomyocytes within 10,000 ms of recording. Data indicate that the
number of firing and spiking irregularity reduced as a result of BAG3 suppression in
cardiomyocytes.

112

Figure 5.3. Spike rasters depicting simultaneous activity of 60 electrodes in control and
BAG3-suppressed cardiomyocytes within 1000 ms of recording. (A) Data indicate that
regular activity of 60 electrodes embedded all over the culture reduced as a result of BAG3
suppression. (B) BAG3 suppression altered signal wave shape 3 days post transduction.
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By knowing the activation time of each electrode from raster plots, we then plotted colorcoded activation maps to exhibit the effect of BAG3 suppression on electrical signal
initiation and propagation within the culture of spontaneously beating cardiomyocytes.
For this aim, an 8-by-8 grid representing the activation time of 60 electrodes arranged
throughout the monolayer culture was plotted. Each segment of the grid indicates local
activation time of each electrode. Activation maps for initial conditions indicated earlier
activation locations (yellow regions) within the matrix followed by impulse spread toward
the remaining regions (red regions). 3 days post transduction, activation maps indicated
faster signal spread in control cells compared to their initial condition, while areas with
delayed activation (red regions) increased as a result of BAG3 suppression. In control
culture, total activation time of 60 electrodes reduced from 58.27±12.36 ms to
43.78±11.23 ms by the day of 3 post transduction; while activation time increased from
47.52±13.84 ms to 160.97±63.58 ms as a result of BAG3 suppression (Figure 5.4A-B).
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Figure 5.4. BAG3 suppression slows down activation of electrodes and impulse
progression throughout the culture. (A) BAG3 suppression alters electrical activation pattern
of electrodes within the monolayer culture of neonatal cardiomyocytes 3 days post transduction.
Color scale bar depicts regions with earliest (yellow) and latest (red) electrical activation (0 to 60
ms). (B) BAG3 suppression significantly reduced impulse propagation throughout the culture.
***p<0.001 (n=3).

115

Next, we hypothesized that dysregulation of Cx43 protein mediated by BAG3
suppression may alter signal conduction velocity (CV). CV is the speed at which
electrical impulse is transmitted among the electrodes throughout the monolayer culture
of spontaneously beating cardiomyocytes. In order to calculate signal CV, first
correlation coefficient between each pair of electrodes (Ei and Ej, i,j=1:60) was assessed
in MATLAB environment. Linear correlation coefficient between electrodes i and j is
determined using the equation below:

𝐶𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 (𝐸𝑖, 𝐸𝑗) =

𝐶𝑜𝑣(𝐸𝑖 , 𝐸𝑗 )
√𝑉𝑎𝑟(𝐸𝑖 )𝑉𝑎𝑟(𝐸𝑗 )

Var (Ei,Ej) denotes variance and Cov (Ei,Ej) denotes covariance between electrodes i and
j.
Correlation coefficient varies from -1 to +1. Correlation coefficient of 0 indicates no
correlation between two electrodes. Correlation coefficient of +1 indicates perfect
relationship, positive correlation, and correlation coefficient of -1 indicates negative
correlation between two electrodes (Figure 5.5).

Figure 5.5. Linear correlation between variable 1 and variable 2. Correlation coefficients of +1
or -1 represent a positive or negative dependence between two variables, respectively.
Correlation coefficient of 0 represents no dependence between two variables.
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We then represented the results in a symmetrical 60x60 matrix in which each element
exhibits the extent of correlation between each pair of electrodes. In this representative
matrix, green indicates no correlation (correlation coefficient 0) and red indicates high
correlation (correlation coefficient +1) between two electrodes. Data analysis indicated
that 3 days post transduction, two distinct clusters of beating cardiomyocyte populations,
which were highly correlated within each cluster and were not correlated with each other,
were found in BAG3-suppressed cardiomyocytes. However, there was only one cluster
of highly correlated electrodes 3 days post transduction in control cells. This observation
suggests the important role of BAG3 in maintaining the cardiac tissue as a single
contracting unit whose deficiency exerts detrimental effects on the cardiac tissue
integrity and function (Figure 5.6).
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Figure 5.6. Correlation matrices representing the impact of BAG3 suppression on
coordinated activity of primary cardiomyocytes. Hierarchical clustering of MEA recordingbased correlation matrices for primary neonatal cardiomyocytes reveals that control
cardiomyocytes (top row) exhibit one single cluster, while BAG3 suppression (bottom row) results
in the formation of two distinct clusters of cardiomyocyte 3 days post transduction.
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Local signal CV between electrode i and j, Vi,j, is calculated by dividing the distance
between two electrodes (Δli,j) by their activation time distance (Δti,j) and mean CV for
electrode i (Vi) is calculated using the equation below (Figure 5.7):

