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ABSTRACT 

Heart failure continues to be a global problem, even with all the drugs currently 

available, leading to a need of new therapeutics to decrease incidence of heart failure. 

Heart failure is the inability of the heart muscle to pump sufficient blood and oxygen to 

the rest of the body. One of the causes of heart failure is cardiomyopathy, where cardiac 

muscle becomes larger and weaker. Genetic mutations in genes encoding sarcomeric, 

structural and cytoskeletal proteins were found in families that developed 

cardiomyopathy. Our laboratory has indentified a family with heart failure in whom a 

novel mutation in the BCL2-associated athanogene 3 (BAG3) has been characterized. 

Among other cardiomyopathy-causing BAG3 mutations reported in various laboratories. 

Several BAG3 mutations in humans are known to cause familial dilated cardiomyopathy, 

myofibrilar myopathy, and giant axonal neuropathy. 

BAG3 is a stress induced co-chaperone protein that interacts with several heat 

shock proteins and acts as an important regulator of protein quality control. Expression of 

BAG3 is high in cardiac, skeletal and smooth muscle. BAG3 is localized at the z-disk of 

cardiomyocytes and was shown to be essential in keeping a normal assembly of z-disk 

proteins during mechanical stretch. Interaction of BAG3 with actin capping protein 

CapZbeta1 prevents degradation of CapZbeta1 via proteasome system and maintains the 

integrity of the z-disk. BAG3 was shown to promote clearance of misfolded proteins, 

such as filamin C, via autophagy. Not only that BAG3 is able to promote clearance of 

dysfunctional filamin C, but it was found to enhance synthesis of the new filamin. BAG3 

deficient mice develop fulminant myopathy and cardiomyopathy with disorganization of 

z-disk and die after one month of age.  



iv 
 

Not only that BAG3 is involved in myofibrilar stability in the cardiomyocytes 

and that patients with BAG3 mutations develop cardiomyopathy, but our lab showed that 

patients with heart failure have decrease levels of BAG3. Since heart failure patients have 

decreased levels of BAG3, the therapy where BAG3 levels are restored to normal levels 

may improve heart function. Here, I show that in mouse model of heart failure after MI 

left ventricle function is restored after administration of AAV9 BAG3. BAG3 

overexpression in mouse heart helped the stability of z-disk proteins after mechanical 

stress and myocardial infarction. Overexpressed BAG3 localizes to z-disk and is also able 

to increase autophagy in cardiomyocytes and help with clearance of misfolded proteins. 

Taken together, this study shows that BAG3 is a valid and promising new 

therapeutic target for heart failure patients. BAG3 overexpression is able to induce 

autophagy and help the heart cope better with stress. Also, AAV9 vector is robustly 

expressed in the heart after systemic administration, and is a promising vector for gene 

delivery in the patient heart. 
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CHAPTER 1 

INTRODUCTION 

Role of BAG3 in heart failure 

Heart Failure  

Heart disease is the leading cause of death in the United States among both men 

and women. According to the Center for Disease Control and Prevention (CDC), there 

are 5.1 million people diagnosed with heart failure in the United States and more than 

half-a-million are currently dying from heart disease (Figure 1). Unfortunately, patients 

diagnosed with heart failure have only 50 percent chance of living longer than 5 years 

(1,2). Even with today’s advances in medicine and availability of different heart failure 

medications, we are only able to temporarily prolong, while morbidity and mortality 

remain high (3). Being on medications does not imply that patients will not develop end 

stage heart failure at some point and will be in need of a heart transplant. Thus, medicine 

is still needed for new therapeutic targets and effective therapies which would improve 

heart function without a heart transplant (3). The total cost of treating heart failure in the 

United States is very high, 32 billion dollars per year, making effective therapy to cut 

down costs necessary (4). 

Heart failure is characterized by a group of symptoms such as shortness of 

breath, edema, fatigue, weight gain, and swelling of feet. The cardiac muscle of a heart 

failure patient cannot pump enough blood and oxygen to the rest of the body indicating 

the last phase of systolic dysfunction and ventricle dilatation (1,5). A heart that is 

constantly under pressure overload has to compensate by increasing non-dividing and 
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differentiated cardiomyocytes in volume and size. This is called cardiac remodeling and 

an increase in cardiomyocyte width and length causes thickening of the heart muscle, 

known as hypertrophy (6). If hypertrophy and pressure overload persist, cardiomyocyte 

lengthening will be greater which will lead to enlargement of the ventricle and an overall 

thinner cardiac muscle and dilated cardiomyopathy. Weaker cardiac muscle is unable to 

pump enough blood systemically, which ultimately leads to heart failure (5, 6).  One of 

the causes of heart failure is cardiomyopathy. 

 

 

 

Figure 1. Heart failure death rates in the United States from 2011 till 2013 according 

to Center for Disease Control and Prevention 
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Cardiomyopathy is defined as disease of the heart muscle. Patients with 

cardiomyopathy may have a heart muscle that is thicker, enlarged, more rigid, or thinner. 

The most common type of cardiomyopathy is dilated cardiomyopathy, where ventricles 

enlarge and cardiac muscle gets thinner (7). Other types of cardiomyopathy include 

hypertrophic, restrictive and constrictive (Figure 2) (7).  

 

Most common cause of dilated cardiomyopathy, about two thirds of all patients, 

is ischemic heart disease. The remainder of patients with unknown cause of heart disease 

are diagnosed as having non-ischemic disease or idiopathic dilated cardiomyopathy 

 

 

Figure 2. Most common types of cardiomyopathy modifed from ref. 7 
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(IDC). Interestingly, 35 percent of these patients and their family are found to have some 

genetic modifications and are said to have familial dilated cardiomyopathy (FDC) (8, 9). 

Common causes of cardiomyopathy are genetic mutations in genes encoding 

sarcomeric, cytoskeletal, musculoskeletal, mitochondrial, nuclear envelope, heat-shock, 

potassium or calcium-handling proteins (10). So far there are more than 40 known genes 

(Figure 3.) that can cause the disease, our lab is interested in one of those genes, which 

codes for sarcomeric protein BCL2-associated athanogene 3 (BAG3) (7, 10).  

