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ABSTRACT OF THE THESIS 

 
 

P209L Mutation in BAG3 Does Not Cause Cardiomyopathy in Mice  
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Cardiomyocytes are under constant mechanical and metabolic stress, which 

makes functional protein quality control (PQC) systems particularly important. Molecular 

chaperones and co-chaperones are essential components of a functioning PQC. Mutation 

and downregulation of the co-chaperone protein BCL-2–associated athanogene 3 (BAG3) 

are associated with cardiomyopathy and heart failure.  It has been reported that a BAG3 

P209L missense mutation leads to the development of myofibrillar myopathy with severe 

cardiac defects. However, the mechanisms by which the P209L mutation leads to 

cardiomyopathy remain obscure. In our present study, we found that BAG3 P209L 

mutation in mouse did not cause cardiomyopathy. In the molecular level, the levels of 
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ATP-dependent and ATP-independent heat shock proteins were not changed in cardiac 

tissues from BAG3 P209L mutant mice. Further experiments revealed that the P209L 

mutation did not influence the levels of autophagy or global ubiquitination in cardiac 

tissues. Together, these observations suggest that the BAG3 209L mutation alone may 

not cause cardiomyopathy in mice.  
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Protein quality control and molecular chaperone in cardiomyocyte:  

Cardiomyocytes are constantly faced with the challenge to efficiently and properly fold 

nascent polypeptides, traffic them to their appropriate cellular locations, and prevent them from 

denaturing when exposed to physiological and pathological stimuli (1). Cardiomyocytes have 

developed a multilayer protein quality control (PQC) system to maintain protein homeostasis and 

cardiac function (1). Central players of the cellular PQC system are molecular chaperones and 

co-chaperones that function to stabilize correct protein conformations, refold aberrant proteins to 

their functionally active native state, or target unfolded, misfolded or aggregated substrates for 

degradation (2-4).  

 

Molecular chaperones are proteins that assist in folding or unfolding of individual 

proteins, and the assembly or disassembly of macromolecular structures. Multiple specialized 

proteins form a complex chaperone network that mediates the correct folding of nascent or 

aberrant peptides to prevent misfolding and the subsequent formation of aggregates. There are 

two general categories of molecular chaperones, the first of which is the ATP-dependent high-

molecular-weight HSPs such as the HSP70 family. HSP70 uses the energy from ATP hydrolysis 

to regulate reversible binding to unfolded or partially folded proteins to ultimately refold these 

proteins into their native conformation. The second category is the ATP-independent small HSP 

(sHSP/ HSPB) family, for example, HSPB5 (αB-crystallin) HSPB6 (Hsp20), HSPB7, HSPB8 

(Hsp22). In the chaperone network, sHSPs function as “holdases”, a term that refers to their 

ability to bind and stabilize denatured or non-native proteins against aggregation, subsequently 

bring them to be refolded by HSP70s (55). Co-chaperones, such as BAG3, and are proteins that 

assist chaperones in protein folding and other functions. 
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The protein domains and function of co-chaperone protein BAG3: 

BAG3 belongs to the BAG family of co-chaperones which includes BAG1-5, 

characterized by a conserved BAG domain (53). BAG3 is a 61-kDa stress-inducible protein with 

multiple protein-protein interaction motifs or domains (Figure. 1A). The BAG domain of BAG3 

binds to nucleotide binding domain (NBD), which is responsible for ATPase activity, of the 

ATP-dependent chaperone HSP70 family. HSP70 is heat shock protein that plays a crucial role 

in folding nascent proteins and assembly and disassembly of other protein structures. BAG3 is a 

potent nucleotide exchange factor and modulates chaperone protein activities (12, 13). The 

protein-protein interaction between the BAG domain of BAG3 and HSP70 aids the release of 

ADP from HSP70 and facilitates nucleotide cycling (56).  