Vi,j =

∆𝑙𝑖,𝑗
|∆𝑡𝑖,𝑗 |

, Vi =

∑60
𝑗=1,𝑗≠𝑖 𝑉𝑖,𝑗
𝑛−1

n denotes the number of electrodes.
The overall signal CV is calculated as an average signal velocities calculated for 60
electrodes:

Signal CV =

∑60
𝑖=1 𝑉𝑖
60

Figure 5.7. Impulse transmission among the electrodes in monolayer culture of
cardiomyocytes. Conduction velocity (Vi,j) between electrodes i and j is calculated by diving the
distance between two electrodes by the time of signal propagation.
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Figure 5.8A exhibits average impulse CV calculated based on the data recorded by 60
electrodes embedded throughout the culture of spontaneously beating cardiomyocytes
within 60 seconds of recording. CV was determined for control and BAG3-suppressed
cardiomyocytes from initial condition (D0, no transduction) until 3 days post transduction
(D3). We then calculated average CVmax for each culture and found that in control cells
CVmax significantly was reduced by 8% from 36.1±5.6 cm/s on D0 to 33.28±2.6 cm/s on
D3, while in BAG3-suppressed cardiomyocytes CVmax significantly reduced by 42% from
34.0±1.52 cm/s on D0 to 20.01±1.89 cm/s on D3 (Figure 5.8B).
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Figure 5.8. Suppression of BAG3 resulted in signal CV reduction in the culture of neonatal
cardiomyocytes. (A) Electrophysiological activities of cardiomyocytes were recorded at initial
condition (D0, no transduction) until 3 days post transduction (D3) for control and BAG3suppressed cardiomyocytes. CVs were then calculated and represented within 60 seconds of
recording. (B) CVmax was calculated based on the data presented in (A) and results showed that
CVmax reduced by 8% in control cells while BAG3 suppression resulted in 42% reduction of CV max
3 days post transduction. ***p<0.001 (n=3).
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Inhibition of gap junction dysregulates electrical activity of cardiomyocytes
In another experiment, cultured NRVCs were treated with GJ inhibitors, CBX (100 µM)
and Iox (10 µM), for different time intervals (1 to 8 hr) and the level of GJ protein, Cx43,
was evaluated using western blotting and immunofluorescence staining. CBX was
dissolved in water to make a stock concentration of 25 mM and Iox was prepared with a
stock concentration of 200 mM in EtOH. Western blotting and immunofluorescence data
indicated that Iox treatment led to significant reduction in Cx43 level (Figure 5.9A-E);
while Cx43 level did not change as a result of CBX treatment (Data are not shown).
Extracellular recordings of untreated cardiomyocytes were performed before any
treatments as initial conditions. Cells were then administrated with GJ inhibitors, Iox and
CBX, and signals were recorded over time. Electrical signals were recorded immediately
to minimize residual drug effects. Each recording was carried out for 10 min and cells
were maintained in an incubator at 37°C perfused with 5% CO2 during the experiments.
Data indicated that CBX administration led to arrhythmic spiking with significant increase
in FP frequency and reduction in amplitude within the culture. Total firing frequency
increased to 147% of baseline while firing amplitude reduced to 53 % of baseline
amplitude as a result of CBX administration 10 min post treatment. Furthermore, Iox
treatment also led to alteration in cardiac spiking as spike frequency increased to 14% of
baseline and spike amplitude reduced to 88 % of baseline as a result of Iox
administration 10 min post treatment. The onset of responses with both CBX and Iox
were very quick and immediately after drug administration arrhythmic responses were
observed. Increase in signal frequency lasted until the end of 1 hr recording and
complete cessation of spontaneous electrical activity was observed by longer time
treatment (Figure 5.10A-F).
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Figure 5.9. GJ inhibitor treatment led to Cx43 degradation in neonatal cardiomyocytes.
NRVCs were subjected to Iox treatment (10 µM) for different time intervals of 1, 2, 4, and 8 hr and
Cx43 levels were measured via western blotting and quantified in (A,B) soluble and (C,D)
insoluble fractions of cell lysates. (E) NRVCs were treated with 10 µM Iox for 1 hr and Cx43
protein was observed via immunofluorescence staining. *p<0.05; **p<0.01 (n=3).
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Figure 5.10. Inhibition of GJ activity dysregulates electrical activity of cardiomyocytes. (A)