 

 

 

Figure 3. Genes associated with cardiomyopathies and their phenotypes. Adapted 

from ref 7. 
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Current treatments in heart failure 

Despite significant advances in medicine and the development of new medications 

for treatment of heart failure during the past few decades mortality is still high. Available 

therapeutics are drugs that are beta-adrenergic-receptor blockers, aldosterone, MR 

inhibitors,  ACE inhibitors and angiotensin-receptor blockers (6, 11 – 14) or devices for 

diastolic containment, biventricular pacing, and LV assist devices (15, 16).  

 

Heart failure medications have been around for more than 30 years, currently 

scientists are trying to encourage use of gene therapy for heart failure. Several gene 

 

 

Figure 4. Molecular signaling pathways targeted by heart failure medications.  Main 

targets are indicated with a red star. Modified from ref 6. 

p-AMPK 
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therapy studies have gone through phase I/II trials in human end-stage heart failure 

targeting some signaling molecules shown in Figure 4 (17, 18).  

Different delivery vectors are available for use in gene therapy such as plasmid, 

Adeno virus, and Adeno-associated virus (AAV) (Figure 5).  Plasmids have very low 

transduction efficiency and short term expression and as such are not good for gene 

delivery in humans. Adeno virus can pack large amount of DNA, but expression is very 

short and activates robust immune response, which make it not a suitable vector for gene 

therapy. Even thou Adeno virus is not suitable for humans, this vector is frequently used 

in cells that are hard to transfect, such as primary cells, including cardiomyocytes, 

because of its high transduction efficiency. Since primary cells in culture can not be 

 

Figure 5. Vectors used in gene delivery, their advantages and disadvantages 
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sustained for a long period of time, fast and short expression is favorable for this culture 

system.  

AAV does not have as high packaging capacity as Adeno virus, however, it has a 

very mild immune response and long expression which make it an ideal delivery method 

for gene therapy in humans (18, 19). Different serotypes of AAV are available and 

widely used for specific tissue, depending on the tropism of the particular AAV. Most 

studied AAV serotypes are numbers 1-9 and their tropism has been studied in mice. 

According to Zincarelli et al study where they systemically injected AAV 1-9 and 

compared expression across different mouse tissue, AAV9 was best for expression in 

heart (20). 

BAG3 protein 

BAG3 is an anti-apoptotic, stress-induced protein with 575 amino acids. Being 

one of six members of the BAG family proteins, BAG3 also contains a conserved C-

terminus BAG domain (Figure 6) (21). The BAG domain can bind to Bcl2 and exert an 

anti-apoptotic function, and can also bind to HSP70 and act as a co-chaperone protein 

during intracellular stress to facilitate protein quality control (22, 23). Besides a 

conserved BAG domain located at the C-terminus, BAG3 has four more domains unique 

to this family member (Figure 7) (24, 25). 
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Having more distinct domains is why BAG3 can bind many different proteins and 

can be involved in diverse cellular functions and pathways (25). The BAG3 interactome 

study by Chen et al showed that BAG3 can have around 400 binding partners in cell 

lines. Such a large variety of binding partners is due to the following domains (26). 

 

Figure 6.  BAG family proteins and their domains.  All six members of BAG family 

have a BAG domain on C-terminus that can bind to Bcl2 and HSP 70 
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Starting at the N-terminus BAG3 has a WW domain (Figure 7), which is also 

found in other structural and signaling proteins (27) which localize in cytoplasm or cell 

nucleus (28) and are known to bind to other cytoskeletal proteins. The WW domain was 

also shown to be responsible for induction of autophagy in cancer cell lines (29). After 

WW domain, BAG3 has two IPV domains that bind to small Hsp such as HspB8 and 

HspB6 and the whole complex is responsible for degradation of aggregated proteins (30, 

31). Since IPV domain binds to proteins destined for degradation, this domain is 

important for autophagy induction and prevention of cytotoxicity by clearance of mutated 

forms of proteins. Immediately prior to the BAG domain is the proline rich (PXXP) 

domain that is found in many signaling proteins and has the ability to bind proteins that 

 

 

Figure 7. Structure of BAG3 protein and its domains. Modifed from McCollum 2010 

WW 
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have WW and SH3 domains (32, 33, 34). Interestingly, BAG3 has both WW and PXXP 

domain, thus has the ability to bind many structural and signaling proteins and result in 

diverse cellular functions (27, 35). 

BAG3 is highly expressed in metabolically active tissues such as cardiac, 

skeletal and smooth muscle. In cardiomyocytes, BAG3 is located at the z-disc where it 

maintains the stability of the sarcomere by regulating protein folding and turnover (24, 

36, 37). Several mutations in BAG3 gene have been identified in patients with 

cardiomyopathy, along with a new BAG3 mutation identified in our laboratory within a 

family with history of cardiomyopathy (7, 38, 39). In addition to familial dilated 

cardiomyopathy, patients with a BAG3 mutation can develop myofibrilar myopathy and 

giant axonal neuropathy (40,41, 42).  

The importance of BAG3 in the development of or progression of heart failure is 

demonstrated not only by human patients that develop myofibrilar myopathy and 

cardiomyopathy but also in several BAG3 deficient organism models, including mice, 

zebrafish, and fruit flies (38, 43, 44). BAG3 knock out mice develop hypertrophic 

cardiomyopathy and fulminant myopathy, stop growing, and die early in post-natal life, 

generally at one month of age (43). BAG3-deficient mice have abnormal z-disc 

organization and disorganization of myofibrils (36).  

BAG3 is localized at the z-disc of a sarcomere, and was shown to interact with 

some of the sarcomeric proteins such as actin capping protein, CapZbeta1, which is one 

of the proteins important for proper z-disc assembly (36, 43, 45). Binding of BAG3 to 

CapZbeta1 protects CapZbeta1 from being ubiquitinated and degraded through the 

proteasome protein degradation system (Figure 8). Thus, CapZbeta1, an actin capping 
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protein, keeps actin filaments intact and ensures proper z-disc organization. BAG3-

deficient mice show reduced levels of CapZbeta1 compared to wild type, because without 

BAG3, CapZbeta1 is more prominent for ubiquitination and proteasomal degradation. 