 

In addition to the conserved carboxyl-terminal BAG domain, BAG3 contains a WW 

(Trp-Trp) domain at the amino-terminus, and a central proline-rich PxxP region, each of which 

mediates binding to many different protein partners (14). Recently, two IVP (Ile-Pro-Val) motifs 

separated by ~100 aa in its N-terminus were identified between the WW domain and the PxxP 

region that mediate interaction of BAG3 with the small heat shock proteins (sHSP/HSPB) 

(15,16) (Figure. 1A). These IPV motifs, together with the HSP70-binding BAG domain, allow 

BAG3 to assemble large multi-chaperone complexes. The multiple protein interaction domains 

facilitate assembly of large chaperone-co-chaperone complexes to regulate diverse cellular 

processes such as apoptosis, proliferation, cell adhesion and motility, cytoskeletal organization 

and protein homeostasis. These multifaceted interactions enable BAG3 to modulate protein 

folding and stability to effect major processes, thereby allowing cardiomyocytes to adapt to 

stressful stimuli (12, 14, 17-21). The biological functionality of BAG3 could be largely 

explained by BAG3’s  
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role as a modular, scaffolding factor that brings together sHSPs and HSP70s. BAG3 has been 

shown involved in multiple functions, such as apoptosis, cytoskeleton organization, autophagy 

(18), and essential for allowing cells to adapt to various external stimuli (30).  

 

The cardiac role of BAG3: 

BAG3 is prominently expressed in cardiac and skeletal muscle tissue and has been shown 

to colocalize with α-actinin at Z-disks (22). BAG3 plays an essential role in cardiac tissue, and 

mechanical stress can induce BAG3 expression. In addition to colocalizing with α-actinin at the 

Z-disks, BAG3 has been detected in various cellular components including the mitochondrial 

and cytoplasmic fractions (25). Together these data suggest that BAG3 may play a critical role in 

quality control of proteins at the Z-disk as well as homeostasis of non-myofibrillar proteins. 

Multiple mutations in BAG3 have been associated with skeletal and cardiac myopathies, 

highlighting its importance for striated muscle function (5-10). Importantly, decreased levels of 

BAG3 have also been described in a family with idiopathic DCM and in unrelated patients with 

end-stage heart failure (14), suggesting BAG3 is involved in both genetic form and acquired 

form of dilated cardiomyopathy.  

 

It has been reported that global BAG3 knockout mice exhibit impaired postnatal growth 

and early lethality at 3-4 weeks (22, 23, 55). Cardiomyocyte-specific knockout of BAG3 (CKO) 

leads to destabilization of sHSPs, resulting in increased insolubility of BAG3 complex substrates 

and dilated cardiomyopathy (DCM) (55). The E455K mutation in BAG3, which located in BAG 

domain of BAG3 has been identified as the unequivocal cause of DCM, disrupted the interaction 

between BAG3 and HSP70. The homozygous global E455K knock-in mice exhibited impaired  
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postnatal growth and premature lethality at 4 weeks (55). The cardiac specific E455K mutant 

mice had cardiac phenotypes comparable to BAG3 cardiac specific knockout mice, with severe 

cardiac enlargement and decreased systolic function. The identical phenotype between BAG3 

knockout and E455K mutation demonstrated that the E455K mutation is a loss of function 

mutation. Interestingly, the protein levels of sHSPs (HSPB5, HSPB6 and HSPB8) were 

downregulated in E455K mutant hearts. Notably, the BAG3 E455K mutation affects the 

interaction between BAG3 and HSP70, but not sHSPs, suggesting the ability of BAG3 to interact 

with HSP70 was essential to the stability of sHSPs.  However, little is known about the 

underlying mechanism in which BAG3 stabilize sHSPs and the functional consequence of the 

impaired interaction between sHSPs and BAG3.  

 

The potential function of IPV motif in BAG3: 

Two IVP (Ile-Pro-Val) motifs are separated by ~100 aa in the N-terminus of BAG3, 

between the WW domain and the PxxP region (57) (Figure 1A).  It has been reported that two 

IPV motifs bind to small heat shock proteins such as HSPB8 and HSPB6, and facilitates the 

formation of elaborate molecular chaperones complex. The IVP domains have been shown to 

bind small heat shock protein (sHSP) such as HSPB5, 6 and 8. Through domain deletions and 

point mutations, it has been elucidated that BAG3 uses both of its IPV motifs to interact with 

sHSPs, including HSP27 (HspB1), αB-crystallin (HSPB5), Hsp22 (HSPB8), and HSP20 

(HSPB6). For example, mutation of valine to alanine in the IPV motifs weakened the apparent 

affinity of BAG3 for sHSPs. Furthermore, mutating IPV to GPG or deletion of individual IPV 

motifs reduced the stoichiometry of the binding interaction from 2:1 to approximately 1:1, 

whereas removing of  
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both IPV motifs through mutating them to GPG completely abolishes binding of sHSPs, 

suggesting that BAG3 utilize both of its IPV motifs to engage in interaction with sHSPs. It has 

been identified that the heterozygous p.Pro209Leu (P209L) mutation in humans causes severe 

muscular dystrophy and cardiomyopathy. The P209L mutation is found at amino acid 209 in the 

Bag3 Ile-Pro-Val (IPV) motif at amino acids 200 to 213 in BAG3. Patients with the BAG3 

P209L mutation have reported progressive limb and axial muscle weakness, and they also 

experienced the development of cardiomyopathy as well as severe respiratory insufficiency in 

their teens (58).  

