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ABSTRACT 

A better understanding of how proteasome activity is regulated can facilitate the search for 
proteasome enhancement strategies for disease treatment. A cell culture study shows cAMP­
dependent protein kinase (PKA) activates 26S proteasomes by phosphorylating Ser14 of RPN6 
(pS14-RPN6), but this discovery and its physiological significance remain to be established in vivo. 
To test the hypothesis that pS14-RPN6 mediates the activation of proteasomes by PKA and 
reduces proteotoxicity in animals, two knock-in mouse models with Ser14 of endogenous Rpn6 
mutated to either Ala (S14A) or Asp (S14D) to respectively block or mimic pS14-Rpn6 were 
created. In a PKA-dependent manner, cAMP augmentation increased pS14-Rpn6 and 26S 
proteasome activities in wild-type (WT) but not S 14A embryonic fibroblasts (MEFs), adult 
cardiomyocytes (AMCMs), and mouse hearts. Basal 26S proteasome activities were significantly 
greater in the myocardium and AMCMs from S 14D mice than those from WT mice. When coupled 
with transgenic mice expressing GFPdgn ( a proven UPS substrate), significantly lower myocardial 
GFPdgn protein but not mRNA levels were observed in S14D::GFPdgn mice compared with 
littermate GFPdgn control mice. In CryABR120G mice, a model of cardiac proteotoxicity, basal 
myocardial pS l 4-Rpn6 was significantly lower compared with non-transgenic littermates at both 
3 and 6 months of age, which was not always associated with reduction of other phosphorylated 
PKA substrates. Proteasomal degradation of Cry ABR120G was faster in cultured S 14 D neonatal 
mouse cardiomyocytes (NMCMs) than in WT NMCMs. Compared with CryABR120G mice, 
Sl4D::CryABR120G mice showed significantly greater myocardial proteasome activities, lower 
levels of total and K48-linked ubiquitin conjugates and of aberrant CryABR120G protein aggregates, 
less reactivation of fetal genes and cardiac hypertrophy, and delays in cardiac malfunction and 
premature death. This study establishes in animals that pS 14-Rpn6 is responsible for the activation 
of 26S proteasomes by PKA and reduced pS14-Rpn6 is a key pathogenic factor in cardiac 
proteinopathy, thereby identifies a new therapeutic target to reduce cardiac proteotoxicity. 
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INTRODUCTION 

1. Protein quality control (PQC) and the ubiquitin proteasome system (UPS) 

A polypeptide after ribosomal synthesis undergoes folding and assembly processes to acquire 

and maintain a proper three-dimensional structure that is vital to ensuring normal functioning of 

the protein and cell integrity.1 Even though the amino acid sequence of a polypeptide dictates its 

ultimate conformation and folding is thermodynamically preferred, the folding process is 

challenging: an enormous amount of energy is required for chaperones to assist in folding;2 

stochastic mistakes might happen during folding; a protein must be conformationally flexible to 

function properly, which makes its structure thermodynamically unstable.3 Genetic mutations or 

environmental stress, such as heat and radiation, can interrupt proper folding and lead to protein 

misfolding, resulting in protein dysfunction and aberrant aggregation in the cell.4 To maintain 

proper protein folding and minimize the cellular toxicity of misfolded proteins, the cell in nature 

has evolved a set of multi-layered protein quality control (PQC) mechanisms that assist in folding 

and refolding of polypeptides and prompt removal of terminally misfolded proteins.5 The demand 

for PQC is greater in cells with higher metabolic activity such as cardiomyocytes. PQC is carried 

out by collaboration between molecular chaperones and targeted protein degradation. Molecular 

chaperones surveille the protein integrity and participate in the folding of newly synthesized 

proteins and refolding of misfolded proteins. Targeted protein degradation includes the ubiquitin-

proteasome system (UPS)-mediated protein degradation and lysosome-executed autophagy. When 

the chaperones are overwhelmed by misfolded protein overload and no longer able to repair them, 

terminally misfolded individual protein molecules will be channeled for degradation by the UPS 

or chaperone-mediated autophagy. Otherwise, misfolded proteins form aggregates that may be 

removed by macroautophagy.6 
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The UPS is responsible for the degradation of the vast majority of intracellular proteins. By 

targeted and timely degradation of terminally misfolded proteins, the UPS is pivotal to PQC which 

senses and minimizes the level and toxicity of misfolded proteins.7 The UPS also plays a vital 

regulatory role by removing normal but no longer needed proteins in the cell, such as transcription 

factors,8 signaling proteins,9,10 cell cycle regulators,11 and cell death regulators.12 The UPS carries 

out protein degradation in the cytoplasm and nucleus of the cell.13,14 UPS-mediated proteolysis 

generally consists of two sequential steps: covalent attachment of a substrate protein with a chain 

of ubiquitin molecules and subsequent degradation of the ubiquitinated protein by the 26S 

proteasome.15 

1.1. Ubiquitin and ubiquitination 

Ubiquitin is a 76-amino acid protein, which is evolutionarily conserved in nearly all eukaryotic 

cells. Ubiquitination is an ATP-dependent process in which ubiquitin is covalently attached to the 

substrate protein or a preceding ubiquitin, via a cascade of enzymatic reactions catalyzed by the 

ubiquitin-activating enzyme E1, ubiquitin-conjugating enzymes E2, and ubiquitin ligases E3.16,17 

E1 first utilizes ATP to activate the C-terminus of ubiquitin by forming a high-energy thioester 

bond and then transfers the activated ubiquitin to E2, which subsequently transfers the ubiquitin 

to target substrate protein with the help of an E3 ligase. The E3 ubiquitin ligase interacts with both 

E2 and the target substrate and catalyzes the direct or indirect transfer of ubiquitin from the E2 to 

the ε-amino group of a lysine residue in the substrate protein by forming an isopeptide bond.18-20 

The human genome encodes 2 E1s, 30-50 E2s, and more than 600 different E3s.21 

Polyubiquitination of a substrate protein molecule can be achieved by multiple cycles of ubiquitin 

attachment to form a ubiquitin chain de novo, or transfer of a pre-assembled polyubiquitin chain 

2 
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from E2.22 Occasionally, a ubiquitin elongation factor E4 takes a part in the extension of the 

ubiquitin chain.23 

The essential features of ubiquitin protein are accomplished by its seven lysine residues (K6, 

K11, K27, K29, K33, K48, and K63) and, in some cases, its N-terminal methionine (M1). Most 

ubiquitination chains are formed by conjugating the C-terminal glycine (Gly76) of a ubiquitin 

moiety via an isopeptide bond to an ε-NH2 group of an internal lysine residue in the substrate or 

the preceding ubiquitin moiety, while in some cases, the C-terminal Gly76 of a ubiquitin moiety 

can also be fused linearly via a regular peptide bond to the M1 of the substrate or the preceding 

ubiquitin moiety.24 Each of the residues can form different ubiquitin linkage types respectively, 

and the polyubiquitin chains with different linkages perform distinct cellular functions.25 K48-

and K63-linked polyubiquitination are the most well studied among the linkage types. Generally, 

a polyubiquitin chain formed by four or more ubiquitin moiety-linkage via K48 serves as a 

degradation signal for targeted protein degradation by the proteasome.26 The K48-linked chain 

typically adopts a conformation with the hydrophobic residuals of ubiquitin molecules exposed at 

the interface, which is crucial for the recognition by the proteasome.27,28 Monoubiquitination or 

polyubiquitin chains via K63-linkage, on the other hand, are mainly involved in non-proteolytic 

pathways such as DNA damage repair,29 protein trafficking,30 immune signaling,31 ribosomal 

protein synthesis,32 or autophagic degradation signaling.33 More recently, K63-linked ubiquitin 

chains were shown to also direct substrate for proteasomal degradation by triggering K48/K63 

branched ubiquitin chain.34 M1-linked linear ubiquitin chains are also implicated in PQC. M1-

linkage is catalyzed by the linear ubiquitin chain assembly complex (LUBAC) consisting of two 

E3 ligases, HOIP (HOIL-1L interacting protein) and HOIL-1, and an adaptor protein SHARPIN 

in mammals or by a recently described E3 ligase LUBEL (linear ubiquitin E3 ligase) in 
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Drosophila.35 It was reported that LUBAC can be recruited to cytosolic protein aggregates, for 

example Huntingtin, to form the M1-linked polyubiquitin chain, which shielded the misfolded 

Huntingtin species from unfavorable interactions with low complexity domain-containing 

transcription factors that cause transcriptional dysregulation in Huntingtin’s disease, and facilitates 

proteasomal degradation of misfolded Huntingtin species.36 

The substrate specificity of the ubiquitination cascade is determined by E3 ligases. E3 ligases 

are generally categorized into four classes: the RING (Really Interesting New Genes) finger E3 

ligases, U-box E3 ligases, the HECT (Homologous to the E6AP Carboxyl Terminus) domain E3 

ligases, and RBR (RING-between-RING) E3s.20 Although they all carry out the final step of 

ubiquitylation, they differ in composition and catalytic mechanism. The RING finger E3s and 

topologically similar U-box E3s act as the scaffold that mediates direct transfer of the ubiquitin 

from E2 to the target substrate by the interaction of E2 and the RING domain or U-box domain, 

respectively,37,38 whereas HECT domain E3s mediate transfer of the ubiquitin from E2 to its active 

cysteine site to form an E3-ubiquitin intermediate before the final conjugation to the target 

substrate.39 The RBR E3s are proved as RING-HECT hybrid E3 family and specialized by a 

conserved catalytic region which contains a RING1, a central in-between-RINGs, and a RING2 

domain. RBR E3s mediate the ubiquitination by two-step reactions, in which the ubiquitin is 

transferred to the active cysteine site on RING2 and subsequently to the substrate.40 Emerging 

evidence shows that E3 ligases play a critical role in modulating protein homeostasis (or 

proteostasis) owing to their efficient regulation and substrate specificity. Over the past decades, a 

number of studies focusing on cardiac E3 ligases have unveiled their significant involvement in 

(patho)physiology of cardiac diseases.41-43 For example, ITCH was shown to attenuate pressure 

overload-induced cardiac hypertrophy by targeting principal protein Dvl for UPS degradation and 
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thereby inhibiting Wnt/β-catenin signaling;44 it also can ameliorate oxidative species-induced 

cardiotoxicity in myocardial infarction and doxorubicin-induced cardiomyopathy by targeting 

thioredoxin-interacting protein for degradation.45 WW domain-containing E3 ubiquitin protein 

ligase 2 (WWP2) showed protective effect in isoproterenol-induced cardiac hypertrophy by 

mediating poly(ADP-ribose) polymerase-1 (PARP1) degradation.46 The Smad (suppressor of 

mothers against decapentaplegic) ubiquitination regulatory factor 1 (Smurf1) and factor 2 (Smurf2) 

were both shown to block cardiac fibrosis by binding to transforming growth factor (TGF)-β 

receptors via Smad7 and mediating TGF-β receptor degradation.47,48 

Ubiquitination is reversible. The counter-process of ubiquitination is deubiquitination, in 

which deubiquitination enzymes (or deubiquitinase, DUBs) remove ubiquitin from ubiquitinated 

proteins. The DUBs can be classified into seven categories: ubiquitin-specific proteases 

(USPs/UBPs), ubiquitin C-terminal hydrolases (UCHs), ovarian tumor proteases (OTUs), 

Machado-Joseph disease proteases (MJDs), JAB/MPN/MOV34 metalloenzymes (JAMMs), motif 

interacting with ubiquitin-containing novel DUB family (MINDYs), and zinc finder with UFM1-

specific peptidase domain proteins (ZUFSPs).49 JAMM family belongs to zinc metalloproteinases, 

while the rest are classified as cysteine proteases. DUBs break down the (iso)peptide bonds 

between the ubiquitin and the conjugated substrate or between cojoined ubiquitin molecules to 

release ubiquitins. Some DUBs act to specific chain linkage types, such as K48- or K63-linked 

polyubiquitin chains, while some display less specificity that are capable of cleaving multiple 

chain types and ubiquitin-like modifiers.50 Upon the recognition and binding to a polyubiquitinated 

substrate, the proteasome rapidly disassembles and removes the polyubiquitin chain via 

proteasome-associated DUBs (RPN11, USP14 and UCHL5) to facilitate the subsequent substrate 

unfolding and proteolysis.51 Therefore, the balance between the opposing actions of ubiquitin E3 
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ligases and DUBs will ultimately determine the ubiquitination status of the proteasome substrate, 

enabling ubiquitination as a rate-limiting step in UPS-mediated protein degradation. 

1.2. The 26S proteasome 

The 26S proteasome is a ~2.5MDa multi-subunit protease complex that is localized in the 

cytosol, free or attached to the endoplasmic reticulum (ER), and in the nucleus of all eukaryotic 

cells, and confers the final step of UPS-mediated protein degradation.52 A functional 26S 

proteasome is typically composed of a catalytic 20S core subcomplex which is coupled to one 

(26S) or two (30S) 19S regulatory particles at its end(s). Both 26S and 30S proteasomes are 

generally referred to as the 26S proteasome. Besides the 19S proteasome, the 20S proteasome can 

sometimes be capped by 11S proteasome(s), also known as Proteasome Activator 28 (PA28), to 

form an 11S-20S-11S complex or a 19S-20S-11S hybrid complex.53 The 11S proteasome is 

assembled by PA28a and PA28b in the form of heteroheptamer (a3b4 or a3b4) or by PA28g in 

the form of homoheptamer (g7).54,55 Both 19S and 11S proteasomes are capable of enhancing 20S 

proteolytic activity. Generally, the recognition and binding of ubiquitinated substrates triggers the 

conformational changes of the 26S proteasome, which drives subsequent substrate unfolding, 

deubiquitination, and translocation of the substrate into the 20S core particle for proteolysis.56 

1.2.1. The 20S proteasome 

The 20S proteasome is a cylindrical particle consisting of four stacked heteroheptameric rings, 

two outer and two inner, and harbors the proteolytically active sites in the interior surface of the 

barrel. Each of the two outer rings is composed of seven homologous but different a subunits (a1 
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through a7), forming a narrow channel for substrate entry. Each of the two inner rings is composed 

of seven highly conserved b subunits (b1 through b7) and contains the protease activity. Only 

three of seven b subunits, b1, b2, and b5, harbor protease catalytic sites, and confer the ability to 

cleave peptide bonds at the C-terminal side of acidic (caspase-like activity), basic (trypsin-like 

activity), and hydrophobic (chymotrypsin-like activity) amino acid residues respectively. All the 

active peptidase sites face the interior of the 20S cavity. The N-termini of the a subunits form a 

physical barrier or gate to preclude substrate access to the proteolytically active chamber. Gate 

opening is normally triggered by the docking of C-termini of ATPases of the regulatory particle.57 

Alternatively in lymphocytes and monocytes or in cells exposed to proinflammatory cytokines, 

such as tumor necrosis factor (TNF)-a or interferons (IFN)-a/b/g, the constitutive proteolytically 

active subunits, b1, b2, and b5, are replaced by their inducible or immuno- counterparts, β1i/LMP2, 

β2i/MECL-1, and β5i/LMP7, during the de novo formation of the 20S proteasome.58,59 The 

resultant proteasome isoform is so called “immunoproteasome” to emphasize its specialized 20S 

particle with altered proteolytic properties for more efficient antigen processing and presentation 

to the immune system.60 The expression of inducible subunits (β1i, β2i, and β5i) was also detected 

in parallel with their constitutive counterparts in the normal adult heart.61 

1.2.2. The 19S proteasome 

The 19S proteasome is composed of six homologous AAA-ATPases (Regulatory Particle 

Triple A-ATPase; RPT1 through RPT6) and thirteen non-ATPases (Regulatory Particle Non-

ATPase; RPNs) subunits, forming two sub-complexes: the base and the lid. A hexameric complex 

of the six RPTs together with scaffolding subunits (RPN1, RPN2, and RPN13) form the base, 
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whereas the rest of RPN subunits (RPN3, RPN5–RPN9, RPN11, RPN12, and RPN15/SEM1) form 

the lid with RPN10 mainly bound to the lid subunits.62 RPN1, RPN10 and RPN13 contain domains 

that can bind to the ubiquitin or ubiquitin receptor, enabling them to recognize and anchor the 

substrate. Once bound, the polyubiquitin chain conjugated to the substrate is rapidly removed by 

the proteasome intrinsic DUB (RPN11) and/or proteasome-associated DUBs (USP14 and UCHL5). 