The reduction of CapZbeta1 leads to disorganization of the z-disc, as shown in BAG3-

deficient mice (36). A knockdown of wild type BAG3 with morpholinos as well as 

overexpression of mutant P209L BAG3 in zebrafish showed enlarged heart and 

development of myopathy which is consistent with findings in human patients and mice 

(38, 46). 

As a member of cellular protein quality control, BAG3 does not only regulate 

stability of proteins during stress, but can regulate synthesis and clearance of misfolded 

proteins which is important for proper cell function. During mechanical stress and cell 

contraction, BAG3 regulates clearance of misfolded and aggregated proteins in the cell 

(47, 48).  

 

Protein quality control system 

 

Cellular homeostasis is essential for cell survival and proper functioning. Cellular 

machinery has to ensure that all processes in the cell are in balance and proper signaling 

is conducted at appropriate times. Even in different types of cells the machinery within 

must sustain integrity of all proteins and ensure proper protein turnover. This machinery 

is called protein quality control (PQC) system which is central for regulating homeostasis 

of cellular proteins (49, 50).  
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PQC is a surveillance system which checks that proteins are folded properly and 

are able to perform their physiological functions, this system must also be able to 

recognize misfolded and dysfunctional proteins and organelles and direct them for 

degradation. Cellular activity and survival are dependent on this system, and it is 

essential that all dysfunctional proteins and organelles be cleared properly. Particularly, 

clearance of dysfunctional proteins in the brain and cardiac muscle cells is of great 

importance for human survival because it is known that mutated dysfunctional proteins 

make aggregates that can be neurotoxic or cardiotoxic, respectively. Two major 

 

 

Figure 8. Protein quality control in the heart. Modified from ref 52 

LC3 
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intracellular protein degradation pathways in eukaryotic cells are ubiquitine-proteasome 

and autophagy-lysosome systems as shown in Figure 8 (50, 51, 52). 

 

 

Ubiquitine – proteasome system (UPS)   

Ubiquitine-proteasome system (UPS) consists of a barrel-shaped proteolytic 

complex that is composed in such a way to form a proteasome central cavity in which 

misfolded proteins are inserted and degraded into short peptide fragments that can be 

reused by the cell later. In order to reach the central cavity, a misfolded protein must go 

through an opening that is 13-A wide. Substrates to be degraded by the UPS have to be 

labeled with many ubiquitin units. In order to covalently label misfolded proteins with 

ubiquitins three enzymes are necessary: E1 – ubiquitin activating, E2 – ubiquitin 

conjugating, and E3 – ubiquitin ligase enzyme. Formation of ubiquitin chain with four or 

five ubiquitins is necessary for signaling the protein degradation and these ubiquitin 

molecules are usually linked to lysine 48 (51, 53, 54, 55). Polyubiquitinated substrates 

serve as a signal for molecular chaperones and cochaperones to bind and deliver 

misfolded protein to proteasome for degradation.  Examples of molecular chaperones and 

cochaperones such as HSP 70 and BAG family of proteins will be discussed later.  

Proteasome degrades proteins to peptides which are later degraded by peptidases 

in cytosol and recycled by cells in the form of amino acids. UPS degrades short lived 

soluble proteins in cytosol, nuclear proteins, and proteins translocating from endoplasmic 

reticulum. Misfolded proteins or protein aggregates that are too big to go through the 
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opening of the central cavity, must use a different route of degradation. Also, in a case of 

proteasome impairment, the cell must be prepared to clear out dysfunctional proteins and 

organelles in a different way (55).   

 

Autophagy-Lysosomal system 

Autophagy means self-eating which is the exact function of the autophagy-

lysosomal system. Autophagy involves clearance of misfolded long-lived proteins, 

protein aggregates, and dysfunctional organelles from the cytoplasm (56). There are three 

major types of autophagy: Macroautophagy, microautophagy, and chaperone mediated 

autophagy (CMA) (Figure 9) (57). 

Chaperone mediated autophagy (CMA) involves degradation of proteins with a 

recognition motif KFERQ that are assisted by molecular chaperones and cochaperones to 

the lysosome. Molecular chaperones help dysfunctional proteins unfold and cross 

lysosomal membrane through LAMP 2a (lysosomal-associated membrane protein 2a) 

(57). 

Microautophagy is a process in which cytosolic content is engulfed by lysosomes. 

Because this is the least studied type of autophagy not much is known about this 

mechanism . 
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Macroautophagy (Figure 10), usually referred to as autophagy, is the most studied 

form of autophagy and is characterized by the formation of the double membrane vesicle 

which collects dysfunctional proteins and organelles to be degraded by the lysosome (58, 

59). It is not known where the double membrane comes from but it has been suggested 

that there are many different possible sources. About ten years ago it was believed that 

autophagy is non specific collection of cytosolic material, however, it is now known that 

this process is well organized and selective (56). How selective it is was only recently 

determined because studies have reported that the double membrane can go around only 

 

 

Figure 9. Three major types of autophagy. A. Macroautophagy, B. Chaperone-

mediated autophagy, C. Microautophagy. Adapted from ref 57. 

Proteins 

Organelles 

Aggregates 
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one type of organelle, for example mitochondria. This process is called mitophagy and 

only dysfunctional and small mitochondria can be cleared out.  

  Autophagy consists of several stages: initiation, elongation, and maturation of 

the double membrane, and finally fusion of the membrane with the lysosome. (Harris, 

Rubinsztain 2012-50) These steps are highly regulated by many autophagy related 

proteins (ATG). During the initiation stage isolation membrane and initiation complex 

including Beclin1, Vps34, and AMBRA is necessary for assembling this membrane (60, 

61). The source of the membrane is still unknown, there is debate whether the membrane 

is coming from either endoplasmic reticulum, plasma membrane, Golgi body, or 

mitochondria.  The elongation of this double membrane leads to formation of the 

phagophore which will surround the material to be degraded (61). After the phagophore 

collects all content to be degraded a double membrane closes, forming a vesicle, called 

autophagosome. Autophagosome is part of maturation step, and once the double 

membrane vesicle has proteins and organelles to be degraded, it can proceed to the last 

step. At the last step of autophagy, regulated by the SNARE protein, the autophagosome 

fuses with the lysosome and this fused vesicle is then called the autophagolysosome. The 

content of an autophagolysosome is degraded by the lysosomal hydrolases and degraded 

basic components are then ready to be reused by the cell (62). 
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Autophagy in the heart 