 

Cardiomyocyte-specific (αMHC-) BAG3 P209L transgenic mice have been generated 

and displayed a slow progression of cardiac complications (59). Through gross comparison of 

αMHC BAG3 P209L and control wild-type littermate, the αMHC BAG3 P209L heart is visibly 

enlarged under the hematoxylin and eosin staining. Through studying mouse echocardiography, 

researchers found that the fractional shortening, which is a reliable indicator of cardiac function, 

is significantly decreased in the αMHC BAG3 P209L transgenic mice compared to the littermate 

control. However, little is known about the molecular pathophysiology of how this mutation 

leads to cardiovascular disease. Notably, this αMHC BAG3 P209L mice is a transgenic model 

that overexpresses P209L mutant BAG3 protein in cardiomyocytes. Thus, a knock-in mouse 

model, in which the mutant BAG3 gene is under the control of the endogenous locus, is essential 

to the understanding of the molecular basis underlying the cardiomyopathy caused by the BAG3 

P209L mutant protein.  
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In this study, I aim to investigate whether P209L mutation in BAG3 leads to dilated 

cardiomyopathy and the potential mechanism in which P209L mutant BAG3 dysregulates  

cardiomyocytes homeostasis. I utilized a knock-in mouse model in which the endogenous BAG3 

gene has been replaced with mutant BAG3 containing the P215L mutation, which is equivalent 

to the human P209L mutation. We hypothesize that the P209L mutation disrupts the interaction 

between BAG3 and small heat shock protein and leads to the degradation of sHSPs, eventually 

resulting in dysregulation of protein homeostasis and cardiomyopathy. 
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MATERIALS AND METHODS 
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Animal protocol and consent 

All animals used in this study were maintained by the UCSD animal care personnel at the 

vivarium of Biomedical Research Facility II. Enrichment was provided to mice kept in standard 

dark/light cycle conditions. The housing condition met the standard requirements of rodent 

IACUC guidelines, briefly, one to five individuals per cage. The Institutional Animal Care and 

Use Committee (IACUC) at the University of California San Diego approved all experimental 

procedures. UCSD has an Animal Welfare Assurance document (A3033-01) on file with the 

Office of Laboratory Animal Welfare and is fully accredited by the Association for Assessment 

and Accreditation of Laboratory Animal Care (AAALAC) International.  

 

Mouse models 

C57BL/6 mice (strain code: 027) were purchased from Charles River Laboratories. 

BAG3 P209L (equivalent to the mouse P215L) knock-in mice have been generated and were 

available in Dr. Ju Chen laboratory. The knock-in mice were generated by standard techniques 

using a targeting construct (60). Bag3 m/+ heterozygous mutant mice had been backcrossed onto 

a C57BL/6 background for at least 10 generations. Bag3 m/+ heterozygous mutant mice were 

subsequently intercrossed to generate homozygous Bag3 m/m mice (BPL mice). The forward 

primer 5’-AGGCACAGATGCAGCCAGTTAA and reverse primer 5’- 

GGTCTTCTGGGCTTGGTGGAA are used for genotyping.  

 

Animal procedures and echocardiography  

Mice were anesthetized with 1% isoflurane prior to the echocardiographic study. The 

echocardiography was performed using a FUJIFILM VisualSonics SonoSite Vevo 2100  
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ultrasound system with a 32- to 55-MHz linear transducer. We used the percentage of FS as an 

indicator of systolic cardiac function. Measurements of heart rate (HR), left ventricular end-

diastolic dimensions (LVED) and left ventricular end-systolic dimensions (LVESD), LV 

posterior wall thickness (LVPWd), LVIDs, and LVIDd were determined from the LV M-mode 

tracing. 