The RPTs dock on top of the 20S particle to open the a gate,63 and unfold the substrate and 

translocate it into the catalytic core through the gate in an ATP-dependent manner.64 Cryo-electron 

microscopy reconstructions reveal that RPN3, RPN5, RPN6, RPN7, RPN9, and RPN12 contain 

PCI-domain, which can form a horseshoe shape with radiating protrusions. PCI domains interact 

with each other by lateral interactions to stabilize the lid and can also interact with RPT ring and 

20S subunits to serve as a scaffold of the proteaome.65,66 Of these PCI domain-containing subunits, 

RPN6 has been shown to interact with both RPT6 and a2, which may enable its possible 

involvement in the stabilization of 20S-19S coupling as well as opening of the 20S gate.67 

2. PQC in cardiac proteotoxicity and proteinopathy 

Intracellular proteostasis is crucial to maintaining optimal cellular function.68 Proteotoxicity 

refers to all toxic effects exerted by misfolded proteins or their derivatives such as aberrant protein 

aggregation. Proteinopathy is disease caused by misfolded proteins. Generally in most organ 

systems, proteostasis requires a sum balance of protein synthesis, post-translational processing, 

trafficking, folding, assembly/disassembly and degradation.69,70 Perturbations to any of these 

processes by internal or external stimuli must be adeptly controlled by either tight regulation of 

that specific process or compensatory responses; otherwise, alterations to proteostasis will lead the 

cell to pathological consequences, ultimately cell death at cellular level.71 Hence, the pathogenic 
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impact of impaired proteostasis is maximally manifested in organs with poor, if any, capacity of 

regeneration, such as the brain and the heart. In the heart particularly, cardiomyocytes are subjected 

to more challenges than most other cells to maintain proteostasis.72 First, cardiomyocytes have 

highly specialized proteins that participate in electrical conduction and contraction. This requires 

specialized PQC surveillance by, for example, small heat shock proteins (HSPs) that favorably 

bind to sarcomere-associated proteins to preserve normal cellular function.73 Second, the massive 

metabolic demand for cardiomyocyte contraction is fulfilled by oxidative phosphorylation in the 

mitochondria, which consequently produces abundant proteotoxic reactive oxygen species (ROS) 

even under healthy condition.74 Third, cardiomyocytes are generally terminally differentiated and 

lack the ability to reduce protein aggregates and damaged intracellular proteins through cell 

division.75 As a consequence, a sophistical PQC system is required for cardiomyocytes to sense 

and minimize proteotoxicity. 

The (patho)physiological significance of cardiac PQC is best illustrated in cardiac 

proteinopathies that are caused by increased expression of misfolded proteins and characterized 

by the accumulation of aberrant protein aggregates in cardiomyocytes. Emerging evidence has 

suggested that increased proteotoxic stress (IPTS) in cardiomyocytes also can occur in the common 

forms of cardiomyopathies, including hypertrophic cardiomyopathy, ischemic cardiomyopathy, 

and diabetic cardiomyopathy, situating them into the cardiac proteinopathy family. Both excess 

production of misfolded proteins and impaired PQC resulted from genetic mutations, 

environmental stimuli, and/or aging can cause IPTS, which is a major pathogenic factor in the 

progression from a large subset of cardiac disease, including proteinopathies, to heart failure.76 

The production of misfolded proteins can be markedly increased in cardiomyocytes under various 

pathological conditions, both inherited and acquired. The abundant accumulation of misfolded 

9 

https://failure.76
https://division.75
https://condition.74
https://function.73
https://proteostasis.72


 
 

       

       

  

        

        

       

     

      

    

      

      

     

  

 

  

     

       

       

       

    

      

  

        

proteins and protein aggregates during cardiac IPTS further cause PQC impairment, mitochondrial 

dysfunction and increased cell death, which have been evident in a transgenic (tg) mouse model 

of cardiac proteinopathy.5,77 

The central mechanical function of cardiomyocytes is performed by the contractile apparatus 

where PQC plays a vital role to maintain normal protein turn over and prevent cardiac 

proteinopathy in response to mechanical stress. For example, variants that truncate titin proteins 

(TTNtv), the most common genetic cause of dilated cardiomyopathy, lead to cytoplasmic 

aggregation of the truncated titin and thereby UPS impairment;78-80 mutations in a sarcomere-

associated HSP co-chaperone, Bcl2-associated athanogene 3 (BAG3), were found to be associated 

with dilated cardiomyopathies as well as impaired protein turnover;81,82 multiple E3 ligases, such 

as muscle RING fingers (MuRFs)-1/2/3, TRIM32 and CHIP (carboxyl-terminus of HSP70-

interacting protein, are localized at the sarcomere to facilitate UPS-mediated degradation of 

sarcomere-associated proteins in a timely manner to avoid aberrant protein aggregation.83 

3. Proteasome functional insufficiency (PFI) in cardiomyopathies 

When chaperone-mediated repair and the UPS are overwhelmed, misfolded proteins escape 

from the proteasomal degradation and sequentially form soluble oligomers and insoluble 

aggregates in the cell.84 The shared conformation of misfolded protein oligomers enables them to 

bind the proteasome with low nanomolar affinity and prevent substrate entry into the 20S 

proteasome for degradation through allosteric stabilization of the closed a gate, thereby impairing 

ubiquitin-dependent and -independent proteasome function.85 Hence, both proteasome impairment 

and misfolded protein overload can lead to proteasome functional insufficiency (PFI), which 

denotes that proteasomes functionally fail to fulfill the demand for a timely degradation of the 
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proteins designated for proteasomal degradation.76 There is growing evidence identifying PFI as a 

major pathogenic factor for cardiomyopathies and heart failure, which is summarized in this 

section. 

3.1. PFI in human heart disease 

Despite that no serum biomarkers or any other noninvasive assessments are currently available 

for the evaluation of myocardial proteasome function in living humans, scientists have attempted 

to measure the proteasome peptidase activities as well as the abundance of the proteasome subunits 

in the myocardial biopsy specimens from human hearts.86 PFI in human cardiac proteinopathies 

was best demonstrated by Day’s team, who detected markedly lower ATP-dependent myocardial 

26S proteasome chymotrypsin-like and caspase-like activities in human heart failure and 

hypertrophic cardiomyopathy than that in non-failing control hearts, with no changes in the 

abundance of proteasome subunits observed.87 The left ventricular (LV) assist device (LVAD) is 

clinically used as a bridge for cardiac transplantation for patients who have reached end-stage heart 

failure and has been demonstrated to partially recover LV function due to mechanical unloading. 

The 26S proteasome chymotrypsin-like activity was significantly increased after 31 weeks of 

LVAD treatment, indicating proteasome functional upregulation associated with LV functional 

recovery due to mechanical unloading.87 Similarly, the myocardial 20S proteasome chymotrypsin-

like activity in the LV tissue from patients with idiopathic dilated cardiomyopathy was also 

discernibly elevated after 214 days of LVAD treatment.88 In congestive heart failure, the 

abundance of sarcoplasmic 20S proteasome subunits was significantly decreased compared with 

that in control hearts, but was markedly increased after unloading. This depressed proteasome 

abundance was shown to be reversely correlated with cardiomyocyte hypertrophy, DNA content 
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and cell cycle regulatory proteins, suggesting the involvement of proteasome insufficiency in the 

pathogenesis of cardiac hypertrophy and heart failure.89 The 26S proteasome dysfunction in human 

end-stage heart failure was reported to be associated with the impairment of 26S proteasome 

assembly as a result of diminished 19S docking onto the 20S proteasome, as these failing hearts 

exhibited decreased 30S proteasomes, RPT ATPase activity and a subunit phosphorylation.90 

These results provide compelling evidence directly indicating proteasome impairment in multiple 

forms of human heart disease. 

PFI is normally accompanied by increased production of misfolded proteins and accumulation 

of aberrant protein aggregates, which further impairs UPS proteolytic function resulting in elevated 

levels of ubiquitin conjugates.77 Hence, other studies evaluated the 26S proteasome functioning in 

human cardiac disease indirectly by assessing the accumulation of disease-associated misfolded 

protein aggregates and ubiquitin conjugates in the hearts. Experimental and clinical evidence has 

indicated that soluble pre-amyloid oligomers, rather than the mature amyloid fibril aggregates, 

contribute to the proteotoxicity in proteinopathies.91 The cytoskeletal protein desmin was shown 

to be differentially modified by phosphorylation and proteolytic cleavage to form amyloid-like 

oligomers in human heart failure.92,93 Proteotoxic pre-amyloid oligomers were abundantly 

presented in the heart of patients suffering from hypertrophic cardiomyopathy and dilated 

cardiomyopathy with complicating episodes of arrhythmia, pneumonia and congestive heart 

failure.94 Emerging evidence suggests that pre-amyloid oligomer deposits are also associated with 

atrial fibrillation and potentially contribute to the pathogenesis.95-98 Furthermore, a number of 

studies have revealed elevated myocardial accumulation of ubiquitinated proteins and ubiquitin-

positive aggregates in dilated or ischemic cardiomyopathies.99-102 
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Hence, these findings arguably place a large subset of human cardiomyopathy and heart failure 

into the proteinopathy category and strongly indicate PFI as the common feature in these disorders. 

The cardiotoxicity observed in multiple myeloma patients who were treated with three proteasome 

inhibitors, bortezomib, izazomib or carfilzomib, highlights the detrimental effect of PFI in human 

hearts.103 

3.2. PFI is a major pathogenic factor in animal models of cardiomyopathy 

The myocardial PFI implicated in human cardiomyopathies and heart failure has been 

recapitulated in animal models of multiple forms of cardiomyopathies and further investigations 

have been pursued to identify the pathogenic role of PFI in the disease development. 

Desmin-related cardiomyopathy (DRC), which can present as restrictive, hypertrophic or 

dilated cardiomyopathies during the disease progression, is caused by mutations in either desmin 

or other essential proteins for desmin filament formation,104,105 such as a 7-amino-acid (R173 

through E179) deletion of the desmin gene (D7-des)106 and a R120G-missense mutation of the αB-

crystallin gene (CryABR120G).107 The presence of aberrant desmin-positive protein aggregates 

inside cardiomyocytes is the pathological hallmark of DRC. Human DRC can be recapitulated by 

tg mouse models with overexpression of D7-des or CryABR120G in mouse hearts, which mimic the 

increased production of misfolded proteins in cardiomyocytes. The accumulation of 

intrasarcoplasmic desmin-positive protein aggregates and marked increase in polyubiquitinated 

proteins were detected in the myocardium of both tg mice, but not mice with tg overexpression of 

wild-type (WT) desmin or CryAB, suggesting that PFI is present in DRC. When coupled with a 

UPS reporter mouse model that overexpresses a surrogate UPS substrate, these tg mice exhibited 

severe inadequacy in cardiac UPS performance as evident by the accumulation of the reporter 
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protein. Along with the observations of increased ubiquitinated proteins, the UPS impairment in 

both tg mice was likely resulted from PFI.106,107 These results for the first time demonstrate that 

aberrant protein aggregation resulted from increased misfolded protein production suffices to 

cause PFI and thereby overall UPS insufficiency in animals with cardiomyopathies. Further 

analysis on CryABR120G-based DRC revealed that PFI can be attributable to deficiency in the 

substrate delivery into 20S proteasome.77 Cardiac PFI was subsequently demonstrated in mouse 

models with other forms of cardiomyopathies, such as ischemia/reperfusion (I/R) injury,108,109 

dilated cardiomyopathy created by a mutant nuclear envelope protein,110 streptozotocin-induced 

Type I diabetes,111 and hypertrophic cardiomyopathy induced by a truncated cardiac myosin-

binding protein (cMyBP-C) or knocking out cMyBP-C.112 

With the creation of a mouse model of cardiomyocyte-restricted proteasome functional 

enhancement, PFI was first established as a major pathogenic factor in cardiac proteinopathy and 

myocardial I/R injury.108 Overexpression of PA28a increased 11S-coupled 20S proteasomes by 

stabilizing PA28b and thereby improved the proteasome activity and overall UPS proteolytic 

function, which led to significant reduction of aberrant protein aggregates when coupled with tg 

overexpression of CryABR120G in mice. Functionally, PA28a overexpression attenuated cardiac 

hypertrophy and delayed premature death of mice with CryABR120G-based DRC. Similarly, 

enhancement of proteasome function by PA28a overexpression reduced the infarct size and 

rescued cardiac function after I/R injury. On the contrary, a tg mouse model with cardiomyocyte-

restricted overexpression of a peptidase-disabled b5 displayed exacerbated infarct size, 

cardiomyocyte apoptosis and cardiac dysfunction due to I/R injury, supporting the pathogenic role 

of PFI.109 Furthermore, chronic proteasome inhibition was shown in pigs to cause cardiac structural 

and functional alterations in common with a hypertrophic-restrictive cardiomyopathy phenotype, 
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indicating that PFI is sufficient to induce cardiac dysfunction.113 Hence, improvement of 

proteasome function has the potential to become a new therapeutic strategy for the treatment of 

heart diseases with IPTS. However, this is hindered by the lack of effective pharmacological 

methods. 

4. Phosphoregulation of the 26S proteasome 

It was widely assumed that the rate of UPS-mediated protein degradation is solely determined 

by the rate of ubiquitination. However, emerging evidence suggests that the functionality of 26S 

proteasomes is vigorously regulated and dictates the degradation efficiency of ubiquitinated 

proteins, especially misfolded proteins.76,114,115 Therefore, a better understanding of the regulation 

of proteasome functioning should facilitate the search for ways to improve proteasome proteolytic 

function and accelerate the breakdown of unwanted and toxic proteins in the cell, a conceivable 

strategy to prevent or more effectively treat disease with IPTS.76 

Phosphorylation has emerged as an important post-translational mechanism for the regulation 

of 26S proteasomes in health and disease. Over 455 phosphosites on the human 26S proteasome 

from primarily preparations processed in vitro were detected by the large-scale phosphoproteomics, 

including ~200 phospho-serine sites, ~100 phospho-threonine sites, and ~150 phospho-tyrosine 

sites;116 however, the physiological relevance of only a few of them has been studied to some 

extent. There is growing evidence that several protein kinases are able to phosphorylate the 

proteasome, but only few of them have been studied for their targeted proteasome subunits and 

residues and for the effects on proteasomal protein degradation rate or disease progression.117,118 
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4.1. The cAMP-dependent kinase (PKA) 

Among these kinases, PKA is the first and arguably the best studied. PKA has been long known 

to phosphorylate proteasome subunits and contribute to proteasome phosphoregulation.119,120 

Active PKA treatment or protein phosphatase 2A (PP2A) inhibition was shown to enhance the 

peptidase activities of 20S proteasomes purified from murine hearts in vitro and proteomic 

analyses of purified cardiac 20S proteasomes revealed multiple potential PKA-targeting 

phosphosites at 20S proteasomes.121,122 However, the physiological relevance of those 20S 

proteasome phosphosites has not been investigated either in cultured cells or in the heart. 

It was once reported that, instead of 20S subunits, phosphorylation of a 19S subunit RPT6 at 

Ser120 mediated the activation of proteasomes by PKA, but this was refuted by a more recent and 

more convincing study.123,124 The latter showed that Ser14-Rpn6 was selectively phosphorylated 

by cAMP/PKA and this phosphorylation was solely responsible for cAMP/PKA-mediated 26S 

proteasome activation in cultured non-cardiac cells.123 The biochemical importance of Ser14-

RPN6 was tested using site-directed mutagenesis to generate phospho-dead and phosphomimetic 

Rpn6 mutants by replacing Ser14 by Ala (S14A) and Asp (S14D) respectively to block or mimic 

Ser14-Rpn6 phosphorylation (pS14-Rpn6 hereafter).123 In HEK293 cells and purified proteasomes, 

S14A mutation repressed the 26S proteasome peptidase activities, while overexpression of S14D 

mutant stimulated the proteasomal degradation of aggregation-prone proteins.123 In addition to the 

comprehensive cell culture study that discovered pS14-Rpn6 as the specific target of PKA to 

activate 26S proteasomes, follow-up studies further demonstrate that activating cAMP/PKA 

signaling by hormones, intense exercise or fasting phosphorylates Ser14-Rpn6 and enhances 

proteasome activity in hepatocytes, working hearts and skeletal muscles;125 and pharmacological 

augmentation of cAMP prevents tau-driven proteasome impairment and cognitive dysfunction.126 
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Moreover, increasing cAMP also seemed to promote the assembly of 30S proteasome, which 

possibly contributes to the proteasome enhancement by PKA as well,123,127 but the underlying 

mechanism remains uncertain. Notably, cAMP augmentation facilitated the proteasomal removal 

of short-lived proteins that are ubiquitinated, but not long-lived cellular proteins, and thereby 

reduced total ubiquitin conjugates in the cell.123 The short-lived proteins targeted by cAMP/PKA-

mediated proteasome activation include regulatory proteins, such as transcription factors SP1, Nrf2, 

and c-Myc, and aggregation-prone mutant proteins, such as neurodegeneration-associated mutant 

Tau, FUS, and TDP43.123,124,126 These discoveries have shown obvious clinical relevance and 

suggested new promising approaches to upregulate the 26S proteasomes and halt proteinopathies. 