Autophagy in the heart plays an essential role as a survival mechanism during 

stress by maintaining cardiac structure and function (63, 64). Cardiomyocytes cope with a 

high amount of mechanical stress during contraction, so structural proteins of the heart 

are constantly synthesized, and the cell’s protein quality control system is making sure 

that newly synthesized proteins are properly folded, and misfolded proteins are 

recognized and cleared out. Autophagy helps cardiomyocytes maintain protein 

 

 

Figure 10. Autophagy process showing autophagosome formation and degradation 

steps.  Modified from ref 58. 
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homeostasis and protects cells from proteotoxicity by removal of aggregated proteins and 

dysfunctional organelles (65, 66).  

Autophagy is induced in cardiomyocytes during ischemia reperfusion, but it is 

controversial whether autophagy is protective or detrimental for the cell (63). During 

ischemia when nutrients, oxygen and ATP levels are low, autophagy induced by AMPK 

inhibition of mTOR, is protective (Figure 11) (63, 67). Prolonged durations of ischemia 

as 

well as autophagy induction during the reperfusion phase can be detrimental for 

cardiomyocytes (68, 69).  

 

 

Figure 11. Autophagy Signaling Pathway in Heart Disease Adapted from Abcam 

website ref 87. 

 

Beclin 1 
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Cardiac specific deletion of autophagy genes such as Atg-5 in mice showed faster 

progression of severe cardiac dysfunction, in addition, cardiomyocytes isolated from 

these mice were more susceptible to isoproterenol (70, 71). Also, mice that were 

heterozygous for Beclin1 showed reduced levels of autophagy during reperfusion and had 

diminished remodeling (69, 72). 

 In a mouse model of heart failure, hearts with a large infarct in aged myocardial 

infarctions levels of autophagy are increased immediately after surgery and one week 

post-surgery, but they level off later and even decrease 3 weeks and 6 weeks post-surgery 

(73, 74). Pharmacological induction of autophagy can increase autophagy markers and 

decrease infarct size even in aged myocardial infarctions in mice (75).  

 

BAG3 in autophagy 

BAG3 is a 575 amino acid long protein that has several binding domains and is 

known to have multiple roles in cell survival, protein quality control and sarcomeric 

stability after mechanical stress. BAG3 has two domains, WW and PXXP, which are 

known to bind to other structural and signaling protein so BAG3 can simultaneously be in 

complex with multiple proteins. Being a co-chaperone BAG3 interacts with other 

chaperone proteins such as HSP 70 and CHIP and is able to induce autophagy and 

clearance of misfolded proteins via chaperone assisted selective autophagy (CASA). 

During mechanical stress to cardiomyocytes in vitro, BAG3 is able to regulate both 

synthesis of functional filamin C and promote clearance of misfolded filamin C through 

its binding to myopodin (Figure 12) (47).  
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Recently one more domain of BAG3 was shown to induce autophagy and increase 

clearance of aggregated proteins, the IPV domain. BAG3 contain two IPV domains that 

bind to sHspB8 and sHspB6 and regulates clients destined for degradation (30, 76). 

Having small Hsps bound to IPV domains, still leaves three more domains for other 

client proteins to bind and degrade. 

 

 

Proteins that are misfolded or dysfunctional are labeled with ubiquitin and these 

ubiquitinated proteins are recognized by ubiquitin binding protein and autophagy receptor 

 

 

Figure 12. Mechanism for BAG3 involvement in cardiomyocyte function. Modified 

from Knezevic et al. 2015 

 



21 
 

p62. At the same time p62 binds to LC3 and starts formation of autophagosome by 

engulfing protein cargo which should be degraded. In this way only labeled proteins are 

degraded and this helps proper autophagic clearance (77). To ensure more specific 

clearance of misfolded proteins, BAG3 can deliver proteins for degradation by binding to 

receptor p62 (78).  

After formation of the autophagosomal vacuole that contains proteins for 

degradation, the cargo is transported along the cytoskeleton into the perinuclear area 

where the microtubule organizing center, called aggresomes, are formed. Transport is 

done via dynein motor proteins and it has been reported that BAG3 mediates the cargo 

transfer to dynein and subsequent aggresome formation (48). Also BAG3 was shown to 

mediate a switch from proteasome to autophagy degradation of proteins (79). 

The formation and clearance of the aggresome is important for insoluble protein 

degradation such as mutated SOD where the HspB8/BAG3/HSP70/CHIP complex is 

involved (48, 80, 81). Other than SOD clearance, BAG3 was shown to help with 

clearance of poly(Q) protein Htt43Q via binding to sHspB8 and inducing autophagy and 

at the same time turning off protein synthesis (76, 82). BAG3 can also help clearance of 

tau in primary neurons (83). BAG3 overexpression also degrades viral protein large T-Ag 

after JCV infection (84). 

Mutation in the alpha B crystalline gene (CryAB R120G) is known to cause 

accumulation of insoluble aggregates, and a mouse model with this mutation in the heart 

develops heart failure by twelve months because of accumulation of toxic aggregates. 

Mice with CryAB R120G mutation have impaired autophagy leading to inability of 

aggregates to be cleared out properly (85). Interestingly, a recent study by Hishiya et al 
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demonstrated that in cell culture BAG3 was sufficient to clear out aggregates formed by 

CryAB R120G. Indicating that BAG3 was enough to induce autophagy and enhance 

clearance of aggregates in the cell (86). 

Autophagy is adaptive response during stress, but prolonged activation of 

autophagy can be detrimental for the cell. This is why it is necessary to maintain 

homeostasis and to know when autophagy is beneficial, versus when it should be tuned 

down so this self-eating does not lead to cell death at the end.  