 

Protein isolation and Western blot analysis 

Total protein extracts were prepared by suspending ground heart tissue in urea lysis 

buffer (8 M urea, 2 M thiourea, 3% SDS, 75 mM DTT, 0.03% bromophenol blue, 0.05 M Tris-

HCl, pH 6.8) (65). Protein lysates were separated on 4% to 12% SDS-PAGE gels (Life 

Technologies, Thermo Fisher Scientific) and transferred overnight at 4°C onto PVDF 

membranes (Bio-Rad). After blocking for 1 hour in TBS containing 0.1% Tween-20 (TBST) and 

5% dry milk, the membranes were incubated overnight at 4°C with the indicated primary 

antibody (See Table 1 for antibody list) in blocking buffer containing 2% dry milk. Blots were 

washed and incubated with HRP-conjugated secondary antibody generated in rabbit (1:5,000) or 

mouse (1:2,000) (Dako) for 1 hour at room temperature. Immunoreactive protein bands were 

visualized using ECL reagent (Thermo Fisher Scientific).  

 

Quantitative RT-PCR 

We extracted total RNA from mouse left ventricles using TRIzol reagent (Life 

Technologies, Thermo Fisher Scientific) according to recommendation provided by the 

manufacturer. The cDNA was synthesized using MMLV Reverse Transcriptase (Bio-Rad. 

Primer sequences for  
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quantitative RT-PCR (qRT-PCR) are complimentary to the respective DNA sequence of the 

proteins. Primer information are listed in Table 2. RT-PCR reactions were performed using 

SsoFast EvaGreen Real-Time PCR Master Mix (Bio-Rad) in 96-well, low-profile PCR plates in 

a Bio-Rad CFX96 Thermocycler. 

 

Histology 

Hearts were isolated from age- and sex-matched littermates. Prior to being fixed 

overnight in 4% paraformaldehyde, mouse hearts were washed in PBS. Hearts were then 

dehydrated in 70% ethanol. Subsequently, dehydrated hearts were embedded in paraffin and 

coronally sectioned (10-μm thickness). Sections were stained with Masson’s trichrome or 

Hematoxylin and Eosin and then mounted as a standard preparation for imaging. Finally, a 

Hamamatsu NanoZoomer2.0HT Slide Scanning System was used to image the prepared heart 

sections. 

 

Statistical analysis 

 

Data distribution was assumed to be normal.  Standard spreadsheet software (Microsoft 

Excel) were used to analyze prepared data, and all errors bars shown in the figures are s.e.m. 

Statistical analysis was done using GraphPad Prism v6 (GraphPad Software Inc., La Jolla, CA). 

The final data also involved ANOVA analysis with multiple sample comparisons, Bonferroni 

post hoc testing was performed to discriminate significance relationships.  Two-tailed unpaired 

tests with alpha-value of 0.05 was utilized for t-test analysis. 
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Generation of P209L knock-in mice mutation 

BAG3 P209L (equivalent to the mouse P215L) knock-in mice have been generated and 

existed in Dr. Ju Chen laboratory. The knock-in mice were generated by standard techniques 

using a targeting construct (60). Figure 1A shows the binding domains of BAG3, including the 

two IPV motifs and the BAG domain. The endogenous Bag3 gene was replaced with a mutant 

Bag3 gene containing the P215L mutation, which is equivalent to the human P209L mutation 

(Figure 1B).  Genotyping PCR analysis was performed using primers flanking the neomycin 

(Neo) -FRT site and the P209L mutant site (Figure 1C). It is important to note that the neomycin 

gene was removed by crossing with FLP deleter mice after germline-transmission. Based on the 

method, the genotyping PCR product of mutant allele is 715bp, while the 605bp product is 

amplified from wild-type allele. As shown in Figure 1B, we detected double bands in the 

heterozygous P209L mutant, single band at 715 bp in the homozygous P209L mutant, and single 

band at 605 bp in wild-type control in the PCR result.  The Sanger Sequencing results further 

demonstrate that the endogenous gene was replaced with the Bag3 P209L mutant gene (Figure 

1D). Western blot analysis showed that BAG3 protein levels in the hearts of BAG3 heterozygous 

and homozygous P209L mice lines were comparable to BAG3 protein levels in WT control 

littermates indicating that the BAG3 P209L mutation does not impair the expression or stability 

of BAG3 (Figure 1E). 