Such effects of PKA were supported by a recent study of our lab, which demonstrated that 

cAMP augmentation by an adenylate cyclase activator increased pS14-Rpn6 in a PKA-dependent 

manner and improved UPS proteolytic function in cultured cardiomyocytes; increasing cAMP by 

a selective inhibitor of phosphodiesterase (PDE) type 4 elevated 26S proteasome chymotrypsin-

like activity along with increased pS14-Rpn6, in mice with CryABR120G-based DRC.128 However, 

there have been no reports confirming that proteasomes are activated by PKA via pS14-Rpn6 in 

intact animals; moreover, the role of pS14-RPN6 in cardiac health and disease remains to be 

established. 

4.2. Protein kinase G (PKG) 

There is compelling evidence showing that the cGMP-dependent protein kinase or PKG is also 

involved in the regulation of protein turnover in the cell and capable of modulating pathogenesis 

of the diseases with proteotoxicity. Research on cGMP/PKG has focused on its role in peripheral 

smooth muscle, including blood vessel relaxation and intestinal secretion, which has significant 
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medical implications.129-131 For instance, a soluble guanylate cyclase (sGC) stimulator (riociguat) 

that triggers cGMP synthesis and three inhibitors of PDE5 (sildenafil, tadalafil and vardenafil) that 

hydrolyze cGMP, are FDA-approved drugs to treat pulmonary hypertension and/or erectile 

dysfunction; another sGC stimulator (vericiguat) and a neprilysin inhibitor (sacubitril+valsartan) 

are approved for treating heart failure with reduced ejection fraction (HFrEF) and/or heart failure 

with preserved ejection fraction (HFpEF).131 

Our lab has previously discovered that PKG positively regulates the proteasome. 

Overexpression of constitutively active PKG1α or cGMP augmentation by sildenafil increased 

proteasome peptidase activities, promoted the degradation of disease-associated proteins in 

cardiomyocytes, and protected the cardiomyocytes against proteotoxic stress, whereas genetic or 

pharmacological inhibition of PKG elicited the opposite responses. Moreover, sildenafil enhanced 

myocardial proteasome-mediated misfolded protein degradation and reduced aberrant protein 

aggregates in mice with CryABR120G-based cardiac proteinopathy, and eventually attenuated 

cardiac malfunction.132 cGMP/PKG in the heart can be triggered by the neurotransmitter 

acetylcholine via cardiac muscarinic 2 (M2) receptors.133,134 Stimulation of M2 receptors was 

shown to increase proteasome peptidase activities and enhance proteasome-dependent proteolysis, 

which was abolished by the inhibition of PKG, suggesting that PKG may mediate M2-dependent 

proteasome activation.135 The effects of cGMP/PKG were substantiated by subsequent studies. 

Human neuroblastoma cells (SH-SY5Y) and other cell lines treated with a PDE5 inhibitor or an 

sGC stimulator exhibited rapidly increased proteasome peptidase activities, which can be 

abolished by PKG inhibitors. Recombinant PKG stimulated the activation of the affinity-purified 

26S proteasome, while l phosphatase reversed the effects by the recombinant PKG or the PDE5 

inhibitor, indicating PKG enhances the 26S proteasome activity by direct phosphorylation of the 
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proteasome or a protein copurified with the proteasome. Unlike PKA, it appeared that PKG 

stimulated the degradation of both short-lived and long-lived proteins but exerted no effect on the 

proteasome assembly.136 Using zebrafish larvae models of tauopathies and Huntington’s disease, 

raising cGMP by sildenafil promoted the degradation of disease-associated mutant Tau and 

Huntingtin proteins and attenuated neuronal death and developmental abnormalities.136 Similarly, 

cGMP augmentation increased 26S proteasome activities and facilitated the degradation of 

disease-associated mutant proteins in a mouse model of demyelinating neuropathy caused by the 

expression of mutant myelin protein zero (S63del). These mice exhibited increased myelin 

thickness, decreased amyelinated axons, and improved nerve conduction with the treatment of 

sildenafil.137 

Unfortunately, the specific proteasome subunit(s) and residue(s) targeted by PKG are still 

unclear. M2 receptor stimulation did not alter the abundance of β5 and Rpt6 in the cardiomyocytes, 

but exerted an acidic shift of their isoelectric points, suggesting their phosphorylation.135 However, 

It was later shown that PKG did not phosphorylate Rpn6, Rpt3 or Rpt6 at lease in certain cell 

types.136 Despite different cell types, these results may suggest β5 as a potential substrate of 

cGMP/PKG to activate the 26S proteasome. Further identification and characterization of the 

phosphosite(s) that mediate PKG-dependent proteasome activation will surely guide the search for 

suitable pharmacological agents that increase cGMP to treat diverse proteotoxic diseases, 

including cardiomyopathies. 

4.3. Dual specificity tyrosine-phosphorylation-regulated kinase 2 (DYRK2) 

The 26S proteasome is a central regulator of the cell cycle by degrading the ubiquitinated cell 

cycle regulatory proteins, such as cyclins and cyclin-dependent kinase (CDK) inhibitors, and 
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thereby tightly controlling the timing during the cell cycle transition.11 Impairment of key protein 

degradation by proteasome inhibition or excess protein aggregation impedes cell proliferation, 

which contributes to the pathogenesis of certain diseases.138-140 While the importance of 

phosphorylation-dependent ubiquitination of the UPS substrates in the cell cycle has been 

appreciated for decades, the crucial role of the 26S proteasome is revealed in the past decade. 

Large scale mass spectrometry has identified multiple proteasome phosphosites that are 

phosphorylated during the cell cycle.141-144 The first kinase that has been detailed is DYRK2, which 

dynamically phosphorylates the 19S subunit, RPT3, at Thr25.145,146 Thr25-Rpt3 phosphorylation 

was found in vivo and in purified 26S proteasomes from multiple cell lines and enriched through 

S to G2/M phases, suggesting Thr25-Rpt3 phosphorylation is functionally implicated in cell 

proliferation. DYRK2 was identified as the primary kinase that phosphorylates Thr25-Rpt3 with a 

kinome-wide screen and was shown to increase the proteasome proteolytic activity in a Thr25-

Rpt3 phosphorylation-dependent manner. Blockade of this phosphorylation by CRISPR/Cas9-

edited phospho-dead T25A mutant in human breast cancer cells abolished the proteasome 

activation by DYRK2 and caused remarkable accumulation of the CDK1 inhibitors, p21Cip1 and 

p27Kip1, stabilization of which is associated with prolonged S to G2/M phases. These findings were, 

to a certain extent, supported by a large-scale genome study, in which DYRK2 and Rpt3 were 

placed in the same “essential gene set” in human breast cancers.146,147 

It is noted that the role of DYRK2-mediated Thr25-Rpt3 phosphorylation in the proteasome 

regulation has only been demonstrated in actively proliferating cells. Cardiomyocytes leave the 

cell cycle shortly after birth and are thought to be terminally differentiated.148 Therefore, it is 

important to pursue further investigation on DYRK2's impact on the proteasome and the 

contribution of Thr25-Rpt3 phosphorylation in differentiated mature cardiomyocytes. Emerging 
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evidence shows that mature cardiomyocytes are able to re-enter the cell cycle with a much lower 

proliferation rate after injuries, such as myocardial infarction.149-153 Upregulation of cell cycle 

inhibitors, p21Cip1 and p27Kip1, may contribute to the decline in post-mitotic proliferation capacity 

of cardiomyocytes.154 Since DYRK2-mediated Thr25-Rpt3 phosphorylation is likely to regulate 

the degradation of p21Cip1 and p27Kip1 by proteasomes during cell proliferation, exploring its role 

in cardiomyocyte regeneration could potentially reveal a new therapeutic target for cardiac repair 

after injury. 

4.4. Calcium/calmodulin-dependent protein kinase II (CaMKII) 

CaMKII mediates physiological functions and pathological processes in the heart.155-157 

CaMKII activation is prominently involved in various common cardiac diseases, including cardiac 

hypertrophy and remodeling,158,159 myocardial ischemic injury,160 arrhythmia,161 and 

cardiomyopathies;162-164 and CaMKII inhibition has been extensively examined to improve cardiac 

function in animal models.165,166 The novel role of CaMKII in the proteasome regulation may open 

up alternative CaMKII-based therapeutic strategies for cardiac disease with proteotoxicity. 

It was first reported that phosphorylation of proteasome RPT6 at Ser120 mediated 26S 

proteasome by PKA.124 However, this is refuted by later studies demonstrating that CaMKII, but 

not PKA, regulates RPT6 phosphorylation, and CaMKIIa stimulated proteasome activation in 

neurons and HEK293T cells in a Ser120-Rpt6 phosphorylation-dependent manner.167,168 When 

expressed in HEK293 cells, the phospho-dead Rpt6-S120A mutant blocked CaMKII-dependent 

degradation of a UPS substrate, while the phosphomimetic Rpt6-S120D mutant had no discernible 

effect, indicating that Ser120-RPT6 phosphorylation is required but not sufficient for CaMKII-

mediated proteasome activation.168 CaMKIIa’s translocation, independent of its kinase activity, 
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was shown to recruit proteasomes to dendrite spines by direct association with S120-

phosphorylated Rpt6 for activity-dependent degradation of polyubiquitinated proteins.168-170 In 

mice subjected to fear conditioning, activation of CaMKII increased proteasome activity and 

Ser120-Rpt6 phosphorylation during memory formation.171 Another in vivo study demonstrated 

that a T-type calcium channel enhancer SAK3 enhanced the proteasome activity, which was likely 

associated with autophosphorylation of CaMKII and Ser120-Rpt6 phosphorylation, and 

ameliorated motor and cognitive impairments in amyloid precursor protein knock-in mice.172 

Although CaMKII-phosphorylated Ser120-Rpt6 was demonstrated to enhance proteasome 

peptidase activity, none of the existing studies have tested its effect on the rate of proteasomal 

degradation of certain disease-associated proteins. Moreover, the role of Ser120-Rpt6 

phosphorylation in mediating CaMKII-dependent proteasome activation in vivo remains to 

establish. Thus, in vivo evaluations of the phosphorylated Ser120-Rpt6’s responsibility in 

CaMKII-mediated proteasome activation and its role in the disease progression will likely provide 

new insights into the pathogenesis and therapeutic development of proteinopathies, including 

cardiomyopathies. 

5. Potential therapeutic strategies to target cardiac PFI 

There are currently no approved therapeutic strategies to rescue PFI and improve PQC. 

Although the (patho)physiological significance of the proteasome phosphoregulation in the heart 

remains to be established, growing evidence has suggested that proteasome activation by 

cAMP/PKA and cGMP/PKG have promising pharmacological potential to treat cardiac 

proteinopathy. Earlier an FDA-approved PDE5 inhibitor, sildenafil, was first reported to prevent 

myocardial aberrant protein aggregation and attenuate cardiac dysfunction in DRC.132 Another 
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study showed that an exercise-responsive myokine, osteocrin, protected against streptozotocin-

induced diabetic cardiomyopathy through restoring PKG-dependent proteasome activation and 

had synergistic cardioprotection with sildenafil, further supporting that PKG signaling can be a 

therapeutic target for cardiomyopathy.173 While several studies indicated the beneficial effects of 

cAMP/PKA-mediated proteasome activation in neurodegenerative disorders,126,174,175 it remains 

undefined whether it alone benefits the treatment of heart disease with PFI. More recently, a 

selective PDE1 inhibitor IC86430, which activates both PKA and PKG, was demonstrated to 

improve myocardial 26S proteasome peptidase activity and promote proteasome-mediated 

degradation of misfolded proteins, in a PKA- and PKG-dependent fashion, in the heart of DRC. 

Mice treated with IC86430 displayed attenuated HFpEF-like phenotype and ultimately delayed 

pre-mature death; particularly, a PDE4 inhibitor, piclamilast, phosphorylated myocardial pS14-

Rpn6 and increased the 26S proteasome peptidase activities.128 Hence, the beneficial outcome of 

PDE1 inhibition may be, at least in part, mediated by PKA-phosphorylated Ser14-Rpn6. 
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6. Hypothesis and specific aims 

Developing pharmacological strategies to attenuate PFI requires a better understanding of the 

mechanisms that regulate proteasome activity. A comprehensive study using exclusively cultured 

cells demonstrated that the activation of the 26S proteasome by cAMP/PKA is exclusively 

mediated by pS14-RPN6,123 but this remains to be established in vivo or in animals. PKA-mediated 

proteasome activation was also demonstrated to facilitate the removal of disease-associated 

aggregation-prone proteins in cultured cells, implying the critical clinical relevance of this 

mechanism.123 Epinephrine, which raises cAMP levels, was shown to increase proteasome 

peptidase activity and cardiac power output in perfused working rat hearts; 26S proteasomes 

purified from these hearts displayed increased pS14-Rpn6, suggesting that PKA-mediated 

proteasome activation in the heart can affect cardiac functioning, which may be mediated by pS14-

Rpn6.125 Thus, we speculated that pS14-Rpn6 mediates myocardial proteasome activation by PKA. 

Indeed, our lab has recently demonstrated that cAMP augmentation increased pS14-Rpn6 in a 

PKA-dependent manner and improved UPS proteolytic function in cultured cardiomyocytes, and 

elevated myocardial 26S proteasome peptidase activity along with increased pS14-Rpn6 in mice 

with CryABR120G-based cardiac proteinopathy; more importantly, the increased myocardial 

proteasome activity and pS14-Rpn6 were likely involved in the cardiac therapeutic benefits by 

PDE1 treatment.128 However, there is no direct evidence that establishes the mediating role of 

pS14-Rpn6 in proteasome activation in animals or defines the role of this mechanism in cardiac 

response to IPTS. Hence, we conducted the present study to test the central hypothesis that pS14-

RPN6 mediates the activation of proteasomes by PKA and reduces proteotoxicity in animals, by 

pursuit of the following two specific aims: 
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Specific aim 1: Establish the role of pS14-Rpn6 in PKA-induced proteasome activation in vivo. 

This is to test the hypothesis that Ser14-Rpn6 mediates the activation of 26S 

proteasomes by PKA in mice. 

Specific aim 2: Determine the role of pS14-Rpn6 in cardiac response to IPTS. This is to test the 

hypothesis that pS14-Rpn6 activates the 26S proteasomes and thereby protects 

against cardiac proteotoxicity. 