 

 

 

 

 

 

 

 

 

 

 

 

 



23 
 

CHAPTER 2 

 

MATERIALS AND METHODS 

 

Animals and Animal Surgery 

 

Eight-week old C57BL/6 mice from Jackson Labs were housed in an animal 

facility with constant airflow, controlled humidity and temperature (21-23°C) on a 12 

hour light/dark cycle and supplied with food and water. Animals were randomly assigned 

into two groups; sham, a control group and MI (myocardial infarction), an experimental 

group. Mice in the experimental group underwent an induction of myocardial infarction 

by left anterior descending coronary artery ligation as described previously (Most P. 

Circulation. 2006; 114: 1258– 1268). Mice in the control group were treated in an 

identical manner with the exception of LAD ligation. All procedures were performed 

according to the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals and were approved by the Temple University Institutional Animal Care and Use 

Committee. 

 

Animal Echocardiographs  

Animals were lightly sedated with 2% isoflurane and fur was removed with Nair 

hair removal cream before assessing global left ventricle (LV) function of each mouse. 

Animal hearts were scanned using a VisualSonics Vevo 770 imaging system and a 707B 

scan head (Miami, FL) as described previously.
 
(Tilley DG, Circulation. 2014 Nov 

11;130(20):1800-11) Fractional shortening (FS) and ejection fraction (EF) were 
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calculated using the formula EF% = [(LVEDV – LVESV)/LVEDV]×100; where LVEDV 

and LVESV were calculated by the formulae 1.047 x LVEDD
3
 and 1.047 x LVESD

3
, 

respectively. 

 

In Vivo Gene Delivery of mouse BAG3 to Animals   

Eight-weeks post surgery animals in both groups, Sham and MI, were randomly 

assigned to receive either a control AAV9-GFP (from Rubinowitz Lab) or experimental 

AAV9-mBAG3 2A GFP (from Vector Biolabs) construct. AAV9-mBAG3 was 

constructed from the sequence encoding the murine myc-tagged BAG3 (NCBI accession 

#BC145765) was inserted into a pAAV vector that contained a cytomegalovirus (CMV) 

promoter. The construct was then packaged into AAV-9 by transfection of HEK293 cells, 

and viral particles were purified by CsCl2 centrifugation (Vector Biolabs, Malvern PA). 

Recombinant AAV9-mBAG3 also expresses green fluorescent protein (GFP) in cells that 

are infected with AAV9. Fidelity of the clone and the final vector were confirmed by 

sequencing.  Both MI mice and Sham mice were randomly assigned to receive either 

AAV9-BAG3 (5.0-6.5 X 10
13 

total viral particles) or AAV9-GFP in 60-80 ul of sterile 

PBS at 37
o
C by injection into the retro-orbital venous plexus as described previously. 

(88)   

 

Tissue Harvest and Protein Extraction 

Animals were lightly anasthetized with 2% isoflurane and dislocation of spine. 

Liver and heart were collected. Tissues were removed and washed from blood in ice-cold 
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phosphate-buffered saline (PBS) before freezing them in liquid nitrogen. Hearts were 

divided into infarct area, border zone, remote zone, right ventricle and atria and were 

stored at -80°C for protein and RNA analysis. Separate sets of mice were used for 

immunohistochemical analysis of whole hearts. For immunohistochemistry whole hearts 

where isolated and perfused in PBS to remove any blood and preserved by fixing in 4% 

paraformaldehyde (PFA).  

Frozen tissue was lysed in lysis buffer from Cell Signaling Technologies (CST) 

and homogenized with beads in a Bullet Blender BBX24 according to manufacturer’s 

instructions. After tissue homogenization the suspension was centrifuged at 13,000g for 5 

min at 4°C and supernatant containing protein was collected into a new pre-chilled tube. 

Protein concentration was determined by colorimetric Bradford assay from Bio-Rad 

according to manufacturer’s protocol and samples with equal amount of protein were 

used for analysis by Western Blot. 

 

Primary Cell Culture Isolation and Infection 

Neonatal rat cardiomyocytes (NRCM) were isolated from the ventricles of 1-3 

day old Harlan Sprague-Dawley rat pups. Animals were decapitated and hearts removed 

and washed in ice-cold PBS and atria removed. The ventricles were digested with 0.05% 

trypsin/EDTA (Life Technologies, Grand Island, NY) overnight with shaking at 4°C. 

After overnight incubation medium was aspirated and ventricles digested with 

collagenase/DNase in Modified Eagle Medium (MEM) for 40 minutes with shaking at 

37°C. Tissue was homogenized by gentle pipetting and single cell suspension was passed 
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through a 45um filter. Cells were spun down at 100g and resuspended in 10% fetal 

bovine serum (FBS) in MEM supplemented with antibiotics and plated on 0.1% laminin 

coated 100mm dishes and left overnight to attach. For immunocytochemistry staining, 

cells where plated on 2 well glass chamber slides precoated with laminin. 

Day after plating, cells were infected with adenovirus (Ad) for two hours in 

Dulbecco’s Modified Eagle Medium (DMEM) alone. After infection cells were 

maintained in 2% FBS in DMEM supplemented with 30ug/ml gentamycin. Adenoviruses 

used were as follow, two controls Ad GFP and Ad Null, and experimental altering cells 

BAG3 levels, for BAG3 overexpression Ad BAG3 IRES GFP and for BAG3 knockdown 

Ad siRNA BAG3. Three days, 72 hours, post infection cells were harvested and used for 

protein analysis. 

 

Cell Harvest and Protein Extraction 

Three days post-infection cells were washed in 1X PBS and lysed in lysis buffer 

(50mM Tris pH 7.4, 150mM NaCl, 1mM EDTA and 1% Triton X-100) supplemented 

with mammalian protease inhibitor cocktail. Suspension was collected into Eppendorf 

tubes and in order to reach complete lysis, cells were rotated on a rotator at 4°C for 15 

minutes. After rotation, samples were centrifuged at 13,000g for 5 min. The supernatant 

was collected and used for protein analysis. Protein concentration was determined by 

colorimetric Bradford assay from Bio-Rad according to manufacturer’s protocol and 

samples with equal amount of protein were used for analysis by Western Blot. 
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Western Blotting 

Equal amounts of protein for each sample were mixed with 10ul of 5X Loading 

sample dye (350mM Tris pH 6.8, 25% beta mercaptoetanol, 30% glycerol, 10% SDS and 

.01% bromophenol blue) and water up to 50ul total and boiled at 95°C for 5 minutes. 