 

BAG3 P209L mutant mice display normal cardiac structure and function  

BAG3 P209L mutant mice are viable and born at expected Mendelian ratios with no 

observed growth defects. First, we analyze the survival curve of the BAG3 P209L heterozygous 

(m/+) mice, BAG3 P209L homozygous (m/m) mice along with the control littermates to 

investigate the effects of the P209L mutation on the overall survival and developmental  
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progression. We analyzed survival data of the heterozygous and homozygous P209L knock-in 

mice and control littermates using Kaplan-Meier survival analysis with a log-rank method of 

statistics (55). The two mutant mouse lines were all viable at birth. No premature death of BAG3 

P209L mice is observed; they do not possess increased susceptibility to premature death 

compared with control littermates (Figure 2A). Over 83% of BAG3 m/+ and m/m mice survived 

when the last measurement was collected. There was no significant difference among the m/m, 

m/+, and the control littermates. At Week 66 in adulthood, there was no statistical difference in 

terms of survival rate among all three mouse lines (Figure 2A). 

 

Next, to examine the overall cardiac phenotype, we measured heart weight, body weight, 

and tibia length. These measurements were then utilized to calculate heart weight to body weight 

and heart weight to tibia length, both of which are used as an index for cardiac hypertrophy. 

Heart weight to body weight (HW/BW) was without significant changes in P209L mice 

compared with controls at 16 months of age (Figure 2C). The calculated heart weight to tibia 

length (HW/TL) ratios of the heterozygous and homozygous P209L knock-in mice were also 

comparable to the HW/TL ratio of the WT control littermates (Figure 2D).  

 

To further characterize cardiac phenotypic changes due to the P209L mutation, we 

performed Hematoxylin and Eosin staining and Masson’s trichrome staining to assess for the 

cardiac injury, morphological changes, and fibrosis. Morphological and histological analysis of 

BAG3-knock-in hearts did not reveal abnormal in cardiac morphology. Both homozygous and 

heterozygous mutant hearts did not exhibit any signs of cardiac hypertrophy or dilation. 

Furthermore, based on the Masson’s Trichrome staining, there is no evidence of fibrosis in the 

P209L mutation mouse lines compared with the littermate control (Figure 2B).  
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Consistent with a lack of evidence providing physiological proof of cardiac remodeling, 

the qRT-PCR analysis of cardiac fetal gene markers there were no significant changes in levels 

of atrial natriuretic factor (ANF) and B-type natriuretic peptide (BNP), in the hearts of BAG3 

P209L heterozygous (m/+) mice, BAG3 P209L homozygous (m/m) mice at 16 months of age 

(Figure 2E), compared with control littermates. Similarly, the expression levels of profibrotic 

genes collagen α1 types I (Col1a1) and III (Col3a1) (Figure 2F) are no difference compared with 

wild-type control. 

 

To access the cardiac function in BAG3 P209 mutant mice, we performed cardiac 

physiological studies over the course of 16 months on P209L knock-in mice. Echocardiography 

revealed that left ventricular systolic function and left ventricular chamber morphology are 

grossly intact without abnormalities. The difference in percentage of fractional shortening [FS] at 

Week 18 and 47 for the three groups are statistically insignificant (Figure 3A). By week 66, the 

wild-type control, heterozygous, and homozygous P209L mutant mice samples all had nearly 

identical percentage of fractional shortening (FS), which indicates that the left ventricular (LV) 

systolic function are not affected by the P209L mutation.  

 

As evidenced by the nearly identical end-diastolic LV internal diameter (LVIDd) and 

end-systolic LV internal diameter (LVIDs), there is no statistical difference in the LVIDd (Figure 

3B) and LVIDs (Figure 3C) measurements among the wild-type and the two P209L mutant mice 

line. The end-diastolic left ventricular posterior wall thickness (LVPWd) of the heterozygous 

BAG3 P209L and homozygous BAG3 P209L mutant mouse hearts are within the normal limits 

and comparable with the control littermate. Consistent with histological observations, these 
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findings suggest that the missense P209L mutation did not result in left ventricular chamber 

dilation.  

 

Effects of P209L Mutation on Expression Levels of Molecular Chaperones 

To determine the effects of P209L missense mutation on expression levels of the 

chaperone complex, we evaluated protein samples from isolated cardiac tissue of 16-month-old 

BAG3 P209L heterozygous and homozygous knock-in mice and control mice. It has been 

previously shown BAG3 interacts with ATP-dependent high molecular weight chaperones such 

as HSP70 family with its BAG domain and interacts sHSPs through its 2 IPV motifs (32, 33, 35). 