NRVCs were treated with CBX (100 µM) and extracellular FPs were recorded via MEA over time
(0, 10, 20, 30, 40, 50 and 60 min). (B) FP frequencies were quantified based on the data
presented in (A). (C) FP amplitudes were quantified based on the data presented in (B). (D)
NRVCs were treated with Iox (10 µM) and extracellular FPs were recorded via MEA over time (0,
10, 20, 30, 40, 50 and 60 min). (E) FP frequencies were quantified based on the data presented
in (D). (F) FP amplitudes were quantified based on the data presented in (D).
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Inhibition of GJ activity dysregulates mitochondrial membrane potential and
calcium uptake
GJ protein, Cx43, has been reported to be present in both plasma membrane and
mitochondria of cardiomyocytes [Boengler et al., 2005]. In order to evaluate whether GJ
proteins function as key regulators of mitochondrial bioenergetics, NRVCs were treated
with GJ inhibitors, CBX (100 µM) and Iox (10 µM), and mitochondrial bioenergetics such
as membrane potential and calcium uptake were evaluated 1 hr post treatment. Data
indicated that inhibition of GJ led to significant reduction in mitochondrial membrane
potential and impair of mitochondrial calcium uptake (Figure 5.11A-D).
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Figure 5.11. Inhibition of GJ activity dysregulates mitochondrial bioenergetics. (A) NRVCs
were treated with GJ inhibitors, CBX (100 µM) and Iox (10 µM), for 1 hr and mitochondrial
membrane potentials were measured. (B) Mitochondrial membrane potential quantifications were
based on the data presented in (A). (C) NRVCs were treated with GJ inhibitors, CBX (100 µM)
and Iox (10 µM), for 1 hr and mitochondrial calcium uptake was measured. (D) Mitochondrial
calcium uptake quantifications were based on the data presented in (A). *p<0.05; **p<0.01;
***p<0.001 (n=3).
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Discussion
GJs are 0.1-5 µM long structures located on cellular plasma membrane which permit
passage of ion messengers and maintain chemical and electrical coupling of cardiac
cells [Solan et al., 2014]. GJs are important determinants of impulse propagation in
cardiac tissue and alterations in GJ coupling impair impulse conduction velocity between
cardiomyocytes which contributes toward development of arrhythmias [Rohr et al.,
2004]. Cardiac arrhythmia is important cause of cardiovascular morbidity in the United
States [Tse et al., 2015]. Furthermore, GJ alterations have been observed in the failing
human hearts [Kostin et al., 2003]. Therefore, understanding the mechanisms underlying
the role of GJs in cardiac impulse propagation is pivotal toward discovering the
mechanisms underlying heart failure. Among the proteins in the structure of GJs, Cx43 is
a major GJ protein which is highly expressed in the heart and rapidly propagates AP
between cardiac myocytes; therefore plays an important role in synchronization of
cardiac contraction and heart beat [Epifantseva et al., 2018]. Cx43 is expressed in both
atria and ventricles and is highly dynamic with rapid turnover and short half-life of 1-3 hr
in the heart. Cx43 truncations lead to alterations in GJ permeability and changes in
cardiac electrophysiological properties [Solan et al., 2014]. Recently we have reported
that BAG3, a key regulator of autophagy in cardiac cells, significantly impacts the quality
of Cx43 and impairs the function of GJ in neonatal cardiomyocytes. In this study, we
have used a non-invasive MEA method to monitor and analyze the effect of BAG3
suppression on the electrophysiological activity of cardiomyocytes over time. For this
purpose, NRVCs were transduced with adenovirus and extracellular electrical activities
were recorded over a period of 1-3 days post transduction and analyzed to extract
important electrophysiological components.
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Considering limited regenerative capacity of adult myocardium, targeted differentiation of
stem cells toward cardiac phenotypes have attracted attention for cardiac repair
purposes post myocardial infarction [Kehat et al., 2004]. However, cardiac cells derived
from human embryonic or pluripotent stem cells have been reported to be immature with
lower cardiac function in terms of contractility and electrical signal conduction [Feinberg
et al., 2013]. Considering cost, low-yield isolation and ethical issues associated with