Samples were quick spin down to collect all liquid after boiling and loaded onto 10%, for 

higher molecular weight proteins, or 12%, for smaller proteins, glycine-tris gels.  

Proteins were separated on SDS-PAGE and transferred to Odyssey nitrocellulose 

membrane (LiCor, Lincoln, NE) by wet transfer (Bio-Rad, Philadelphia, PA). 

Membranes were blocked in 10% non-fat milk in 1X PBS or Odyssey blocking buffer 

(LiCor, Lincoln, NE) for 1 hour at room temperature before incubation with primary 

antibodies for 2 hours at room temperature or overnight at 4°C. After primary antibody 

incubation membrane was washed with 1X PBST (0.1% Tween 20 in PBS) 3 times for 5 

minutes and probed with appropriate fluorescently labeled secondary antibody for 1 hour 

at room temperature. Membrane was washed with 1X PBST 3 times for 5 min and the 

signal was detected by an Odyssey scanner. For a list of primary antibodies see Table 1. 

Secondary antibodies were LiCor goat-anti-mouse 680 and goat-anti-rabbit 800 (LiCor, 

Lincoln, NE). 
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Immunolabeling and Microscopy 

For immunofluorescence labeling of paraffin-embedded tissue, fixed whole hearts 

went through a dehydration process via increasing grades of ethanol up to 100 percent 

and were embedded into paraffin blocks. Paraffin-embedded hearts were longitudinally 

cut into 4um thick sections placed on electromagnetically charged glass slides. Slides 

were deparaffinized in xylene and rehydrated through descending grades of ethanol up to 

water. After rehydration slides were incubated in 0.01M citrate buffer (pH 6.0) for 30 

minutes at 95°C for antigen retrieval and were washed with 1X PBS 3 times for 5 

minutes. After antigen retrieval step slides were placed in blocking solution containing 

0.1% BSA in 1X PBS and supplemented with 5% normal goat serum (Vector 

Laboratories, Burlingame, CA) for 2 hours. Samples were incubated with primary 

antibodies dissolved in blocking buffer (1:100 dilution) overnight at room temperature 

and washed in 1X PBS 3 times for 5 minutes before incubation with fluorescent 

secondary antibodies (1:200 dilution) at room temperature in dark for 2 hours. Slides 

were washed with 1X PBS 3 times for 5 minutes and mounted in Vectashield hard set 

mounting medium with DAPI, for nuclear staining, (Vector Laboratories, Burlingame, 

CA). Cover slip was placed and fluorescence was visualized and images captured under a 

Leica Zeiss fluorescence deconvolution microscope. Primary antibodies used are listed in 

Table 1.    Secondary antibodies used were Alexa Fluor goat-anti-mouse 564 and goat-

anti-rabbit 488 (Thermo Fisher Scientific). 

For immunofluorescence labeling of NRCM, immunocytochemistry analysis, 

cells plated in 2-well chamber glass slides were washed in 1X PBS 72 hours post-

infection and fixed in 4% paraformaldehyde (PFA) for 10 minutes. Samples were washed 
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with 1X PBS 3 times for 5 minutes and permeabilized with 0.5% TritonX 100 for 10 

minutes. After 0.1M glycine masking for 30 minutes at room temperature, cells were 

washed with 1X PBS and incubated with blocking solution containing 1% BSA in PBS 

supplemented with 0.1% Tween 20 for 1 hour at room temperature. After blocking, cells 

were incubated in primary antibodies in blocking buffer (1:100 dilution) overnight at 4°C 

and washed with 1X PBS next day. Cells were incubated with fluorescent secondary 

antibodies (1:200 dilution) at room temperature in dark for one hour and washed with 1X 

PBS 3 times for 5 minutes. Lastly, slides were mounted in Vectashield hard set mounting 

medium with DAPI, for nuclear staining, (Vector Laboratories, Burlingame, CA). Cover 

slip was placed and fluorescence was visualized and images captured under a Leica Zeiss 

fluorescence deconvolution microscope. Primary antibodies used are listed in Table 1.     

Secondary antibodies used were Alexa Fluor goat-anti-mouse 564 and goat-anti-rabbit 

488 (Thermo Fisher Scientific). 

Statistical Analysis 

All statistical analysis was done using Graph Pad Prizm 6. All calculations are 

done as mean ± SEM.  
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Table 1. List of primary antibodies  

Antibody Species Size Catalog # Company Address 

Akt R 60 9272 CST Beverly, MA 

AMPK R 62 2532 CST Beverly, MA 

BAG3 
R 

74 10599-1-AP Protein Tech 
Rosemont, 
IL 

Beclin 1 
M 

60 
NBP1-
00085 Novus Biological Littleton,CO 

Beclin 1 R 60 3495 CST Beverly, MA 

CapZb1 
M 

31 ab54930 AbCam 
Cambridge, 
MA 

Filamin C 
G 

290 sc-48495 
Santa Cruz 
Biotechnology Dallas, TX 

FLAG Tag M   F1804 CST Beverly, MA 

GAPDH 
M 

37 sc-32233 
Santa Cruz 
Biotechnology Dallas, TX 

HSP/C 70 
M 

70 sc-24 
Santa Cruz 
Biotechnology Dallas, TX 

LC3 R 16,18 L8918 Sigma-Aldrich St.Louis, MO 

LC3B 
R 

16,18 
NB 100-

2220 Novus Biological Littleton,CO 

GFP 
R 

27 632592 
Clonetech 
Laboratories 

Mountain 
View, CA 

MYC Tag M   2276 CST Beverly, MA 

p62 R 60 5114 CST Beverly, MA 

pAkt R 60 9271 CST Beverly, MA 

pAMPK R 62 2535 CST Beverly, MA 

Ub 
M 

  sc-8017 
Santa Cruz 
Biotechnology Dallas, TX 
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CHAPTER 3 

 

RESULTS 

 

Heart failure with reduced ejection fraction and cardiac dilation is a major cause 

of death in the US and it is important to address possible causes and look further into 

patients’ genetic makeup. Our lab has previously shown that a family with dilated 

cardiomyopathy has a mutation in the BAG3 gene, leading to our decision to examine 

whether patients that had heart failure requiring a heart transplant have altered levels of 

BAG3. 