25 



 
 

  

        

        

         

        

     

      

        

        

         

    

      

    

         

        

   

       

       

        

  

       

          

     

7. Novelty and significance 

Clinical and experimental studies have revealed the occurrence of PFI and cardiac IPTS during 

the progression from a large subset of heart diseases, including cardiac proteinopathy, to heart 

failure.84 Therefore, improvement of proteasome function has the potential to become a new 

therapeutic strategy for the treatment of heart diseases with IPTS.76 However, this is hindered by 

the lack of effective pharmacological methods. A better understanding of the regulation of 

proteasome functioning should facilitate the search for ways to accelerate the breakdown of 

unwanted and toxic proteins in the cell, a conceivable strategy to prevent or more effectively treat 

disease with IPTS. The (patho)physiological significance of PKA was extensively studied but its 

role in proteostasis remains obscure. A cell culture study reveals that pS14-RPN6 mediates PKA-

induced activation of 26S proteasomes. Consistently in various cell types and isolated organs, 

pS14-RPN6 and proteasome activities were shown to be significantly increased when cAMP is 

augmented by pharmacological agent, hormones, or physical activity.125 Despite compelling in 

vitro evidence, only few in vivo studies have explored the in vivo relevance of proteasome 

phosphoregulation, but the evidence reported so far are all associative in nature.125,126,128 None of 

the identified proteasome phosphosites, including pS14-RPN6, have been tested genetically for 

their physiological requirement and (patho)physiological significance in animals. Here we have 

conducted the present study to determine the role of pS14-RPN6 in the activation of 26S 

proteasomes by PKA in mice and to determine the physiological significance of this 

phosphorylation in disease progression of the CryABR120G-based proteinopathy mice. By creating 

knock-in mice and cells to block or mimic pS14-Rpn6, our results provide unequivocal evidence 

for the first time in animals that pS14-RPN6 is responsible for the activation of 26S proteasomes 

by PKA. We have also demonstrated that proteasome assembly was increased in CryABR120G-
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induced proteinopathy. Although it mediates PKA-induced proteasome activation, pS14-Rpn6 

does not appear to enhance the proteasome assembly. Moreover, we have discovered that 

myocardial pS14-Rpn6 is selectively decreased during disease progression of the CryABR120G-

induced proteinopathy; and we demonstrate that this decrease plays a key pathogenic role in the 

cardiac proteinopathy, thereby identifies elevating pS14-RPN6 as a potential strategy to treat heart 

disease with IPTS. 
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MATERIALS AND METHODS 

Mouse models 

The protocols for animal care and use in this study have been approved by University of South 

Dakota Institutional Animal Use and Care Committee (IACUC). The animals were given ad lib 

access to food and water and housed in specific pathogen free control rooms with optimal 

temperature (22-24 °C) and 12-hour light/12-hour dark cycle. 

Rpn6S14A and Rpn6S14D mice 

The Rpn6S14A (S14A) and Rpn6S14D (S14D) knock-in mice were newly created in the 

C57BL/6J inbred background via a contract to Shanghai Biomodel Organism Science & 

Technology Development Co., Ltd. (Shanghai, China), using the CRISPR/Cas9 technology to 

target the point mutation to the endogenous Psmd11/Rpn6 gene (MGI:1916327) which is located 

in chromosome 11. 

The genomic DNA sequence immediately surrounding the point mutation (p.S14A, c.40T>G) 

for S14A is as follow: 

CGTCGGCGGCCGCGGCCGGGGACGGTGTGAGAGCGGTAAGATGGCGGCCGCAGCG 

GTGGTGGAGTTCCAGAGAGCCCAGTCTCTACTCAGCACCGACCGGGAGGCCTCCATC 

GACATCCTCCACTCCATCG, in which the italic region is gRNA position, the bold base (T) is 

the to-be-mutated base for creation of the mutant protein Rpn6S14A, and the underlined is the 

protospacer adjacent motif (PAM). The oligo donor DNA sequence for S14A is as follows: 

GCGGCCGGGGACGGTGTGAGAGCGGTAAGATGGCGGCCGCAGCGGTGGTGGAGTTC 

CAGAGAGCCCAGGCTCTACTCAGCACCGACCGGGAGGCCTCCATCGACATCCTCCA 

CTCCATCG. 
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The genomic DNA sequence immediately surrounding the point mutation [e(S14D)1] for 

S14D is as follow: 

CGTCGGCGGCCGCGGCCGGGGACGGTGTGAGAGCGGTAAGATGGCGGCCGCAGCG 

GTGGTGGAGTTCCAGAGAGCCCAGTCTCTACTCAGCACCGACCGGGAGGCCTCCATC 

GACATCCTCCACTCCATCG, in which the italic region is gRNA position, the bold bases (TC) 

is the to-be-mutated bases for creation of the mutant protein Rpn6S14D, and the underlined is the 

PAM. The oligo donor DNA sequence for S14D is as follows: 

GCGGCCGGGGACGGTGTGAGAGCGGTAAGATGGCGGCCGCAGCGGTGGTGGAGTTC 

CAGAGAGCCCAGGATCTACTCAGCACCGACCGGGAGGCCTCCATCGACATCCTCCA 

CTCCATCG. 

Through microinjections of Cas9 mRNA, gRNA, and donor DNA into fertilized eggs of 

C57BL/6J mice, multiple F0 mice positive for the mutations were generated. The mutation positive 

F0’s were bred with C57BL/6J mice to generate 5 positive F1 mice which were further back-

crossed into C57BL/6J mice and yielded the F2 generation heterozygotes. Homozygotes were then 

obtained from breeding between the heterozygotes. The F2 generation of heterozygous and 

homozygous S14A and S14D mice were shipped from Shanghai, China to Vermillion, SD. The 

genotype of each of them were confirmed by DNA sequencing analysis of the PCR products that 

cover the segment of genome containing the target point mutation. 

S14A and S14D mice used in the present study were from breeders that had been subjected to 

at least 6 generations of back-cross into the C57BL/6J inbred background to eliminate any 

potential off-target mutations resulting from the CRISPR/Cas9 procedures.    
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GFPdgn tg mice 

The creation and characterization of a tg mouse model expressing GFPdgn were reported 

before.176 GFPdgn is a slightly shorter version of GFPu, which is an enhanced green fluorescence 

protein (GFP) modified by carboxyl fusion of degron CL1. Degron CL1 is a 16-amino-acid 

sequence (ACKNWFSSLSHFVIHL) that is consensus among multiple short-living proteins of 

fission yeast and has proven to be a ubiquitination signal sequence. It seems to share a signature 

structure with misfolded proteins and signals for ubiquitination likely through surface exposure of 

a stretch of hydrophobic residuals.177,178 GFPu and GFPdgn are both proven substrates for the 

UPS.176 GFPdgn tg mice in the C57BL/6J inbred background were used. S14D mice were cross-

bred with the GFPdgn tg mice respectively to generate heterozygous and homozygous S14D-

coupled hemizygous GFPdgn tg (S14D/+::GFPdgn, S14D/S14D::GFPdgn) mice, with their 

littermates of hemizygous GFPdgn tg mice serving as the control for assessing the effect of S14D 

on UPS performance. 

CryABR120G tg mice 

The line 134 tg mouse model expressing the CryABR120G specifically in cardiomyocytes was 

described previously.107 The CryABR120G tg mouse is a well-established animal model of cardiac 

proteinopathy that has been widely for studying cardiac proteotoxicity. R120G mutation is a 

missense mutation in the CryAB gene. CryABR120G has been linked to desmin-related myopathy in 

humans. Desmin-related myopathy is characterized by intrasarcoplasmic accumulation of desmin-

positive aberrant protein aggregates,179 which eventually leads to heart failure. CryABR120G is a 

misfolded protein. CryABR120G mice display PFI resulting in further accumulation of misfolded 

protein aggregates in cardiomyocytes. These mice start to show early stage of compensatory 
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cardiac hypertrophy at 3 month of age (3m) and proceed to heart failure by 6 month of age (6m), 

making them an effective tool for therapeutic evaluation on disease progression.107 CryABR120G tg 

mice were maintained in the FVB/N inbred background. S14A and S14D mice were cross-bred 

with CryABR120G tg mice respectively to generate heterozygous and homozygous S14A- or S14D-

coupled hemizygous CryABR120G tg (S14A/+:: CryABR120G, S14A/S14A:: CryABR120G or S14D/+:: 

CryABR120G, S14D/S14D:: CryABR120G) mice, with their littermates of other genotypes used as 

controls to ensure the resultant mice are in the same genetic background.    

Genotyping 

The conventional polymerase chain reaction (PCR) was used for detection of tg GFPdgn and 

CryABR120G in mice using toe or tail clips and specific primers as previously reported.107,176 The 

genotypes of Rnp6S14A and Rpn6S14D mice were determined with a modified PCR strategy using 

genomic DNA isolated from toe or tail clips, based on the tetra-primer amplification refractory 

mutation system (ARMS)-PCR principle described previously,180,181 in which two non-allele-

specific outer primers and two allele-specific inner primers were employed to detect single 

nucleotide polymorphisms. In brief, each PCR reaction was carried out in a total volume of 20 μl, 

containing ~200 ng of template DNA, 2 μl of 10X DreamTaqTm DNA Polymerase Green Buffer, 

0.5 U of DreamTaqTM DNA polymerase (Cat#EP0705, Thermo Scientific, Waltham, MA), 0.2 

mM of dNTPs, outer primers, and inner primers; for S14A: 350 nM of outer primers and 150 nM 

of inner primers; for S14D: 200 nM of outer primers and 200 nM of inner primers. The primer 

sequences are listed below: 

Outer (forward): 5’-GAGATGGCGATGGGGGAGCTCGTTTGTC-3’ 

Outer (reverse): 5’-CACAGTGAGTCAGCAGCACCATAGCCGGC-3’ 
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Inner for S14A (forward): 5’-GGTGGTGGAGTTCCAGAGAGCCCGGG-3’ 

Inner for S14A (reverse): 5’-GCCTCCCGGTCGGTGCTGAGTAGGGA-3’ 

Inner for S14D (forward): 5’-GGTGGTGGAGTTCCAGAGAGCCCGGGA-3’ 

Inner for S14D (reverse): 5’-GCCTCCCGGTCGGTGCTGAGTAGGGA-3’ 

PCR amplifications for both S14A and S14D were performed with the following profile: 94 °C 

for 3 min, followed by 30 cycles of 30 sec at 94 °C, 30 sec of annealing, and 45 sec at 72 °C, 

ending with 10 min at 72 °C. Annealing temperature was 74.9 °C and 74.7 °C for S14A and S14D 

respectively. The PCR products were electrophoresed in 2% agarose gel and then digitally imaged 

with the Syngene InGenius LHR2 Gel Imaging System (Frederick, MD). The S14A and S14D 

genotypes of all mice used in this study were further confirmed through DNA sequencing the PCR 

products encompassing the mutation. 

Mouse embryonic fibroblast (MEF) isolation 

Mouse embryonic fibroblasts (MEFs) from WT and homozygous S14A mouse embryos were 

isolated as reported previously.182 Briefly, pregnant mice at 14.5 days of gestation were 

anesthetized by injecting 2.5% of Avertin. The abdominal cavity was then opened and the entire 

uterus containing all embryos was dissected out. Embryos were removed aseptically and placed in 

sterile phosphate buffer saline (PBS) to wash out blood. After removal of the head and viscera, all 

fetuses were teased into fine pieces in 25 ml of 0.25% trypsin-EDTA (Cat#25300-056, Invitrogen, 

Waltham, MA) and the tissue was kept in a tube for digestion at 4 °C overnight. On the following 

day, the tubes with half of the trypsin aspirated off were kept in a 37 °C water bath to further digest 

for 30 min. The digested tissue was next mixed with 25 ml of MEF media [Dulbecco's modified 

Eagle medium (DMEM), 10% fetal bovine serum (FBS), 0.1 mM β-mercaptoethanol, 50 U 
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penicillin, 50 µg/ml streptomycin] and pipetted vigorously, followed by sedimentation by gravity 

for 1 min. The collected supernatant was plated with additional MEF media for culture in T75 

culture flasks. MEFs were amplified and used for experimentation after the sixth passages. 

Isolation and culture of adult mouse cardiomyocytes (AMCMs) 

Cardiomyocytes from adult WT, S14A, and S14D mice were isolated as described 

previously.183 In brief, chest cavity of a mouse under anesthesia with 2% inhaled isoflurane was 

opened, and the descending aorta and the inferior vena cava were cut. The heart was perfused via 

right ventricle with 7 ml of an EDTA buffer (130 mmol/l NaCl, 5 mmol/l KCl, 0.5 mmol/l 

NaH2PO4, 10 mmol/l HEPES, 10 mmol/l Glucose, 10 mmol/l 2,3-butanedione monoxime (BDM), 

10 mmol/l Taurine, and 5 mmol/l EDTA) to flush out blood from the heart. The ascending aorta 

was then clamped. The clamped heart was removed and submerged in a dish of the EDTA buffer 

and was perfused via the left ventricle with 10 ml EDTA buffer. After that, the heart was 

transferred to a dish containing a perfusion buffer (130 mmol/l NaCl, 5 mmol/l KCl, 0.5 mmol/l 

NaH2PO4, 10 mmol/l HEPES, 10 mmol/l Glucose, 10 mmol/l BDM, 10 mmol/l Taurine, and 1 

mmol/l MgCl2) and injected via the left ventricle with 3 ml of the perfusion buffer to clear EDTA. 

The heart was then transferred to a dish containing a pre-warmed collagenase buffer (0.5 mg/ml 

Collagenase 2, 0.5 mg/ml Collagenase 4, and 0.05 mg/ml Protease XIV) and subsequently digested 

by injections of the collagenase buffer. Once the digestion was satisfied, the ventricular tissue was 

dissociated mechanically, and the enzymatic activity was inhibited using a Stop buffer (perfusion 

buffer containing 5% FBS). Then, cardiomyocytes were separated and calcium reintroduction 

buffers (mixture of perfusion buffer and culture media) were introduced in gradual increments by 

gravity settling. These separated cardiomyocytes were first plated on laminin (15 μg/ml)-coated 
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6-well dishes in plating media (M199, 5% FBS, 10 mmol/l BDM, and 1x Penicillin /Streptomycin) 

for 3 hours and cultured in culture media [M199, 0.1% BSA, 1x ITS (insulin, transferrin, 

selenium), 10 mmol/l BDM, 1x chemically defined lipid concentrate (CD lipid), and 1x Penicillin 

/Streptomycin] for another 48 hours prior to further experimentation. 

Neonatal rat/mouse cardiomyocyte culture and adenoviral infection 

Neonatal rat cardiomyocytes (NRCMs) were isolated from the ventricles of 2-day-old male 

and female Sprague-Dawley rats, and neonatal mouse cardiomyocytes (NMCMs) were isolated 

from the ventricles of 1-day-old male and female WT and S14D mice with the Cellutron 

Neomyocytes Isolation System (Cat#nc-6031, Cellutron Life Technology, Baltimore, MD) 

following the manufacturer’s instructions, plated on 35 mm dishes in 10% fetal bovine serum, and 

cultured as described previously128. The creation of the recombinant replication-deficient 

adenoviruses harboring the expression cassette for a Hemagglutinin epitope (HA)-tagged 

CryABR120G (Ad-HA-CryABR120G) was described.77 The plated cells were infected with Ad-HA-

CryABR120G virus at approximately 10 multiplicities of infection (MOIs) in serum-free Dulbecco’s 

minimum essential medium (DMEM) for 6 hr. The cells were then cultured in DMEM containing 

2% serum for 48 hr before drug treatment/harvest. 

Methods for Randomization and Sample Size Determination 

In assigning mice or cultured cells of the same genotype into different control and treatment 

groups, the flipping a coin randomization method was used. To determine the minimum number 

of mice per group required for the serial echocardiography study, power calculation was use with   

α=0.05, β=0.80, and the estimated differential and variation of cardiac output (CO, the preliminary 
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readout) generated from the pilot and prior studies. For experiments using primarily biochemical 

and molecular biology assessments, the sample size was determined empirically or on basis of 

prior reports, for example, 3 repeats for cell culture experiments.77 

Total protein extraction 

To extract total proteins, ventricular myocardium or cultured cardiomyocytes were 

homogenized in 1x sampling buffer [41 mM Tris-HCl (pH 6.8), 1.2% SDS and 8% glycerol]. A 

1x complete protease and phosphatase inhibitor cocktail (containing 80 µM aprotinin, 5 mM 

bestatin, 1.5 mM E-64, 2 mM leupeptin hemisulfate, 10 mM β-glycerophosphate, 50 mM sodium 

fluoride, 1 mM sodium orthovanadate, and 10 mM sodium pyrophosphate decahydrate, 

Cat#HB9105, Hello Bio Inc., Princeton, NJ) was added to the sampling buffer to protect proteins 

from endogenous proteases and phosphatases. The protein homogenates were boiled for 5 min. 

After centrifugation at 10,621 x g for 10 min at 4 °C, the supernatant was collected as the total 

protein extracts. Protein concentrations were determined using PierceTM bicinchoninic acid (BCA) 

protein assay reagents (Cat#23222 & #23224, Thermo Fisher Scientific, Waltham, MA). 