Western blot analysis revealed that the levels of stress-inducible HSPs, such as HSP90 and 

HSP70, were without significant changes in P209L knock-in mouse cardiac tissues. The levels of 

the constitutively expressed HSC70 were also unchanged (Figure 2, A and B). Surprisingly, the 

protein levels of sHSPs, such as HSPB8 (also known as HSP22), HSPB6 (also known as 

HSP20), and HSPB5 (also known as αB-crystallin) did not undergo any obvious changes in 

P209L knock-in hearts. These data suggested that P209L mutation did not create increased 

protein stress in cardiac tissue. 

 

Effects of P209L Mutation on Ubiquitination Degradative Pathway 

It has been determined that BAG3 is involved with protein degradation via the 

ubiquitination pathway. To investigate whether the BAG3 P209L mutation leads to increased 

ubiquitinated proteins in cardiac tissue, Western blot analysis of ubiquitinated proteins was 

performed using anti-ubiquitin antibodies. Western blotting revealed no significant accumulation 

of ubiquitinated proteins in heterozygous BAG3 P209L-mutant (m/+), and homozygous BAG3 

P209L-mutant (m/m) mouse hearts compared with wild-type mouse hearts (Figure 4D). 
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Effects of P209L Mutation on Autophagy 

As it has been reported that BAG3 is involved in autophagy (37), our lab has previously 

shown that loss of BAG3 function suppresses autophagosome formation through examining the 

levels of the autophagosome-associated protein light chain 3B (LC3B) and selective autophagy 

receptor p62 (38). The formation of autophagosomes is the onset of a dynamic process known as 

autophagic flux that results in degradation of the formed autophagosome after fusion with 

lysosomes (42). Suppressed autophagic flux in BAG3-deficient hearts might lead to misfolded 

protein aggregates in cardiac myocytes (55). To investigate if the P209L mutation in the IPV 

motif affects the autophagic flux, Western blotting was performed, which showed no significant 

difference in the levels of LC3B and p62 levels in wild-type control, heterozygous, and 

homozygous P209L mutant mice heart tissues (Figure 4C). This suggests that the P209L 

mutation does not interfere with the level of autophagic flux.  
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BAG3 plays an integral role in the maintenance of normal cardiac function.  An essential 

component of the protein quality control system in cardiomyocytes, BAG3 helps maintain 

protein homeostasis and cardiac function by exercising quality control over a specific subset of 

proteins required for metabolic and contractile function of cardiomyocytes (55). Mutations and 

downregulation of BAG3 have been reported to lead to cardiomyopathy and heart failure in 

numerous patient cases. Although it has been shown that BAG3 P209L mutant in human patients 

leads to development of dilated cardiomyopathy and progressive loss of cardiac function, little is 

known the pathogenesis of and molecular mechanism by BAG3 P209L missense mutation leads 

to progression of cardiomyopathy. 

Our present study uses knock-in mice to elucidate the functional effects of the BAG3 

P209L mutation in mice and investigate the molecular mechanism of P209L mutation in 

cardiomyopathy. We performed a comprehensive time course of cardiac physiological studies to 

assess long-term effects of P209L mutation on cardiac function in P209L knock-in mice, 

compared to littermate controls. No premature death of BAG3 P209L mice is observed. We did 

not observe any statistical difference in terms of survival rate for the three groups. Additionally, 

heart weight to body weight (HW/BW) and heart weight to tibia length (HW/TL) ratios were 

also assessed. There were no significant changes in P209L mice compared with controls. The 

expression levels of the cardiac fetal gene markers and profibrotic genes were within normal 

limits compared to that of the control mice. Furthermore, histological analysis revealed that 

mutant hearts did not exhibit any signs of cardiac hypertrophy, dilation or increased fibrosis. 

Together, our data suggest that the P209L mutation did not affect the survival of the mice or 

cause measurable cardiac hypertrophy and fibrosis. 
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Echocardiography of the mouse hearts shows that left ventricular systolic function was 

unaffected by the BAG3 P209L mutation. The end-diastolic left ventricular posterior wall 

thickness, end-diastolic LV internal diameter (LVIDd), and end-systolic LV internal diameter 

(LVIDs) of the mutant mice were comparable with the control. Consistent with histological 

observation, these observations suggest that P209L mutation does not lead to left ventricular 

chamber dilation or other pathological abnormalities of the heart.  

 

BAG3 is implicated in ubiquitin degradation pathway and autophagy. To determine the 

role of P209L mutation in protein degradation and autophagy, we performed Western blot of 

ubiquitinated proteins in cardiac tissue and markers of autophagy. Western blot analysis revealed 

no significant changes in the level of ubiquitinated proteins or autophagosome proteins in the 

hearts, suggesting that BAG3 P209L mutation affect neither autophagy nor protein degradation 

through the ubiquitination pathway in cardiac tissues.  