 Human hearts were received from Heart failure database and divided into a 

control heart group with a normal left ventricle function and a heart failure group, 

patients that had to undergo heart transplantation. BAG3 was significantly decreased in 

the heart failure group compared to controls (Figure 13).  

Patients with heart failure had a wide variety of decreased levels of BAG3, and 

were concurrently divided into two groups, one group with the lowest level of BAG3 and 

the remainder. I wanted to examine whether patients with the lowest BAG3 levels have 

impaired autophagy machinery and clearance of Z-disk proteins since BAG3 is known to 

regulate these cellular processes.  
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Patients with the lowest BAG3 levels did indeed show lower levels of autophagy 

markers as well as altered levels of structural proteins indicating that these patients had 

impaired autophagy and protein clearance (Figure 14). 

  

Figure 13. Heart failure patients have decreased levels of BAG3. A. Western blot of 

human samples. Controls are human hearts that function properly but did not get 

transplanted because of no match found at that moment and Heart failure are patients 

that had heart transplantation. B. Quantification of Western Blot bands of BAG3 

normalized to GAPDH. Statistical analysis is presented as mean with SEM, p<.001 
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Human patient samples are only showing what is going on at the end stage of 

disease when the left ventricle is totally dysfunctional, our lab however is interested in 

following progression of heart failure and restoring normal left ventricular function. To 

examine whether left ventricle function can be restored, we used a mouse model of 

myocardial infarction, which is a one of the surgical models of heart failure commonly 

used in mice. After induction of heart failure we will attempt to rescue left ventricular 

function by BAG3 overxpression, via gene delivery with AAV9. 

Mice underwent Sham and Myocardial Infarction (MI) surgeries with LAD 

ligation for 8 weeks (MI) after which retroorbital injections of AAV9 GFP vs BAG3 

were administered, and 3 weeks post injection and 11 weeks post surgery mice were sac 

and proteins checked. MI mice receiving AAV9 BAG3 showed improvement in left 

ventricle function compared to the control group receiving AAV9 GFP (Figure 15 and 

17). 

 

 

Figure 14. Heart failure patients with lower BAG3 levels have impaired autophagy 

(A) and clearance of sarcomeric proteins (B). 
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Figure 15. BAG3 overexpression in mice rescues left ventricle function after MI.    

A. Fractional Shortening percent in mice over time B. Western Blot showing 

overexpressed myc tagged BAG3 
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Mice had decreased autophagy after MI surgery, however, BAG3 overexpression 

was able to restore autophagy and autophagic signaling as shown in Figure 16.  

Overexpressed BAG3 was located at the z-disc of cardiomyocytes as indicated by MYC 

antibody in IHC as seen in Figure 18. 

 

 

Figure 16. Autophagy is restored in mice with BAG3 overexpression after MI 
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Figure 17. Representative echocardiogram pictures of mice. Control groups are 

Sham, receiving either AAV9 GFP or BAG3, and MI heart failure surgery mice 

receiving either AAV9 GFP or BAG3 
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 Because MI mice did not have decreased levels of BAG3 11 weeks post surgery, 

and could not reflect the decrease seen in human heart failure patients, we decided to use 

cell model and knock down BAG3 in neonatal rat cardiomyocytes. In NRCM, knock 

down of BAG3 leads to decreased autophagy (Figure 19). 

 

Figure 18. MYC is expressed at the z-disc of cardiomyocytes as shown by white 

arrows in this IHC. 
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Immunocytochemistry of NRCM shows autophagy receptor p62 accumulation as 

well as increase in ubiquitination in cells with BAG3 knockdown, which confirms that 

loss of BAG3 in cardiomyocytes leads to impaired autophagy and protein clearance 

(Figure 20 and Figure 22).  

 

Figure 19. BAG3 knockdown in NRCM leads to impaired autophagy 
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Figure 20. Immunocytochemistry in NRCM shows accumulation of autophagy 

related proteins in points to the stalled protein clearance in cells with BAG3 

knockdown 
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Increase in ubiquitinated proteins in the cells with BAG3 knockdown indicates 

that the misfolded proteins have accumulated and clearance is delayed (Figure 22).  

Knockdown of BAG3 mimics what we see in human samples, but it is important 

to show what occurs after the introduction of BAG3 and whether this can restore or 

increase autophagy. Overexpression of BAG3 leads to increased autophagy and 

autophagic flux (Figure 16 and Figure 21) 

 

Figure 21. BAG3 overexpression in NRCM leads to autophagy induction and 

increase in autophagic flux 
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Figure 22. Ubiquitination increase in BAG3 knockdown 
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Because isolation of autophagic machinery is challenging in tissue, cell culture 

may serve as an appropriate alternative model to obtain more detailed information about 

the exact signaling. Although, cells are easier work with and faster to produce results, it is 

critical to confirm these findings in larger animal model before going into human trails 

and doing BAG3 gene delivery. 
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CHAPTER 4 

 

DISCUSSION AND CONCLUSION 

 

Heart failure is a prevalent problem in todays society and finding an effective 

treatment is imperative. Gene therapy is one approach that has been utilized for disease 

treatment more frequently. BAG3 is a perfect candidate and therapeutic target for the 

treatment of heart failure. 

BAG3 is an anti-apoptotic protein highly expressed in the heart that is involved in 

the protein quality control of the sarcomeric proteins via autophagy and structural 

stability of the z-disc in cardiomyocytes. The idea that BAG3 is important in the heart is 

also shown in human patients with BAG3 gene mutations that develop dilated 

cardiomyopathy. Several different mutations have been responsible for cardiomyopathy 

development in distinct families, and our lab identified one family with a 10 nucleotide 

deletion in the BAG3 gene (39).  

Because BAG3 is involved in development of cardiomyopathy, our lab examined 

levels of BAG3 in cardiac tissue of heart failure patients compared to patients with 

normal heart function. Here, I showed that levels of BAG3 protein in explanted hearts of 

heart failure patients are lower when compared to levels of BAG3 in hearts that are 

normally functioning.  