Extraction of the NP-40–soluble and NP-40–insoluble fractions 

The protocol for the fractionation of NP-40 soluble and insoluble proteins was developed by 

Guo et al..184 Briefly, for cultured cells, cells were washed in cold PBS (pH 7.4) and harvested into 

cell lysis buffer [50 mM Tris-HCl (pH 8.8), 100 mM NaCl, 5 mM MgCl2, 0.5% NP-40, and 2 mM 

dithiothreitol (DTT)] containing 1x complete protease and phosphatase cocktail. For tissue, frozen 

ventricular myocardium was powdered and gently homogenized in the cell lysis buffer. After 

incubation on ice for 30 min, cell lysates were centrifuged at 17,000 x g for 15 min at 4 °C. The 
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supernatant was collected as the NP-40–soluble (NS) fraction. The NS fraction added with 3x SDS 

boiling buffer [6% SDS, 20 mM Tris-HCl (pH 8.0), and 150 mM DTT] was boiled for 5 min. The 

pellets containing NP-40–insoluble (NI) fraction were washed with PBS and resuspended in cell 

pellet buffer [20 mM Tris-HCl (pH 8.0), 15 mM MgCl2, 2 mM DTT and 1x complete protease and 

phosphatase inhibitor cocktail], followed by 30-min incubation on ice. The NI fraction was further 

solubilized in 3x SDS boiling buffer and boiled for 5 min. Protein concentrations were then 

determined with a reducing agent-compatible BCA protein assay kit (Cat#23252, Thermo Fisher 

Scientific, Waltham, MA). 

Western blot analysis 

Equal amounts of proteins were fractionated via 10-14% SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene difluoride (PVDF) membrane 

using a Trans-Blot apparatus (Bio-Rad, Hercules, CA). Five to 10 μg proteins were loaded for 

CryAB; 60 μg proteins were loaded for pS14-Rpn6; 15-20 μg proteins were loaded for examining 

other proteins. After blocking in 2% BSA or 2% ECLTM advanced blocking agents (Cat#RPN418, 

Cytiva, Marlborough, MA) in TBST for 1 hour at room temperature, the PVDF membrane was 

immunodetected with primary antibodies and subsequently appropriate horseradish peroxidase 

(HRP)-conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA). The 

secondary antibodies bound to PVDF membrane were detected with SuperSignalTM West Pico 

PLUS Chemiluminescent Substrate (Cat#34578, Thermo Fisher Scientific, Waltham, MA). Blots 

were digitally imaged with the ChemiDocTM MP imaging system and analyzed with Image Lab 

software (Bio-Rad, Hercules, CA). The in-lane total protein signals derived from the stain-free 
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image were used as the loading control as previously described.185 The antibodies used for Western 

blot are listed below: 

Target antigen Source Working 
concentration 

Ser14-phosphorylated Rpn6 Custom made 1:20000 

Phosphorylated PKA substrates Cell Signaling 
Cat#9624 1:1000 

Rpn6 MyBioSource 
Cat#MBS9605099 1:1000 

β5 Custom made 1:10000 

Rpt2 Enzo Life Sciences 
Cat#BML-PW8305 1:1000 

GFP Santa Cruz Biotechnology 
Cat#SC-9996 1:1000 

CryAB Enzo Life Sciences 
Cat#ADI-SPA-223 1:10000 

Ubiquitin Cell Signaling 
Cat#58395 1:1000 

Ubiquitin, lys48-specific Millipore 
Cat#05-1307 1:1000 

HA-tag Cell Signaling 
Cat#3724 1:5000 

Peroxidase-conjugated AffiniPure Goat 
Anti-Mouse IgG (H+L) 

Jackson ImmunoResearch 
Cat#115-035-003 1:10000 

Peroxidase-conjugated AffiniPure Goat 
Anti-Rabbit IgG (H+L) 

Jackson ImmunoResearch 
Cat#111-035-003 1:10000 

Proteasome peptidase activity assays 

Proteasome peptidase activity assays were performed as described previously.132 Briefly, 

cultured cardiomyocytes or snap-frozen ventricular myocardial tissue samples were homogenized 

in the crude protein extraction buffer [50 mM Tris-HCl (pH 7.5), 250 mM sucrose, 5 mM MgCl2, 

0.5 mM EDTA, 1 mM DTT, 0.025% digitonin, and 1x complete protease and phosphatase inhibitor 
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cocktail] on ice, followed by centrifugation at 6800 x g for 10 min at 4 °C. The supernatant was 

collected, and protein concentrations were determined with BCA reagents. Five μg of cellular 

proteins or 10 μg of myocardial proteins in 200 μl proteasome assay buffer [50 mM Tris-HCl (pH 

7.5), 40 mM KCl, 5 mM MgCl2, 1 mM DTT, and 0.5 mg/ml BSA] were loaded in a 96-well 

microplate (#655076, Greiner Bio-One, Germany). The chymotrypsin-like, caspase-like and 

trypsin-like activities of 26S proteasomes were determined in the presence of 0.2 mM, 0.4 mM 

and 0.4 mM ATP, respectively. The assays were carried out in the presence or absence of the 

proteasome inhibitors: 0.28 μM bortezomib (BZM, Cat#B-1408, LC Laboratories, Woburn, MA) 

for chymotrypsin-like and caspase-like activities, and 5 μM epoxomicin (Cat#A2606, APExBIO, 

Houston, TX) for trypsin-like activity. The proteasome inhibitor suppressible portion of peptide 

cleavage activity is attributed to the proteasome. The following fluorogenic substrates were applied: 

Suc-LLVY-AMC (18 μM; Cat#10008119, Cayman Chemical, Ann Arbor, MI), Z-LLE-AMC (45 

μM; Cat#10008117, Cayman Chemical, Ann Arbor, MI), and Bz-VGR-AMC (40 μM; Cat#BML-

BW9375, Enzo Life Sciences, Farmingdale, NY), for chymotrypsin-like, caspase-like and trypsin-

like activities, respectively. The temporal changes in fluorescence intensity were measured 

immediately after the initiation of the reaction using a Perkin Elmer plate reader (Model VICTOR 

NivoTM, Waltham, MA) at an excitation wavelength of 380 nm and an emission wavelength of 460 

nm. The slope of the log phase of the reaction curve was measured as the indicator of the 

corresponding proteasome activity. 

Echocardiography 

Serial echocardiography was performed on mice as previously reported.128 In brief, mice were 

kept in light anesthesia with inhalation of Isoflurane (4% for induction and 1-1.5% for maintenance) 
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via a face mask. Transthoracic echocardiography was performed using the VisualSonics Vevo 

3100 system and a 40-MHz probe (FUJIFILM VisualSonics, Toronto, ON, Canada). A two-

dimensional echocardiogram guided M-mode echocardiography was acquired through the LV 

anterior and posterior walls at the short axis view. Parameters of LV were derived from primary 

measurements using Vevo LAB software, based on the following formula: 

LVEDV (µl) = 
7.0 

× LVID;d! 

2.4 + LVID;d 

LVESV (µl) = 
7.0 

× LVID;s! 

2.4 + LVID;s 

LVEDV − LVESV
EF (%) = × 100%LVEDV 

LVID;d − LVID;s 
FS (%) = × 100%LVID;d 

SV (µl) = LVEDV − LVESV 

CO (ml/min) = SV × HR ∕ 1000 

LV mass (mg) = '(LVID;d + LVPW;d + IVS;d)! − LVID;d!* × 1.05 g/ml 

LVEDV, LV end-diastolic volume; LVESV, LV end-systolic volume; LVID;d, LV end-diastolic 

internal dimension; LVID;s, LV end-systolic internal dimension; EF, ejection fraction; FS, 

fractional shortening; SV, stroke volume; CO, cardiac output; HR, heart rate; IVS;d, end-diastolic 

interventricular septum thickness. 

RNA isolation and qRT-PCR 

Total RNA was isolated from ventricular myocardium using the TRI Reagent® (Cat#TR 118, 

Molecular Research Center Inc., Cincinnati, OH) as described previously.185 RNA concentrations 

were determined with a NanoDrop 2000 UV Spectrophotometer (Thermo Scientific, Waltham, 

39 



 
 

      

    

   

     

    

     

      

        

         

     

    

 

  

  

  

  

  

  

  

  

  

  

  

MA) following the manufacturer’s instruction. A High Capacity cDNA Reverse Transcription Kit 

(Cat#4368814, Applied Biosystems, Waltham, MA) was used to generate cDNA by following the 

manufacturer’s protocol. PowerUpTM SYBRTM Green Master Mix (Cat#A25742, Applied 

Biosystems, Waltham, MA) was used to conduct quantitative real-time PCR (qPCR) analysis. All 

qPCR reactions were performed under the following condition: 50 °C for 2 min, 95 °C for 10 min, 

followed by 40 cycles of amplification at 95 °C for 15 sec and 60 °C for 60 sec. All reactions for 

reference (GAPDH) and target (GFPdgn, CryABtg, Nppa, Nppb, Myh7 and Myh6) genes were done 

in duplicate and the average value was used for subsequent quantification. The 2-ΔΔCt method using 

GAPDH as the normalization gene was used to calculate the relative expression of target genes. 

Reverse transcription and qPCR were performed with a Techne 5PRIMEG/02 Thermal Cycler 

(United Kingdom) and Applied Biosystems StepOnePlus Real-Time PCR system (Waltham, MA), 

respectively. The following primer pairs were used in this study: 

GAPDH (forward): 5’-ATGACATCAAGAAGGTGGTG-3’ 

GAPDH (reverse): 5’-CATACCAGGAAATGAGCTTG-3’ 

GFPdgn (forward): 5’-TCTATATCATGGCCGACAAGCAGA-3’ 

GFPdgn (reverse): 5’-ACTGGGTGCTCAGGTAGTGGTTGT-3’ 

CryABtg (forward): 5’-TTCTTCGGAGAGCACCTGTT-3’ 

CryABtg (reverse): 5’-CCCCAGAACCTTGACTTTGA-3’ 

Nppa (forward): 5’-GGAGGAGAAGATGCCGGTAGA-3’ 

Nppa (reverse): 5’-GCTTCCTCAGTCTGCTCACTCA-3’ 

Nppb (forward): 5’-CTGCTGGAGCTGATAAGAGA-3’ 

Nppb (reverse): 5’-TGCCCAAAGCAGCTTGAGAT-3’ 

Myh7 (forward): 5’-GGAGGCACAGACCAGGC-3’ 
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Myh7 (reverse): 5’-GATAGGCGTTGTCAGAGATGG-3’ 

Myh6 (forward): 5’-GCCAAGGTCGTGTCCCG-3’ 

Myh6 (reverse): 5’-GGCACCACTTCCGCATTG-3’ 

Immunofluorescence staining and confocal microscopy 

Immunofluorescence staining and confocal microscopy were performed as described.128 In 

brief, ventricular myocardium was fixed with 4% paraformaldehyde, equilibrated in a gradual 

increment of sucrose, and embedded in the Tissue-Tek O.C.T in a Cryomold. The mold was placed 

on top of the aluminum plate on the dry ice-methanol bath for rapid freezing until the OCT was 

completely frozen. The frozen tissue block was then cut with a -20 °C cryostat to obtain 7-μm 

cryosections, or stored at -80 °C for future use. For GFPdgn direct fluorescence, the myocardial 

sections were stained with Alexa Fluor 568-conjugated phalloidin (1:400; Cat#A12380, Invitrogen, 

Waltham, MA) to reveal F-actin that identifies cardiomyocytes. For CryAB-positive aggregates, 

the myocardial sections were sequentially stained with the rabbit anti-CryAB antibody (1:100; 

Cat#ADI-SPA-223, Enzo Life Sciences, Farmingdale, NY), Alexa Fluor 647-conjugated anti-

rabbit secondary antibody (1:500; Cat#111-605-003, Jackson ImmunoResearch, West Grove, PA), 

and Alexa Fluor 488-conjugated phalloidin (1:2000; Cat#20478, Cayman Chemical, Ann Arbor, 

MI). DAPI (Cat#0100-20, SouthernBiotech, Birmingham, AL) was used for staining nuclei. 

GFPdgn direct fluorescence (green), CryAB immunofluorescence, and the stained F-actin were 

visualized and imaged using a Leica TCS SP8 confocal microscope (Leica Microsystems Inc., 

Buffalo Grove, IL). The fluorescence micrographs of the experimental and control groups were 

collected using the same imaging setting and processed the same way. 
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Native gel electrophoresis followed by immunoblotting 

Native gel electrophoresis followed by immunoblotting was performed as described,128 with 

minor modification. Snap-frozen ventricular myocardial tissue samples were homogenized in the 

extraction buffer [50 mM Tris-HCl (pH 7.5), 250 mM Sucrose, 5 mM MgCl2, 1 mM DTT, 1 mM 

ATP, and 1x complete protease and phosphatase inhibitor cocktail] before centrifugation at 15,000 

x g for 30 min at 4 °C. Protein concentrations were determined using PierceTM bicinchoninic acid 

(BCA) protein assay reagents (Cat#23222 & #23224, Thermo Fisher Scientific, Waltham, MA) 

and samples were diluted to comparable concentration with the extraction buffer. Then, 4x native 

gel loading buffer [200 mM Tris-HCl (pH 6.8), 60% (v/v) glycerol, and 0.05% (w/v) bromophenol 

blue] was added to each aliquot of protein samples before loading. Twenty-five μg of proteins 

were loaded in 4% native polyacrylamide gel and the gel electrophoresis was performed at 4 °C at 

a constant voltage of 100 V for 4-4.5 hours. The proteins were then transferred onto a PVDF 

membrane at a constant current of 250 mA for 90 min, or overnight at a constant current of 40 mA, 

for subsequent immunoblotting for β5 (1:10000; custom made) and Rpt2 (1:1000; Cat#BML-

PW8305, Enzo Life Sciences, Farmingdale, NY). The in-lane total protein signal derived from the 

stain-free image was used as the loading control. 

Statistical methods 

GraphPad Prism version 9.5.0 (San Diego, CA) was used. All continuous variables are 

presented as Mean±SEM unless indicated otherwise. All data were examined for normality with 

the Shaprio Wilk’s test prior to application of parametric statistical tests. Tests used for evaluation 

of statistical significance are specified in figure legends. In brief, unless otherwise indicated, 

differences between two groups were evaluated by two-tailed unpaired Student’s t test; differences 
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among 3 or more groups were evaluated by one-way or, where appropriate, two-way ANOVA 

followed by Tukey's test for pairwise comparisons. Serial echocardiographic data were evaluated 

by two-way or, where appropriate, three-way repeated measures ANOVA followed by Tukey's 

multiple comparisons. Mouse Kaplan-Meier survival curves were compared with the log-rank test. 

A p value or adjusted p value <0.05 is considered statistically significant. 
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RESULTS 

PART I. Creation and Baseline Characterization of Rpn6S14A and Rpn6S14D Mice 

To facilitate the investigation in to the (patho)physiological significance of pS14-RPN6, we 

created two knock-in mouse models in which the codon for Ser14 of endogenous Rpn6/Psmd11 

gene was mutated via CRISPR/Cas9 to encode either Ala (S14A) or Asp (S14D) to block or mimic 

pS14-Rpn6, respectively. Mice harboring the Rpn6S14A (referred as S14A hereafter) and Rpn6S14D 

(referred as S14D hereafter) alleles were created in the C57BL/6J inbred background and were 

confirmed genetically by sequencing the targeted segment of the Psmd11 gene (Figure 1). Both 

S14A and S14D mice used in the present study had undergone six or more generations of backcross 

into WT C57BL/6J inbred background to eliminate any off-target mutations potentially resulted 

from CRISPR/Cas9. Prior to applying the two knock-in mouse models to investigate the 

(patho)physiological significance of pS14-Rpn6, it is of great importance to determine the effect 

of these genetic modifications on the general wellbeing of the mice. Hence, in this section, we 

evaluated the baseline characteristics of S14A and S14D mice. Heterozygous and Homozygous 

S14A and S14D mice are viable and fertile and do not display discernible gross abnormalities 

compared with their littermate controls during the first 12 months of age, the longest time observed 

in full cohorts so far. 
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Figure 1. Representative DNA sequencing histograms of genotyping PCR products of the 

genomic region harboring the coding sequence for Ser14 of Rpn6 in mice. 