 

The ATP-dependent HSP70 and the ATP-independent small sHSP/HSPB family, which 

includes HSPB8, HSPB6, and HSPB5, constitute an ancient system for protecting proteins under 

conditions of proteotoxic stress (52). Small heat shock proteins lack the ATPase activity and 

must work in conjunction with HSP70 family to carry out active refolding of aberrant 

polypeptides. BAG3 can bind HSP70 with high affinity through its BAG domain BAG3, and 

BAG3 also interacts with sHSPs through its two IPV motifs (55). Therefore, BAG3 is 

functionally important for the chaperone complex function because of its ability to facilitate the 

assembly of large multi-chaperone complexes. Previous studies have shown that impaired 

interaction between BAG3 and HSP70 leads to degradation of sHSPs and increased  
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accumulation of protein substrates in the insoluble fractions (55). However, our western blot of 

BAG3-associated chaperones, such as HSC/HSP70 and sHSPs, such as HSPB5, HSPB6, 

HSPB8, in the 2 BAG3 P209L mutant mice and control mice. The Western blotting analysis 

revealed that there is no change in levels of BAG3-associated molecular chaperones such as the 

HSC/HSP70 as well as the sHSPs in the P209L mutant mice hearts compared with the control 

mice. Our present observations suggested that this residue does not cause loss of function of 

BAG3 and is not critical for the essential function of BAG3 in mice. However, our present study 

does not provide insight into the potential changes or disruption of the interaction between 

BAG3 and its associated molecular chaperones. In future experiments, the immunoprecipitation 

analysis and co-localization immunofluorescence analysis would be performed on protein 

extracts from BAG3 P209L and control mice to directly assess potential changes in the physical 

interactions between components of the BAG3-multi-chaperone complex. To study the effect of 

P209L on the interaction affinity between BAG3 and sHSPs, we also will perform isothermal 

titration calorimetry (ITC) experiment to measure the BAG3 P209L mutant and HSPB8 

interaction affinity.  

 

The P209L mutation is the unequivocal cause of cardiomyopathy and progressive loss of 

cardiac function in human. In addition, the Proline 209 residue and adjacent region are 100% 

conserved between human and mouse (60). Our observation of no baseline cardiac phenotype in 

BAG3 P209L knock-in mice was quite unexpected. There are several possible interpretations of 

this observation, one of which is that it may take a considerable amount of time to develop 

severe cardiomyopathy due to aberrant protein aggregation.  We only evaluated cardiac structure 

and function of BAG3 P209L knock-in mice, which were in a pure C57/B6 genetic background,  
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at  baseline conditions up to 16 months of age. Future studies are needed to determine whether 

BAG3 P209L knock-in mice would eventually develop cardiomyopathy with greater age and to 

determine whether BAG3 P209L knock-in mice respond normally to cardiac stress, such as 

TAC-induced pressure overload. The other potential explanation is that the P209L mutation may 

not totally diminish the binding affinity of the IPV motif for sHSPs or lead to degradation of 

sHSPs. There are two IVP motifs in BAG3, both of which are capable of interaction with sHSPs. 

Through studying the structure of BAG3, we learned that the P209L mutation is located in one of 

the two IPV motifs. Perhaps, the P209L mutation does indeed cause impaired interaction 

between BAG3 and sHSPs, but the second IVP motif in mice is able to compensate for the loss 

of function at the first IPV motif. We are currently generating a novel knock-in mouse model 

carries Proline to Leucine mutations in both IPV motifs, which will be used to elucidate the 

function of two IPV motifs in BAG3 in vivo.  Lastly, an unknown genetic modifier could be 

required to manifest a cardiomyopathy phenotype, which can be further validated by studying 

BAG3 P209L mutant mice in different inbred mouse strains.  
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Figure 1. Generation of heterozygous BAG3 P209L-mutant (m/+) and homozygous BAG3 

P209L-mutant (m/m) mice. (A) Protein binding domains of BAG3. (B) Construct of P209L 

mutation. (C) Genotyping of result the mutant mice (D) Sequence result confirms the mutation. 