Involvement of BAG3 in autophagic clearance of structural proteins led me to 

examine autophagy markers and sarcomeric proteins in these patient samples. 
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Interestingly, heart failure patients with lowest BAG3 levels did have impaired autophagy 

and variable levels of sarcomeric proteins compared to controls. This indicates that the 

lack of BAG3 disrupts normal heart function by decreasing autophagic activity and 

accumulation of misfolded proteins and aggregates that are cytotoxic for heart. Since 

cardiomyocytes are beating cells and undergo mechanical stress, lack of BAG3 is 

dysregulating stability of the z-disk and cells are not able to properly resist mechanical 

stress. All together, the inability of cardiomyocytes to properly respond to mechanical 

stress and accumulation of the misfolded proteins leads to improper cardiomyocyte 

function and heart failure (36, 47, 89, 90). 

Autophagy is particularly important in older individuals because as we age the 

organism’s metabolic activity decreases and the body accumulates more misfolded 

proteins that become toxic if they are not properly cleared out. Having an increase in 

accumulation of misfolded and aggregated proteins, results in a response from the 

organism of increasing autophagic activity because autophagy is able to clear out big and 

bulk proteins compared to the proteasome system, which is solely responsible for 

clearing out small and short lived proteins. This is an important notion for BAG3 because 

BAG3 is increased in aged cells when compared to young cells. With the increase of 

BAG3, autophagy in the cell increases and there is a switch from proteasome to 

autophagy protein clearance (79).  

Levels of BAG3 in heart failure patients are low so an increase in BAG3 levels 

may improve left ventricle function by increasing resistance to mechanical stress as well 

as increasing autophagy and clearance of misfolded and aggregated proteins, which are 

cytotoxic as well. Higher BAG3 levels may be achieved by gene therapy and using 
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AAV9 since they are commonly used in clinical trials and are very safe and heart tropic 

(17, 19). 

To validate the idea that BAG3 can be delivered to the heart via AAV9 system, 

and that exogenously overexpressed BAG3 can increase left ventricle function in the 

heart our lab used an animal model of heart failure. Heart failure was surgically induced 

in mice and eight weeks post myocardial infarction surgery mice had AAV9 BAG3 gene 

delivery. Three weeks post injection, mice with BAG3 overexpression showed significant 

improvement in left ventriclular function compared to GFP control mice.  

Overexpressed BAG3 is Myc tagged, so Myc expression was confirmed in 

Western Blot as well as by immunohistochemistry in paraffin embedded heart samples. 

Myc was visible in z-disc of the cardiomyocytes as well as near the membrane (Figure 

18). Localization of overexpressed BAG3 at the z-disk confirms the necessity of 

myocardial infarction stressed cardiomyocytes having extra support and stability at the z-

disk and leading to greater resistance after mechanical stress (90). 

Interestingly, the levels of BAG3 protein did not significantly decrease in mice 

with myocardial infarction compared to sham control group eleven weeks post-surgery. 

This does not mean that protein levels of BAG3 will not decrease at some point, but it 

may take longer time since we saw a slight decrease in mRNA levels of BAG3 in MI 

GFP mice compared to SHAM GFP. 

The decrease in BAG3 protein levels in human hearts was seen at the end stage of 

heart failure when patients had to undergo transplantation, leading to the supposition that 

it may take longer for mice to be severely sick leading to a significant drop in BAG3 
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protein levels in a mouse model of heart failure. This phenomenon may be significant for 

gene delivery in human patients. Gene therapy may be given to patients that have left 

ventricle dysfunction independent of current levels of BAG3 in the heart and still extra 

BAG3 will give support and improve heart function. AAV9 is highly trophic for the heart 

and so far there is no harm to cardiomyocytes overexpressing BAG3. Since AAV9 is 

trophic for the heart, there is no worry the BAG3 will be overexpressed in other tissues 

where it may cause harm as it is known that BAG3 is overexpressed many cancers (91-

94). 

Overexpressed BAG3 in mice did locate to the z-disk, but it is important to 

examine how BAG3 functionally impacted the cardiomyocytes. Levels of LC3 did not 

change in the Western Blot but IHC showed increased LC3 puncta in MI BAG3 

compared to MI GFP indicating increased autophagy after BAG3 overexpression. Other 

papers have reported that the levels of LC3 in the whole tissue extracts did not show 

change in Western Blot, but histological samples showed more details consistent with my 

results as well. To check induction of autophagy levels phosphorylated AMPK were 

observed and the MI BAG3 group had greater induction of autophagy compared to 

SHAM BAG3. 

Induction of autophagy aided in clearance of misfolded or aggregated proteins. 

Particularly the turnover of sarcomeric proteins is being monitored, and BAG3 

overexpression is located at the z-disc to make sure that only fully functional proteins are 

recruited at the z-disk and the dysfunctional proteins are cleared out via autophagy. Other 

cochaperones may be involved in this monitoring and clearance as well (Figure 23). 
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Induction of autophagy in stressed cardiomyocytes is beneficial for proper 

function, however because the cell strives for cellular homeostasis, too much autophagy 

can be maladaptive for the cell. The levels of autophagy occuring in the cells after BAG3 

overexpression was not at maladaptive levels, but was just enough to exert beneficial 

effects. 

Since human heart failure samples showed a decrease in BAG3 protein levels, it is 

convenient to use a cell culture model and knock down BAG3 in neonatal rat 

cardiomyocytes. I wanted to mimic this phenomenon in vitro and examine whether cells 

were behaving the same as human tissue samples. Decrease in BAG3 did lead to 

decreased autophagic flux in NRCM with lower BAG3 levels and an increase in 

ubiquitinated proteins, which indicates cellular accumulation of proteins that need to be 

degraded. 

Cell culture results confirmed that a BAG3 protein level decrease leads to 

accumulation of proteins labeled for degradation because of decreased autophagic 

activity. Thus, it make sense to overexpress BAG3 in patients with heart failure in order 

to restore autophagy and enhance protein clearance necessary for proper cardiomyocyte 

function. 

Overexpression of BAG3 in cell culture is able to induce autophagy, which is 

good confirmation for the finding in mice, after BAG3 gene delivery.  
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Figure 23. Sarcomere strcture and z-disc 
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