Het, heterozygous; Hom, homozygous. 
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1.1. The basal effect of genetic blockade of pS14-Rpn6 on mice 

1.1.1. Serial echocardiographic characterization of WT and S14A mice 

To determine whether genetic blockade of pS14-Rpn6 might have an impact, we performed 

serial echocardiography on homozygous S14A mice and their littermate WT control mice monthly 

to characterize mouse cardiac morphology (Figure 2B-2I, Table 1-6) and function (Figure 3, 

Table 1-6). Virtually, we did not observe discernible differences in body weight (Figure 2A, left 

panel) echocardiogram-estimated LV mass (Figure 2B, left panel), LV mass-to-body weight ratio 

(LV mass/BW, Figure 2C, left panel), or any other essential echocardiographic parameters 

including LV posterior wall thicknesses (LVPW;d, LVPW;s; Figure 2D, 2G, left panels), internal 

dimensions (LVID;d, LVID;s; Figure 2E, 2H, left panels) and volumes (LVEDV, LVESV; 

Figure 2F, 2I, left panels) at both end-diastole and end-systole, ejection fraction (EF; Figure 3A, 

left panel), fractional shortening (FS; Figure 3B, left panel), stroke volume (SV; Figure 3C, left 

panel), cardiac output (CO; Figure 3D, left panel), and heart rate (HR; Figure 3E, left panel) 

between S14A mice and WT mice of the same sex, throughout 7 months, the longest period for 

serial echocardiography assessment. This is confirmed by statistical analyses, with the exceptions 

that S14A males displayed lower EF at 4 months (4m) (p=0.0469, Table 3) and LV mass at 7m 

(p=0.0444, Table 6) than WT males. The difference in EF can be explained by the exceptionally 

greater EF in WT mice at this time point, which could have been picked up randomly by manual 

handling or mouse circumstances. Furthermore, we discovered that female WT mice exhibited 

smaller LV chamber size prominently at end-diastole (LVID;d, LVEDV) than male WT mice, 

while sex differences disappeared in S14A mice at individual time points; this is consistent with 

the lower body weight and/or LV mass of female WT mice than male ones (Figure 2A, 2B, 2E, 

2F, left panels, Table 1-6). We further analyzed the integrated data of the entire 7 months of 
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assessment period using area under curve (AUC) of each parameter which reflects the mouse 

kinetic adaption to S14A knock-in (Figure 2 and Figure 3, right panels). The overall differences 

due to S14A knock-in were found only in SV (p=0.0201) and HR (p=0.0001); more specifically, 

S14A male mice displayed smaller SV (Figure 3C, right panel) and higher HR (Figure 3E, right 

panel) than WT male mice. The raise in HR was likely a compensatory response to the decreased 

SV, resulting in unchanged CO. Although no significant differences were obtained from individual 

time-point assessment, AUC analyses revealed that female mice overall had smaller body weight 

(p<0.0001) and LV mass (p<0.0001), thinner LVPW;d (p<0.0001) and LVPW;s (p=0.0009), 

smaller LV chamber (LVID;d, p<0.0001; LVID;s, p=0.0012; LVEDV, p<0.0001; LVESV, 

p=0.0007), and lower SV (p=0.0046) and CO (p=0.0010) than male mice, along with comparable 

LV mass/BW, EF, FS and HR (Figure 2 and Figure 3, right panels); notably, sex differences in 

LVPW;s (Figure 2G, right panel), SV (Figure 3C, right panel) and CO (Figure 3D, right panel) 

were obtained only in WT mice. 

We also checked the body weight of older mice (10m). Similar to the findings from the first 7-

month assessment, no discernible changes due to S14A knock-in were found in either males or 

females. Although there was a statistically significant difference in body weight between males 

and females overall (p=0.0107), it was not attained within the same genotype (Figure 4). 
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    Figure 2. Body weight and cardiac morphometric characteristics of WT and S14A mice. 
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A ~ I, Littermate mice of indicated genotypes were subjected to serial echocardiography at 1, 3, 

4, 5, 6, and 7 months (m). LV morphological parameters derived from the echocardiography are 

presented. The stacked line chart of each panel summarizes the time course of changes in the 

indicated parameter. The detailed values of echocardiographic parameters are listed and 

statistical significance between genotypes or sexes at the same time point are indicated in Table 

1 ~ 6. The bar graph with scattered dots of each panel presents the Area Under Curve (AUC) of 

the indicated parameter versus time obtained with the trapezoidal rule. Each dot represents an 

individual mouse; mean±SD; repeated three-way ANOVA followed by Tukey’s test for the 

time-course curves, and two-way ANOVA followed by Tukey’s test for the bar graphs; BW, 

body weight; LVPW;d/LVPW;s, LV posterior wall thickness at end-diastole/end-systole; 

LVID;d/LVID;s, LV internal dimension at end-diastole/end-systole; LVEDV/LVESV, LV 

volume at end-diastole/end-systole; ns, not significant. 
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Figure 3. Cardiac functional characteristics of WT and S14A mice. 

A ~ E, LV echocardiographic functional parameters from the same cohort of mice used for 

Figure 2 are presented. The stacked line chart of each panel summarizes the time course of 

changes in the indicated parameter. The detailed values of echocardiographic parameters are 

listed and statistical significance between genotypes or sexes at the same time point are indicated 

in Table 1 ~ 6. The bar graph with scattered dots of each panel presents the AUC of the indicated 

parameter versus time obtained with the trapezoidal rule. Each dot represents an individual 

mouse; mean±SD; repeated three-way ANOVA followed by Tukey’s test for the time-course 
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curves, and two-way ANOVA followed by Tukey’s test for AUC; EF, ejection fraction; FS, 

fractional shortening; SV, stroke volume; CO, cardiac output per minute; HR, heart rate. 
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Table 1. Echocardiographic parameters from WT and S14A mice at 1m 

WT S14A/S14A 

Male Female Male Female 

N 11 12 11 10 

BW (g) 20.8±1.4 17.4±1.7** 19.4±1.8 16.1±1.0 

LV mass (mg) 96.2±16.8 79.4±9.4 89.1±11.9 76.5±6.7 

LV mass/BW (mg/g) 4.63±0.77 4.59±0.58 4.58±0.42 4.76±0.57 

HR (bpm) 425±43 428±40 459±31 453±41 

EF (%) 54.16±7.04 58.39±3.35 51.41±9.31 51.41±8.22 

FS (%) 27.83±4.47 30.41±2.27 26.19±6.03 26.04±5.10 

SV (μl) 39.7±4.5 38.8±3.7 36.5±6.9 34.3±5.9 

CO (ml/min) 16.9±2.6 16.7±2.7 16.6±2.3 15.4±2.2 

LVPW;d (mm) 0.61±0.06 0.57±0.05 0.61±0.06 0.57±0.04 

LVPW;s (mm) 0.91±0.07 0.87±0.05 0.88±0.08 0.83±0.089 

LVID;d (mm) 4.09±0.14 3.91±0.12 4.03±0.24 3.92±0.20 

LVID;s (mm) 2.95±0.25 2.72±0.12 2.98±0.34 2.90±0.28 

LVEDV (μl) 73.7±5.7 66.5±4.9 71.5±10.2 67.0±8.5 

LVESV (μl) 34.0±7.0 27.7±3.1 35.0±9.1 32.8±7.5 

BW, body weight; LV, left ventricle; HR, heart rate; EF, ejection fraction; FS, fractional shortening; 

SV, stroke volume; CO, cardiac output per minute; LVPW;d, LV end-diastolic posterior wall 

thickness; LVPW;s, LV end-systolic posterior wall thickness; LVID;d, LV end-diastolic internal 

dimension; LVID;s, LV end-systolic internal dimension; LVEDV, LV end-diastolic volume; 
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LVESV, LV end-systolic volume. Mean±SD; repeated three-way ANOVA followed by Tukey’s 

test; **p<0.01 vs. male mice with same genotype. 
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Table 2. Echocardiographic parameters from WT and S14A mice at 3m 

WT S14A/S14A 

Male Female Male Female 

N 11 12 11 10 

BW (g) 30.6±3.9 22.5±2.2** 28.8±2.7 23.7±1.5* 

LV mass (mg) 117.6±19.4 96.8±15.1 111.8±16.0 95.7±20.4 

LV mass/BW (mg/g) 3.87±0.63 4.31±0.58 3.91±0.61 4.04±0.77 

HR (bpm) 435±44 429±38 473±32 457±29 

EF (%) 47.22±10.92 48.53±6.69 43.92±8.93 48.49±14.11 

FS (%) 23.84±6.55 24.34±4.07 21.72±4.97 24.79±8.71 

SV (μl) 40.9±5.4 38.3±5.0 37.3±4.4 37.9±7.2 

CO (ml/min) 17.8±2.5 16.4±2.0 17.7±2.6 17.2±2.7 

LVPW;d (mm) 0.68±0.08 0.61±0.05 0.67±0.07 0.60±0.08 

LVPW;s (mm) 0.94±0.15 0.86±0.05 0.91±0.10 0.87±0.10 

LVID;d (mm) 4.42±0.27 4.21±0.21 4.38±0.39 4.24±0.35 

LVID;s (mm) 3.38±0.48 3.19±0.29 3.45±0.51 3.21±0.59 

LVEDV (μl) 89.0±12.8 79.5±9.8 87.9±18.3 81.3±15.9 

LVESV (μl) 48.1±15.9 41.2±9.1 50.6±18.3 43.4±17.7 

Mean±SD; repeated three-way ANOVA followed by Tukey’s test; *p<0.05, **p<0.01 vs. male 

mice with same genotype. 
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Table 3. Echocardiographic parameters from WT and S14A mice at 4m 

WT S14A/S14A 

Male Female Male Female 

N 11 12 11 10 

BW (g) 31.8±3.7 23.4±2.0** 30.8±2.9 25.2±2.4 

LV mass (mg) 134.1±14.1 102.2±14.4* 123.9±19.0 103.1±21.8 

LV mass/BW (mg/g) 4.23±0.40 4.38±0.48 4.01±0.37 4.09±0.79 

HR (bpm) 442±50 428±28 471±43 452±29 

EF (%) 50.82±10.02 46.03±6.54 41.58±8.29# 45.34±9.97 

FS (%) 26.07±6.41 22.85±3.85 20.44±4.61 22.57±5.79 

SV (μl) 45.9±6.9 37.3±4.8 39.5±8.5 36.2±4.6 

CO (ml/min) 20.2±3.5 16.0±2.4 18.3±2.7 16.4±2.5 

LVPW;d (mm) 0.72±0.09 0.63±0.02 0.67±0.06 0.64±0.07 

LVPW;s (mm) 1.03±0.18 0.88±0.06 0.91±0.09 0.89±0.07 

LVID;d (mm) 4.48±0.32 4.26±0.20 4.55±0.26 4.27±0.30 

LVID;s (mm) 3.33±0.46 3.29±0.27 3.63±0.33 3.32±0.47 

LVEDV (μl) 92.2±14.7 81.7±9.1 95.5±12.7 82.0±14.6 

LVESV (μl) 46.2±14.3 44.3±8.9 56.1±12.1 45.9±16.6 

Mean±SD; repeated three-way ANOVA followed by Tukey’s test; *p<0.05, **p<0.01 vs. male 

mice with same genotype; #p<0.05 vs. WT mice of same sex. 
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Table 4. Echocardiographic parameters from WT and S14A mice at 5m 

WT S14A/S14A 

Male Female Male Female 

N 11 12 11 10 

BW (g) 33.9±4.3 25.4±3.2* 33.0±3.7 28.8±5.2 

LV mass (mg) 145.0±21.0 103.9±18.3 129.2±12.4 115.7±21.0 

LV mass/BW (mg/g) 4.28±0.46 4.08±0.41 3.94±0.36 4.06±0.63 

HR (bpm) 458±33 452±24 463±25 462±28 

EF (%) 43.34±5.64 46.98±8.92 42.85±9.65 45.72±5.88 

FS (%) 21.42±3.33 23.59±5.86 21.21±5.42 22.68±3.43 

SV (μl) 43.5±8.4 38.5±5.3 39.9±6.0 38.6±4.9 

CO (ml/min) 20.0±4.3 17.3±2.1 18.4±2.6 17.9±2.7 

LVPW;d (mm) 0.74±0.09 0.63±0.06 0.69±0.05 0.68±0.09 

LVPW;s (mm) 0.99±0.08 0.88±0.08 0.95±0.12 0.92±0.10 

LVID;d (mm) 4.65±0.18 4.29±0.22** 4.55±0.31 4.33±0.16 

LVID;s (mm) 3.65±0.17 3.28±0.36 3.59±0.46 3.35±0.22 

LVEDV (μl) 100.0±9.2 82.9±10.0** 95.5±15.8 84.8±7.5 

LVESV (μl) 56.5±6.1 44.4±10.3 55.6±17.5 46.2±7.4 

Mean±SD; repeated three-way ANOVA followed by Tukey’s test; *p<0.05, **p<0.01 vs. male 

mice with same genotype. 
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Table 5. Echocardiographic parameters from WT and S14A mice at 6m 

WT S14A/S14A 

Male Female Male Female 

N 11 12 11 10 

BW (g) 35.7±4.2 28.3±3.9 35.5±5.0 30.9±6.0 

LV mass (mg) 159.0±17.7 113.1±20.4* 137.3±20.4 124.2±29.4 

LV mass/BW (mg/g) 4.50±0.69 4.00±0.54 3.90±0.55 4.05±0.67 

HR (bpm) 416±53 446±31 464±27 450±22 

EF (%) 41.74±5.33 45.11±5.08 39.22±7.52 46.39±9.27 

FS (%) 20.54±3.04 22.30±2.98 19.12±4.17 23.29±5.76 

SV (μl) 45.6±7.9 38.5±5.9 39.6±7.1 41.9±5.3 

CO (ml/min) 18.8±3.2 17.1±2.6 18.4±3.2 18.8±2.3 

LVPW;d (mm) 0.76±0.08 0.68±0.07 0.74±0.08 0.69±0.10 

LVPW;s (mm) 0.99±0.10 0.92±0.11 0.97±0.08 0.92±0.14 

LVID;d (mm) 4.83±0.23 4.35±0.24* 4.68±0.15 4.49±0.34 

LVID;s (mm) 3.84±0.24 3.38±0.24* 3.79±0.27 3.45±0.47 

LVEDV (μl) 109.4±12.3 85.6±10.9* 101.6±7.9 92.4±16.6 

LVESV (μl) 63.8±9.6 47.1±7.9* 62.0±10.6 50.5±16.0* 

Mean±SD; repeated three-way ANOVA followed by Tukey’s test; *p<0.05 vs. male mice with 

same genotype. 
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Table 6. Echocardiographic parameters from WT and S14A mice at 7m 

WT S14A/S14A 

Male Female Male Female 

N 11 12 11 10 

BW (g) 37.7±4.0 29.7±5.3 36.5±5.2 32.0±7.7 

LV mass (mg) 165.2±12.7 113.2±20.3*** 137.3±15.3# 115.7±34.4 

LV mass/BW (mg/g) 4.41±0.48 3.84±0.44 3.79±0.53 3.69±0.83 

HR (bpm) 435±39 443±25 473±17 445±21 

EF (%) 43.74±5.01 40.71±6.76 38.49±6.12 46.57±6.12 

FS (%) 21.74±2.87 19.84±3.87 18.71±3.32 23.24±3.72 

SV (μl) 50.5±7.4 36.0±8.5* 41.5±5.6 41.3±5.3 

CO (ml/min) 21.9±3.3 16.0±3.7 19.7±2.9 18.4±3.1 

LVPW;d (mm) 0.75±0.05 0.67±0.08 0.71±0.06 0.68±0.14 

LVPW;s (mm) 1.01±0.08 0.89±0.11 0.94±0.13 0.95±0.13 

LVID;d (mm) 4.95±0.20 4.40±0.22** 4.82±0.20 4.43±0.21 

LVID;s (mm) 3.87±0.22 3.53±0.21 3.92±0.28 3.40±0.27 

LVEDV (μl) 115.7±11.2 88.1±10.3** 108.5±10.6 89.2±9.9 

LVESV (μl) 65.1±8.7 52.1±7.4 67.1±11.4 47.9±9.0 

Mean±SD; repeated three-way ANOVA followed by Tukey’s test; *p<0.05, **p<0.01, 

***p<0.001 vs. male mice with same genotype; #p<0.05 vs. WT mice of same sex. 
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Figure 4. Body weight of WT and S14A mice. 