adult cardiomyocytes [Ehler et al., 2013], in this study we have used an in vitro model of
primary neonatal cardiomyocytes and recorded spontaneously evoked extracellular
electrical activity utilizing MEA system. MEA has been widely used for drug screening
purposes to recognize cardiotoxic drugs which have proarrhythmic potential [Jans et al.,
2017]. Each MEA plate is a 60-electrode configuration which records extracellular ion
currents generated by populations of spontaneously beating cardiomyocytes known as
FPs. Manual analysis of large amount of raw data generated by MEA is difficult. In this
regard, applications such as MultiElec could be run independently of MATLAB License
[Georgiadis et al., 2015]; however, they do not offer flexibility for further modifications.
Therefore, development of custom-designed MATLAB scripts which could precisely
estimate electrophysiological parameters are of great importance toward precise
interpretation of cardiomyocyte behavior.
Previously we reported that BAG3 suppression significantly reduced Cx43 protein levels
by increasing its degradation. Cx43 dysregulation has been associated with conduction
abnormalities and arrhythmogenesis [Poelzing et al., 2004]. Cx43 deficiency in mice
model resulted in death by 2 month of age [Gutstein et al., 2000]. Enhancement of Cx43
improved ventricular conduction velocity and protected against ventricular arrhythmias in
Langendorff-perfused isolated rabbit hearts under stress condition [Hsieh et al., 2016].
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MEA recordings revealed that BAG3 suppression led to dysregulation of the
electrophysiological activity of neonatal cardiomyocytes.
Spike raster plots indicate population events underlying each spike occurrence. Raster
plots of the transduced cells, either Ad-control or Ad-siBAG3, indicated an increase in
the number of spikes one day post transduction; however, a noticeable reduction in the
number of spikes was observed as a result of BAG3 suppression over time.
Furthermore, data exhibited that BAG3 suppression led to alterations in spike distribution
and spike timing among the electrodes; suggesting that the number of random firings
increased within the culture as a result of BAG3 reduction. Beat frequency correlates
with heart beat obtained from ECG and we observed spike frequency reduced as a
result of BAG3 suppression. We have previously demonstrated BAG3 as a promising
target for heart failure treatment as overexpression of BAG3 improved cardiac function in
mice post myocardial infarction [Knezevic et al., 2016]. In order to further evaluate
changes in the population-wide activity of cardiomyocytes as a result of BAG3
attenuation, color-coded activation maps were plotted to indicate simultaneous electrical
activity of 60 electrodes within the culture. Data indicated that BAG3 suppression altered
signal progression and activation pattern throughout the monolayer culture; such that
areas with delayed activation and dysregulated spike firing increased as a result of
BAG3 knock down.
Further analysis of MEA-recorded signals revealed that impulse CV determined as the
ratio of distance traveled by impulse to the time distance between electrodes activation
significantly reduced from 34.01±1.5 cm/s to 20.01±1.89 cm/s as a result of BAG3
suppression 3 days post transduction. Electrical signal for each heartbeat is initiated in
sinoatrial (SA) node positioned in the wall of the right atrium. The excitatory signal then
propagates throughout the atria and ventricles to depolarize them (systole) followed by
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repolarization (diastole) [Sameni et al., 2011]. AP conduction is anisotropic which
spreads 3 to 8 times faster in longitudinal direction parallel with myocardial fiber axis compared to transverse direction in the heart [Tse et al., 2015, Grant et al., 2009, Peters
et al., 1998]; as conduction properties change at different directions within the
myocardium [Peters et al., 1998]. Longitudinal CV was determined as 66 cm/s and 22
cm/s in adult and neonatal rat ventricles respectively [Nygren et al., 2003, Papadaki et
al., 2001]. Ion channels and GJs are important determinants of AP conduction in the
heart and their mutations contribute toward arrhythmogenesis [Tse et al., 2015, Grant et
al., 2009]. Cx43 localizes at the intercalated disks where mechanical and electrical
coupling occurs in the structure of ventricular GJs between adjacent cardiomyocytes
[Schulz et al., 2015,