(E) Western blot analysis of BAG3 protein levels in control mice and homozygous BAG3 P209L 

mutant mice at 4 months of age. 
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Figure 2. P209L in BAG3 did not lead to cardiac dilation, fibrotic changes or premature 

death. (A)Kaplan-Meier survival curves for homozygous P209L mutant mice (n = 9), 

heterozygous P209L mutant mice (n = 8), and control (n = 9) mice. (B) Representative 

microscopic views of whole mouse hearts (top, scale bars: 1 mm) and cross-sectional views of 

H&E-stained (middle, scale bars: 1 mm) and Masson’s trichrome–stained (bottom, scale bars: 50 

μm) hearts isolated from control, heterozygous P209L mice, and homozygous P209L mice at 16 

months of age. (C-D) HW to BW ratio (C) and HW to TL ratio (D) for control (n = 5) versus 

heterozygous P209L mice (n = 5) and homozygous P209L mice (n = 7) mice at 16 months of 

age. (E-F) qRT-PCR analysis of cardiac fetal gene markers (E) and profibrotic genes (F) in 

control (n = 5), heterozygous P209L mice (n = 5), and homozygous P209L mice (n = 7) mouse 

hearts at 16 months of age.  
 

 

 

 

 

 

 

 

 

 

 

 

 

25 



 
 

 

 

 

 

 
 

 

Figure 3. Echocardiography shows normal systolic function with no evidence left 

ventricular dilation in the heterozygous and homozygous P209L mutant mice compared 

with control littermates. (A–D) Echocardiographic measurements for control, heterozygous 

P209L mice, and homozygous P209L mice (n = 8 -10 mice at 18, 47, and 66 weeks of age) of 

(A) left ventricular percentage of fractional shortening (% FS), (B) end-diastolic LV internal 

diameter (LVIDd), (C) end systolic left ventricular internal diameter (LVIDs), and (D) end-

diastolic left ventricular posterior wall thickness (LVPWd).  
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Figure 4. P209L mutation in the IPV motif of BAG3 does not affect the protein levels of 

heat shock proteins. (A) Representative Immunoblots of HSP90, HSP70, and HSC70 in WT 

(+/+), heterozygous BAG3 P209L-mutant (m/+), and homozygous BAG3 P209L-mutant (m/m) 

mouse hearts. Representative Western blot (B) of HSPB5, HSPB6, and HSPB8 in WT (+/+), 

heterozygous BAG3 P209L-mutant (m/+), and homozygous BAG3 P209L-mutant (m/m) mouse 

hearts. GAPDH served as a loading control (n = 3 mice per group). (C) Western blot analysis of 

LC3B and p62 levels in wild-type control (+/+), heterozygous BAG3 P209L-mutant (m/+), and 

homozygous BAG3 P209L-mutant (m/m) mouse hearts. (n = 3 mice per group).  (D) Western 

blot analysis of ubiquitinated proteins in WT (+/+), heterozygous BAG3 P209L-mutant (m/+), 

and homozygous BAG3 P209L-mutant (m/m) mouse hearts. The samples were probed with anti-

ubiquitin antibodies. Ponceau staining image indicates consistency in sample loading. (n = 3 

mice per group).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

27 



 
 

 

 

 

TABLES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

28 



 
 

 

 

 

 

 

Table 1. Antibody List 

 

Antibody Source, Cat. No 

GAPDH Santa cruz, sc-32233 

BAG3 Proteintech, 10599-1-AP 

LC3B Cell Signaling, 2775S 

SQSTM1/p62 PROGEN Biotechnik, GP62-C 

HSP90 Abcam, ab178854 

HSP20/HSPB6 R&D, MAB4200 

HSP22/ HSPB8 Abcam ab151552 or provide by Hongyu  

Qiu(11) 

αB-crystallin/ HSPB5 Enzo Life Sciences, ADISPA-223  

HSP70/HSP72 Enzo Life Sciences, ADISPA-810-D 

HSC70/HSP73 Enzo Life Sciences, ADISPA-815-F 

 

 

Table 2. Primer List 

 

Gene Forward Reverse 
ANF GATAGATGAAGGCAGGAAGCCGC AGGATTGGAGCCCAGAGTGGACTAGG 

BNP TGTTTCTGCTTTTCCTTTATCTGTC CTCCGACTTTTCTCTTATCAGCTC 

Collagen 1a1 TCACCAAACTCAGAAGATGTAGGA GACCAGGAGGACCAGGAAG 

Collagen 3a1 ACAGCAGTCCAACGTAGATGAAT TCACAGATTATGTCATCGCAAAG 
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