Body weight of mice with indicated genotypes at 10m. Each dot represents an individual mouse; 

mean±SD; two-way ANOVA followed by Tukey’s test. 
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1.1.2. Survival watch for WT and S14A mice 

Serial echocardiographic data indicated that S14A mice exhibit comparable body weight and 

LV morphological and functional features, except for a lower SV in S14A male mice, compared 

with WT mice. Nevertheless, the S14A male mice were able to maintain their normal CO by raising 

HR. We therefore monitored the survival rate of a cohort of homozygous S14A mice (13 males 

and 11 females) and their WT littermates (15 males and 15 females). All of them survived for at 

least 358 days, the longest period of the observation, without visible abnormalities. 

These data strongly suggest that, despite pS14-Rpn6 blockade, our S14A mice display similar 

cardiac functioning compared with WT mice for at least the first 7 months, and normal gross 

phenotypes and mortality for at least the first 12 months. 
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1.2. The basal effect of genetic mimicry of pS14-Rpn6 on mice 

1.2.1. Serial echocardiographic characterization of WT and S14D mice 

In terms of S14D mice, we are curious about whether constant stimulation of pS14-Rpn6 by 

genetic modification would alter the basal mouse cardiac function. With the same strategies used 

with S14A mice, we performed serial echocardiography on homozygous S14D mice and their 

littermate WT control mice at 1m, 3m, 4.5m, and 6m. Similarly, we observed virtually comparable 

body weight (Figure 5A, left panel), LVPW;d (Figure 5D, left panel), LVID;d (Figure 5E, left 

panel), LVEDV (Figure 5F, left panel), LVPW;s (Figure 5G, left panel), LVID;s (Figure 5H, 

left panel), LVESV (Figure 5I, left panel), EF (Figure 6A, left panel), FS (Figure 6B, left panel), 

SV (Figure 6C, left panel), CO (Figure 6D, left panel), and HR (Figure 6E, left panel) between 

S14D and WT mice of the same sex. Although the LV mass of WT females increased faster than 

that of S14D females (Figure 5B, left panel; Table 10), normalization by the body weight 

eliminated the difference (Figure 5C, left panel). Sex differences at individual time points were 

seen primarily in S14D mice: S14D females had lower body weight and/or LV mass throughout 

the 6-month assessment (Table 7-10), lower SV (p=0.0163) and CO (p=0.0061) at 3m (Figure 

6C, 6D, left panels; Table 8), and smaller LV chamber at 4.5m (LVID;d, p=0.0010, Figure 5E; 

LVID;s, p=0.0109, Figure 5H; LVEDV, p=0.0010, Figure 5F; LVESV, p=0.0090, Figure 5I, left 

panels; Table 9) than S14D males. Again, we integrated the data of the entire period of assessment 

and analyzed AUC of each parameter (Figure 5 and Figure 6, right panels). The overall 

differences due to S14D knock-in were found in LV mass (p=0.0249) and LVPW;d (p=0.0102); 

more specifically, S14D females displayed lower LV mass (Figure 5B, right panel), thinner 

LVPW;d (Figure 5D, right panel) and LVPW;s (Figure 5G, right panel), and lower SV (Figure 

6C, right panel) than WT females, whereas male WT and S14D mice showed no significant 
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differences in all parameters. Interestingly, these effects in S14D female mice seemed to manifest 

at early age and gradually diminish with the age. Nevertheless, these differences did not interfere 

with normal heart and body growth (LV mass/BW, body weight) or cardiac function (EF, FS, CO, 

HR). AUC analyses also revealed that female mice overall had lower body weight (p<0.0001) and 

LV mass (p<0.0001), thinner LVPW;d (p=0.0019) and LVPW;s (p=0.0073), smaller LV chamber 

(LVID;d, LVID;s, LVEDV, LVESV; p<0.0001), and lower SV (p<0.0001) and CO (p=0.0006) 

than male mice, along with comparable LV mass/BW, EF, FS and HR (Figure 5 and Figure 6, 

right panels); notably, sex differences in LVPW;d (Figure 5D, right panel), LVPW;s (Figure 

5G, right panel), and CO (Figure 6D, right panel) were seen only in S14D mice. In addition, 

S14D and WT mice at 10m had similar body weights but a notable sex difference (Figure 7). 
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     Figure 5. Body weight and cardiac morphometric characteristics of WT and S14D mice. 
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A ~ I, Littermate mice of indicated genotypes were subjected to serial echocardiography at 1m, 

3m, 4.5m, and 6m. LV morphological parameters derived from the echocardiography are 

presented. The stacked line chart of each panel summarizes the time course of changes in the 

indicated parameter. The detailed values of echocardiographic parameters are listed and 

statistical significance between genotypes or sexes at the same time point are indicated in Table 

8 ~ 11. The bar graph with scattered dots of each panel presents the AUC of the indicated 

parameter versus time obtained with the trapezoidal rule. Each dot represents an individual 

mouse; mean±SD; repeated three-way ANOVA followed by Tukey’s test for the time-course 

curves, and two-way ANOVA followed by Tukey’s test for the bar graphs. 
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Figure 6. Cardiac functional characteristics of WT and S14D mice. 

A ~ E, LV echocardiographic functional parameters from the same cohort of mice used for 

Figure 4 are presented. The stacked line chart of each panel summarizes the time course of 

changes in the indicated parameter. The detailed values of echocardiographic parameters are 

listed and statistical significance between genotypes or sexes at the same time point are indicated 

in Table 8 ~ 11. The bar graph with scattered dots of each panel presents the AUC of the 

indicated parameter versus time obtained with the trapezoidal rule. Each dot represents an 

individual mouse; mean±SD; repeated three-way ANOVA followed by Tukey’s test for the 

time-course curves, and two-way ANOVA followed by Tukey’s test for AUC. 
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Table 7. Echocardiographic parameters from WT and S14D mice at 1m 

WT S14D/S14D 

Male Female Male Female 

N 20 23 13 17 

BW (g) 21.5±3.0 18.9±1.8 21.8±4.1 17.1±1.6* 

LV mass (mg) 77.3±10.3 72.5±13.5 78.6±13.9 63.2±8.5 

LV mass/BW (mg/g) 3.63±0.50 3.82±0.59 3.65±0.38 3.71±0.47 

HR (bpm) 486±57 487±40 491±36 496±53 

EF (%) 60.78±5.81 62.30±7.50 59.08±5.31 59.66±6.01 

FS (%) 32.24±3.99 33.35±5.29 30.98±3.64 31.29±4.07 

SV (μl) 43.8±5.4 40.7±4.5 41.2±7.8 36.3±4.1 

CO (ml/min) 21.2±2.6 19.8±3.0 20.1±3.6 18.0±2.9 

LVPW;d (mm) 0.56±0.05 0.55±0.06 0.57±0.06 0.51±0.04 

LVPW;s (mm) 0.90±0.07 0.90±0.10 0.92±0.10 0.82±0.08 

LVID;d (mm) 4.05±0.26 3.89±0.19 3.99±0.34 3.77±0.20 

LVID;s (mm) 2.75±0.31 2.60±0.30 2.76±0.31 2.60±0.25 

LVEDV (μl) 72.7±11.5 65.8±7.5 70.1±14.3 61.2±7.3 

LVESV (μl) 28.9±8.2 25.1±7.1 29.0±8.3 24.9±5.7 

Mean±SD; repeated three-way ANOVA followed by Tukey’s test; *p<0.05 vs. male mice with 

same genotype. 
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Table 8. Echocardiographic parameters from WT and S14D mice at 3m 

WT S14D/S14D 

Male Female Male Female 

N 20 23 13 17 

BW (g) 30.6±3.7 25.6±3.3** 31.0±4.2 24.5±2.9* 

LV mass (mg) 101.4±14.5 87.5±14.1 99.3±13.6 78.9±10.1** 

LV mass/BW (mg/g) 3.34±0.49 3.44±0.50 3.22±0.38 3.23±0.35 

HR (bpm) 481±45 484±37 488±44 480±52 

EF (%) 52.60±6.22 56.06±6.03 54.03±5.56 53.98±7.80 

FS (%) 26.98±4.02 29.10±4.02 27.86±3.53 27.79±5.08 

SV (μl) 46.6±5.0 43.5±4.6 47.3±4.0 40.3±3.9* 

CO (ml/min) 22.4±3.5 21.0±2.5 23.0±2.5 19.4±3.1** 

LVPW;d (mm) 0.62±0.07 0.59±0.06 0.61±0.05 0.55±0.04 

LVPW;s (mm) 0.95±0.10 0.92±0.10 0.94±0.09 0.86±0.08 

LVID;d (mm) 4.43±0.24 4.18±0.22 4.41±0.24 4.13±0.25 

LVID;s (mm) 3.24±0.32 2.97±0.29 3.19±0.31 2.99±0.36 

LVEDV (μl) 89.3±11.6 78.2±9.8 88.4±11.2 75.8±10.8 

LVESV (μl) 42.7±9.8 34.7±8.2 41.1±9.3 35.5±9.9 

Mean±SD; repeated three-way ANOVA followed by Tukey’s test; *p<0.05, **p<0.01 vs. male 

mice with same genotype. 
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Table 9. Echocardiographic parameters from WT and S14D mice at 4.5m 

WT S14D/S14D 

Male Female Male Female 

N 20 23 13 17 

BW (g) 33.8±4.7 28.8±4.5 34.2±4.8 27.5±3.3* 

LV mass (mg) 106.6±15.7 96.2±10.6 106.2±11.6 84.9±9.4** 

LV mass/BW (mg/g) 3.19±0.54 3.38±0.42 3.14±0.43 3.11±0.35 

HR (bpm) 497±53 498±44 480±62 521±39 

EF (%) 52.10±6.49 53.46±6.14 50.81±4.75 54.57±7.21 

FS (%) 26.68±4.13 27.46±4.01 25.86±2.93 28.15±4.61 

SV (μl) 46.1±4.4 43.7±4.3 48.9±5.4 41.4±4.9 

CO (ml/min) 23.0±3.49 21.7±1.93 23.2±3.3 21.6±3.0 

LVPW;d (mm) 0.65±0.05 0.62±0.05 0.61±0.06 0.59±0.03 

LVPW;s (mm) 0.98±0.09 0.94±0.09 0.95±0.10 0.92±0.08 

LVID;d (mm) 4.43±0.27 4.28±0.18 4.58±0.18 4.14±0.20** 

LVID;s (mm) 3.26±0.35 3.11±0.27 3.39±0.21 2.98±0.30* 

LVEDV (μl) 89.6±12.7 82.3±8.3 96.4±8.8 76.4±8.7** 

LVESV (μl) 43.5±10.9 38.6±8.0 47.5±7.1 35.0±8.4** 

Mean±SD; repeated three-way ANOVA followed by Tukey’s test; *p<0.05, **p<0.01 vs. male 

mice with same genotype. 
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Table 10. Echocardiographic parameters from WT and S14D mice at 6m 

WT S14D/S14D 

Male Female Male Female 

N 20 23 13 17 

BW (g) 37.1±6.4 31.5±6.8 36.5±5.1 29.5±4.0 

LV mass (mg) 111.7±16.6 103.7±14.6 107.9±10.0 88.8±9.5**,# 

LV mass/BW (mg/g) 3.09±0.73 3.40±0.69 2.99±0.36 3.05±0.40 

HR (bpm) 505±51 503±42 497±44 521±50 

EF (%) 52.49±5.16 54.67±5.70 54.73±5.56 54.99±7.24 

FS (%) 26.93±3.36 28.24±3.73 28.38±3.71 28.50±4.85 

SV (μl) 49.7±8.6 45.6±5.6 50.8±6.5 44.4±4.4 

CO (ml/min) 24.9±4.0 22.9±3.2 25.1±3.3 23.2±3.7 

LVPW;d (mm) 0.65±0.06 0.65±0.08 0.63±0.06 0.60±0.04 

LVPW;s (mm) 0.98±0.11 1.00±0.10 1.01±0.08 0.93±0.07 

LVID;d (mm) 4.53±0.29 4.31±0.24 4.51±0.18 4.26±0.20 

LVID;s (mm) 3.31±0.25 3.09±0.26 3.23±0.22 3.05±0.32 

LVEDV (μl) 94.6±13.6 83.8±10.8 92.9±8.5 81.5±9.1 

LVESV (μl) 44.9±8.1 38.2±7.5 42.1±6.9 37.1±9.0 

Mean±SD; repeated three-way ANOVA followed by Tukey’s test; *p<0.05, **p<0.01 vs. male 

mice with same genotype; #p<0.05, ##p<0.01 vs. WT mice of same sex. 
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Figure 7. Body weight of WT and S14D mice. 

Body weight of mice with indicated genotypes at 10m. Each dot represents an individual mouse; 

mean±SD; two-way ANOVA followed by Tukey’s test. 
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1.2.2. Survival watch for WT and S14D mice 

Despite the smaller posterior wall thickness and lower SV observed in S14D female mice than 

WT females, S14D knock-in appeared not to exert detrimental impact on mouse growth or LV 

function. We further tracked the survival rate of a cohort of homozygous S14D mice (13 males 

and 17 females) and their WT littermates (19 males and 20 females) over 273 days. By the time of 

the last observation, none of them had died or shown gross abnormalities. 

These findings demonstrate that genetic mimicry of pS14-Rpn6 by S14D knock-in has little 

impact on LV functioning for at least the first 6 months or gross phenotypes and mortality for at 

least the first 10 months. Therefore, our S14A and S14D mice are desirable tools for determining 

the (patho)physiological significance of pS14-Rpn6. 
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PART II. Establishing pS14-RPN6 as the Mediating Mechanism for 26S Proteasome 

Activation by cAMP/PKA 

PKA has been shown to activate the proteasomes and enhance the capacity of the cell to 

degrade short-lived proteins including various pathogenic aggregation-prone proteins by directly 

phosphorylating Rpn6 at Ser14 in cultured cells.123,125 Our group also has reported that cAMP 

elevation increases pS14-Rpn6 in a PKA-dependent manner and improves UPS proteolytic 

function in cultured cardiomyocytes.128 Despite compelling in vitro evidence, the physiological 

and pathophysiological significance of pS14-Rpn6 in mediating the activation of 26S proteasomes 

by cAMP/PKA have never been genetically tested in animals. Our newly created S14A and S14D 

knock-in mice enable us to fill these critical gaps. 

2.1. pS14-Rpn6 and proteasome activation by cAMP/PKA are lost in cultured cells 

from S14A mice 

To determine the role of pS14-Rpn6 in the proteasome activation by cAMP/PKA, we first 

created MEF cell lines from WT and homozygous S14A mice and tested their responses to the 

augmentation of cAMP/PKA signaling by forskolin (an adenylate cyclase activator) or piclamilast 

(a PDE4 inhibitor). WT MEFs treated with vehicle control displayed a detectable level of pS14-

Rpn6; both forskolin and piclamilast induced significant increases in pS14-Rpn6 (Figure 8A, 8B), 

with total levels of Rpn6 remaining unchanged (Figure 8A, 8C). As a result, the ratio of pS14-

Rpn6 to Rpn6 was increased significantly by both treatments (Figure 8D). However, pS14-Rpn6 

was completely lost in S14A MEFs regardless of the treatments, although similar levels of 

increases in the phosphorylated forms of other PKA substrates by either treatment were detected 

in WT and S14A MEFs (Figure 9). The 26S proteasome chymotrypsin-like peptidase activity was 
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discernibly lower in S14A MEFs than in WT MEFs under basal condition (p<0.005). Treatment 

with forskolin or both piclamilast and forskolin led to significant increases in the 26S proteasome 

peptidase activities in WT MEFs, but such effect was completely lost in S14A MEFs (Figure 10A, 

10B). In addition, the increase in the 26S proteasome peptidase activity by forskolin in WT MEFs 

was abolished by co-treatment with a PKA inhibitor H89 (Figure 10B). 

We also tested the impact of augmentation of cAMP/PKA on proteasome activities in cultured 

AMCMs. The basal 26S proteasome chymotrypsin-like activity was not significantly lower in 

S14A AMCMs compared with WT AMCMs (p=0.505). Upon forskolin treatment, the proteasome 

peptidase activity was dramatically elevated in WT AMCMs, which was abolished by H89. In 

S14A AMCMs, the responses to the treatments were completely lost (Figure 10C). 