Tse et al., 2015] and Cx43 alterations are associated with

alterations in ventricular CV [Peters et al., 1998]. Sodium ion channels are also located
in intercalated disks and co-localize with GJs in adult myocytes [Tse et al., 2015]. BAG3
was demonstrated to co-localize with Na+-K+-ATPase in adult mouse left ventricular
myocytes [Feldman et al., 2016]; therefore, dysregulation of Cx43 and ion channel
activity as a result of BAG3 deficiency may contribute toward conductance disturbance.
In addition to the role of Cx43 in intercellular communication, previous studies reported
that Cx43 is also localized in the inner mitochondrial membrane of myocardium. Under
ischemic

preconditioning,

Cx43

translocated

to

mitochondria

and

played

a

cardioprotective role which was independent of Cx43 role in cell-to-cell communication
[Boengler et al., 2005]. Furthermore, dysregulation of calcium homeostasis has been
reported in failing myocardium [Tse et al., 2015]. However, the precise mechanism
through which translocation of Cx43 to mitochondria plays a protective role remains
under question. Our data indicated that inhibition of GJ activity led to dysregulation of
electrophysiological activity of NRVCs as signal amplitude reduced and signal frequency
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increased when cells were treated with GJ inhibitors. Furthermore, our data indicated
that inhibition of GJ activity resulted in significant reduction in mitochondrial calcium
uptake as well as mitochondrial membrane potential in neonatal cardiomyocytes. Taken
together, our data suggest that impair of GJ activity results in dysregulation of cell-to-cell
communication and mitochondrial bioenergetics in neonatal cardiomyocytes.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK PLANS
Conclusions for specific aim 1:
This aim indicates that HIV-1 Tat significantly impacts mitochondrial function in NRVCs
leading to significant ROS accumulation, respiration impairment and ATP reduction. Tat
impairs calcium signaling and electrophysiological activity of cardiomyocytes and
induces apoptosis. In addition, Tat interferes with autophagy initiation as well as proper
degradation of autophagic proteins especially under stress conditions. We propose that
regulation of autophagy might be a promising target to reduce HIV toxicity in cardiac
cells.

Future work plans for specific aim 1:
Considering the notion that direct infection of cardiomyocytes by HIV-1 in the heart
remains under question, it would be of great importance to evaluate the mitochondrial
function in cardiomyocytes maintained in the conditioned media obtained from HIV-1infected endothelial cells or fibroblasts. This experiment will present a better model of
disease condition in which cardiomyocytes uptake HIV-1-encoded proteins secreted by
the neighboring cells.
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Conclusions for specific aim 2:
This aim 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 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. Taken together,
our observations demonstrate that BAG3 may be a promising target for the treatment of
heart failure and other myofbrillar myopathies.

Future work plans for specific aim 2:
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. Additionally, in order to better mimic the stress condition in case of
myocardial infarction, further studies are needed to investigate the role of BAG3 in
mitochondrial quality control under ischemia-reperfusion injury both in vitro and in vivo.
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Conclusions for specific aim 3:
In this aim, we have reported the impact of BAG3 on regulating the stability of gap
junction protein Cx43. Considering the dynamic structure of gap junctions, its quality
control is of great importance in cardiac synchronous contraction. We found that there
was a significant reduction in Cx43 abundance and autophagic flux when
cardiomyocytes were knocked down for BAG3. In addition, the stability of Cx43 protein
was significantly reduced in BAG3-suppressed cardiomyocytes. Taken together, our
findings suggest that BAG3 plays an important role in modulating the fate of Cx43 and
enhancing BAG3 levels under stress conditions and might be a promising target to
improve heart function.

Future work plans for specific aim 3:
Whether BAG3 directly impacts Cx43 quality or impair of BAG3 partner, heat shock
protein chaperone complex, as a result of BAG3 suppression may impact Cx43 quality
remains to be determined. In addition, the impact of BAG3 suppression on Cx43 quality
in adult cardiomyocytes under normal and ischemia-reperfusion conditions remains to be
determined.
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Conclusions for specific aim 4:
Precise characterization of electrical activity of primary cardiomyocytes gives rise to a
powerful

model

for

better

understanding

of

mechanisms

underlying

cardiac

synchronization as well as precise electrophysiological assessment of engineered
myocardium. Recently we reported that BAG3 suppression led to alterations in cardiac
major GJ protein, Cx43, in neonatal cardiomyocytes. Considering the notion that GJ
impairments are associated with cardiac conduction abnormalities and arrhythmias, the
goal of this study was to characterize electrophysiological consequences of BAG3
suppression such as impulse propagation pattern and conduction velocity in NRVCs.
Data indicated that knock down of BAG3 resulted in significant alterations in electrical
activity of primary cardiomyocytes.

Future work plans for specific aim 4:
Monolayer culture of cardiomyocytes demonstrated here, proposes a two dimensional
model with isotropic electrical signal propagation which lacks various electrical
phenomena occurring in the complex heart tissue such as cardiomyocyte-fibroblast
coupling; resulting in anisotropic propagation in which conduction speed differs in
different directions within the myocardium. Therefore, improving the culture methods to
obtain co-culture of cardiomyocytes and fibroblasts as well as considering the impact of
extracellular matrix could enhance the model and improve the clinical translation of
obtained results.
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