These data validate in cell cultures that pS14-Rpn6 is required for PKA-induced activation of 

26S proteasomes. 
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Figure 8. pS14-Rpn6 is lost in cultured cells from S14A mice. 

WT and homozygous S14A MEFs in cultures were treated with forskolin (Fsk), piclamilast (Picl), 

or vehicle control (0.1% DMSO) at the indicated concentration and harvested 3 hours after 

treatments for crude protein extraction and assays. A ~ D, Representative images (A) and pooled 

densitometry data (B, C, D) of Western blots for pS14-Rpn6 (A and B), total Rpn6 (A and C), 

and ratio of pS14-Rpn6 to Rpn6 (D). L.C., loading control; the in-lane total protein signal from 

the stain-free image was used to normalize the loading; the same for other figures. Each lane or 

dot represents a biological repeat; mean±SEM; two-way ANOVA followed by Tukey’s test. 
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Figure 9. Changes in total phosphorylated PKA substrates in cultured MEFs induced by 

cAMP/PKA augmentation. 

MEFs isolated from WT and homozygous S14A mice were cultured and treated the same way as 

described in Figure 8 for crude protein extraction and assays. Shown are representative images 

(A) and pooled densitometry data (B) of Western blot for total phosphorylated PKA substrates. 

Each lane or dot represents a biological repeat; mean±SEM; two-way ANOVA followed by 

Tukey’s test. 
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Figure 10. Proteasome activation by cAMP/PKA is lost in cells from S14A mice. 

A, 26S proteasome chymotrypsin-like activity assays using crude protein extracts of MEFs from 

WT or homozygous S14A mice that were cultured and treated with forskolin, piclamilast, or 

vehicle control at the indicated concentration for 3 hours. B, 26S proteasome chymotrypsin-like 

activity assays using crude protein extracts of MEFs from WT or homozygous S14A mice that 

were cultured and treated with forskolin, H89, both, or vehicle control for 3 hours. C, 26S 

proteasome chymotrypsin-like activity assays using crude protein extracts of AMCMs from WT 

or homozygous S14A mice that were cultured and treated with forskolin, H89, both, or vehicle 

control for 6 hours. Each dot represents a biological repeat; mean±SEM; two-way ANOVA 

followed by Tukey’s test. 
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2.2. Myocardial pS14-Rpn6 and proteasome activation by cAMP/PKA are lost in 

S14A mice 

We then tested the impact of S14A on cAMP/PKA-induced proteasome activation in mice. As 

expected, pS14-Rpn6 was not detected in S14A mouse myocardium regardless of forskolin 

treatment (Figure 11A, 12A). By contrast, myocardial pS14-Rpn6 in WT mice treated with 

forskolin (5 mg/kg) was 2.5 folds of that in WT mice treated with vehicle control and this increase 

was abolished by pre-treatment of PKA inhibitor H89 (Figure 11A, 11B). Myocardial 26S 

proteasome chymotrypsin-like activities in WT mice treated with forskolin were approximately 3 

folds of that in the vehicle control treated WT mice, but this increase was prevented by pre-

treatment of H89 (Figure 11C). Forskolin increased myocardial pS14-Rpn6 in WT mice in a dose 

dependent manner but did not affect the total levels of Rpn6 in either WT or S14A mice (Figure 

12A-12D). Treatment with forskolin at either 5 mg/kg or 10 mg/kg caused no changes in the 

proteasome peptidase activities in S14A mice (Figure 11C), although they induced comparable 

levels of phosphorylation of other PKA substrates as in WT mice (Figure 12E, 12F), indicative 

of the requirement of pS14-Rpn6 for PKA to activate 26S proteasomes. 

The results provide unequivocally the first in vivo demonstration that pS14-RPN6 is required 

for the activation of 26S proteasomes by cAMP/PKA. 
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Figure 11. Myocardial pS14-Rpn6 and proteasome activation by cAMP/PKA are lost in 

S14A mice. 
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Adult WT and homozygous S14A mice were injected (i.p.) with forskolin, H89, or both and 

sacrificed 6 hours later to harvest tissues. In the Fsk+H89 group, H89 was injected 15 minutes 

before forskolin treatment. Total proteins from ventricular myocardium were analyzed. A and 

B, Western blot analyses for pS14-Rpn6 (*denotes a nonspecific band) and Rpn6. Shown are 

representative images from WT and S14A mice (A) and pooled densitometry data from WT 

mice (B). C, Changes in 26S proteasome chymotrypsin-like peptidase activities. Each lane or 

dot represents an individual mouse (male to female 1:1); mean±SEM; two-way ANOVA 

followed by Tukey’s test. **** p<0.0001 vs. all other groups; # p<0.05 vs. all S14A groups. 
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Figure 12. Effects of forskolin on myocardial protein levels of pS14-Rpn6, Rpn6, and total 

phosphorylated PKA substrates in WT and S14A mice. 

Adult WT and homozygous S14A mice were injected (i.p.) with 5 mg/kg or 10 mg/kg forskolin 

(Fsk) and sacrificed 6 hours later to harvest tissues. Total proteins from ventricular myocardium 
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were analyzed. A ~ D, Representative images of Western blot analyses for the indicated proteins 

(A) and pooled densitometry data for pS14-Rpn6 (B), total Rpn6 (C), and the ratio of pS14-

Rpn6 to Rpn6 (D). E and F, Representative images (E) and pooled densitometry data (F) of 

Western blot analysis for total phosphorylated PKA substrates. Each lane or dot represents an 

individual mouse (male to female 1:1); mean±SEM; two-way ANOVA followed by Tukey’s 

test. 
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2.3. S14A does not appear to alter basal myocardial UPS functioning 

Given that S14A blocks PKA-mediated proteasome activation, we determined whether UPS 

proteolytic function is altered by the S14A knock-in through crossbreeding transgenic GFPdgn, a 

surrogate UPS substrate, into S14A mice. GFPdgn protein is a green fluorescence protein (GFP) 

modified by carboxyl fusion of degron CL1 and has been well-established to inversely reflect UPS 

functional status.176 We did not observe significant differences in myocardial GFPdgn protein 

levels among GFPdgn control, S14A/+::GFPdgn, and S14A/S14A::GFPdgn mice at 6~8 weeks of 

age (Figure 13), indicating that S14A does not discernibly alter basal myocardial UPS 

performance at least at the young age. This is consistent with that myocardial proteasome peptidase 

activities did not differ significantly between S14A and WT mice at baseline (Figure 11C). 
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Figure 13. Effect of S14A on mouse myocardial UPS performance. 

Tg GFPdgn was cross-bred into S14A mice and sex-matched mice of the resultant genotypes 

were sacrificed at 6-8 weeks of age to harvest tissues. Shown are representative images (A) and 

pooled densitometry data (B) of Western blot for GFPdgn. Each lane or dot represents an 

individual mouse; mean±SEM; one-way ANOVA followed by Tukey’s test. 
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2.4. S14D enhances myocardial UPS performance 

We next tested the effect of genetic mimicry of pS14-Rpn6 on the UPS-mediated proteolysis, 

by crossbreeding tg GFPdgn into S14D mice and examining the steady state protein levels of the 

surrogate UPS substrate, GFPdgn, in ventricular myocardium. We found that myocardial GFPdgn 

proteins were significantly lower in heterozygous and homozygous S14D-coupled GFPdgn mice, 

compared with GFPdgn control mice (Figure 14A, 14B), The reduction of GFPdgn protein levels 

was evident primarily in the cardiomyocyte compartment as revealed by GFPdgn direct 

fluorescence confocal microscopy (Figure 14C). Changes in the abundance of GFPdgn proteins 

can result from alterations in either protein synthesis or degradation. Hence, we next assessed 

GFPdgn mRNA levels in total RNA extracted from ventricular myocardium by real-time qPCR. 

Myocardial GFPdgn mRNA levels were comparable among the three groups (Figure 14D), 

indicating that S14D decreases myocardial GFPdgn proteins via a post-transcriptional mechanism. 

These data demonstrate that S14D alone can enhance cardiac UPS proteolytic function. 
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Figure 14. Effect of S14D on mouse myocardial UPS performance. 

Tg GFPdgn was cross-bred into S14D mice and the resultant mice were sacrificed at 8 weeks of 

age. Ventricular myocardium was sampled for protein and RNA extraction or processed for 

immunofluorescence confocal microscopy. A and B, Representative images (A) and pooled 

densitometry data (B) of Western blot for GFPdgn. C, Representative confocal micrographs of 

GFPdgn from direct GFP fluorescence from the indicated groups. Alexa Fluor 568-conjugated 

Phalloidin was used to stain F-actin to identify cardiomyocytes. Scale bar=50 µm. D, 
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Myocardial GFPdgn mRNA levels were compared with real-time qPCR analyses. Each lane or 

dot represents an individual mouse (male to female 1:1); mean±SEM; one-way ANOVA 

followed by Tukey’s test. 
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2.5. Basal 26S proteasome activities are greater in the cardiomyocytes and 

myocardium from adult S14D mice 

We have shown that phosphorylation of Ser14-Rpn6 by PKA increases the proteasome activity 

and S14D can improve the UPS performance. Earlier study also reported that the proteasome 

activity was enhanced in the non-cardiac cells transfected with S14D plasmids.123 Hence, we next 

sought to determine whether the complete replacement of endogenous Rpn6 with S14D would 

directly affect 26S proteasome activities. In cultured adult cardiomyocytes, the basal proteasome 

chymotrypsin-like activity was significantly higher in S14D AMCMs (p=0.014) compared with 

WT AMCMs (Figure 15A). The elevation in proteasome peptidase activity by forskolin 

disappeared due to S14D mutation, further supporting the requirement of pS14-Rpn6 for 

cAMP/PKA-mediated proteasome activation (Figure 15A). 

In addition, we found that myocardial chymotrypsin-like, trypsin-like and caspase-like 26S 

proteasome activities were all increased by ~75%, ~50% and ~40% respectively in homozygous 

S14D mice (p=0.005, 0.018 and 0.024, respectively), and increased by ~40%, ~40% and ~25% 

respectively in heterozygous S14D mice (p=0.116, 0.041 and 0.127) compared with that in WT 

mice (Figure 15B), indicating that S14D is capable of increasing all three types of proteasome 

peptidase activities at baseline in mice. 

These results establish compellingly that S14D is enough to increase myocardial proteasome 

activities and enhance cardiac UPS performance. Since we have demonstrated that pS14-Rpn6 is 

required for PKA-induced proteasome activation (Figure 8-12), these findings from S14D cells 

and mice provide unequivocal evidence that pS14-Rpn6 is responsible for proteasome activation 

by cAMP/PKA. 
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Figure 15. Effect of S14D on mouse cardiomyocyte and myocardial 26S proteasome 

peptidase activities. 

A, 26S proteasome chymotrypsin-like activity assays using crude protein extracts of AMCMs 

from WT or homozygous S14D mice that were cultured and treated with forskolin, H89, both, 

or vehicle control for 6 hours. Each dot represents a biological repeat; mean±SEM; two-way 

ANOVA followed by Tukey’s test. B, Myocardial 26S proteasome peptidase assays. Crude 

protein extracts from ventricular myocardium of adult mice of the indicated genotypes were 
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used. Each dot represents an individual mouse (male to female 1:1); mean±SEM; one-way 

ANOVA followed by Tukey’s test. 
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PART III. The Pathogenic Significance of pS14-RPN6 Dysregulation in Cardiac 

Proteinopathy 

The findings detailed above have established the responsibility of pS14-RPN6 for the 

activation of 26S proteasomes by PKA, while its pathophysiological significance remains 

undefined. Since PFI is a major pathogenic factor cardiac proteinopathy,77,107,108 we sought to 

investigate the myocardial status and the role of pS14-RPN6 in the progression of cardiac 

proteinopathy. The R120G mice are a well-established model of cardiac proteinopathy, which start 

to develop concentric cardiac hypertrophy at 3m and progress to heart failure by 6m.107 Therefore, 

the R120G mice serve as an excellent disease model to evaluate the pathogenesis and disease 

progression of cardiac IPTS. Hence, in this section, we have evaluated: (1) the basal role of pS14-

Rpn6 in the pathogenesis of CryABR120G-based proteinopathy; (2) the effects of increasing pS14-

Rpn6 on the proteasomal degradation of misfolded proteins and disease progression in R120G 

mice. 

3.1. Changes in myocardial pS14-Rpn6 during the progression of CryABR120G-based 

cardiac proteinopathy 

To determine basal role of pS14-Rpn6 in CryABR120G-based cardiac proteinopathy, we 

crossbred S14A into R120G mice and examined the basal status of myocardial pS14-Rpn6 in WT, 

R120G, and homozygous S14A-coupled R120G mice at different stages of cardiomyopathy. To 

our surprise, pS14-Rpn6 was markedly decreased in R120G mice compared with WT mice at both 

3m and 6m (Figure 16A-16C). Homozygous S14A mice were used as a negative control to help 

accurately identify pS14-Rpn6. At both ages, Rpn6 protein levels were comparable between 

R120G and S14A-coupled R120G mice, but both were significantly greater than that in WT mice 
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(Figure 16A, 16B, 16D). As a result, the ratios of pS14-Rpn6 to Rpn6 were markedly lower in 

R120G mice than that in WT mice (Figure 16E), which indicate that basal levels of pS14-Rpn6 

are significantly decreased in R120G mice during the disease progression. Interestingly, total 

phosphorylated PKA substrates were decreased at 3m but increased at 6m in R120G mice 

compared with littermate non-tg controls (Figure 17), indicating that the decrease in the pS14-

Rpn6 in R120G mice at 6m, at least, is selective. These results imply that pS14-Rpn6 is not part 

of the natural compensatory response but rather contributes to insufficiency. 
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Figure 16. Changes in myocardial total and Ser14-phosphorylated Rpn6 in R120G mice. 

S14A was cross-bred into R120G mice. Adult WT, R120G, and homozygous S14A-coupled 

R120G mice were sacrificed at 3m or 6m. Crude protein extracts from ventricular myocardium 

were used. Shown are representative images (A, B) and pooled densitometry data (C ~ E) of 

Western blots for pS14-Rpn6 and Rpn6. Homozygous S14A mice were used as the negative 

control for accurate identification of the pS14-Rpn6 band. Each lane or dot represents an 

individual mouse (male to female 1:1); mean±SEM; unpaired Student’s t test for (C, E) and one-

way ANOVA followed by Tukey’s test for (D). 
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Figure 17. Changes in myocardial total phosphorylated PKA substrates in R120G mice. 

WT, R120G, and homozygous S14A-coupled R120G mice were sacrificed at 3m or 6m of age. 

Crude protein extracts from ventricular myocardium were used. Shown are representative 

images (A) and pooled densitometry data (B) of Western blots for total phosphorylated PKA 

substrates. Each lane or dot represents an individual mouse (male to female 1:1); mean±SEM; 

unpaired Student’s t test. 
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3.2. The effects of genetic blockade of pS14-Rpn6 on cardiac proteinopathy 

3.2.1. The effects of S14A on the disease progression of R120G mice 

We performed serial echocardiography on the mice resulted from crossbreeding of S14A and 

R120G mice. Consistent with dramatically decreased pS14-Rpn6, the echocardiographic 

measurements revealed that neither heterozygous nor homozygous S14A exerted discernible 

effects on cardiac morphometry or function of the R120G mice (Figure 18). Therefore, S14A-

coupled R120G mice displayed a lifespan comparable to that of R120G control mice, which is true 

in both males and females (Figure 19). 
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Figure 18. S14A did not exacerbate the progression of R120G-induced cardiac 

proteinopathy. 

Littermate mice of indicated genotypes were subjected to serial echocardiography at 1, 3, 4, 5, 

and 6 months. The stacked line chart of each panel summarizes the time course of changes in 

the indicated LV parameters derived from the serial echocardiography. Mean±SD; two-way 

repeated measures ANOVA followed by Tukey’s test; no significant differences in any 

parameters among R120G, S14A/+::R120G, and S14A/S14A::R120G groups; * in black 

denotes R120G vs. WT group; * in blue denotes S14A/+::R120G vs. WT group; * in red denotes 

S14A/S14A::R120G vs. WT group; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 19. Kaplan-Meier survival analysis for R120G and S14A-coupled R120G mice. 

Shown are Kaplan-Meier survival curves for combined sex (A), male (B), and female (C). When 

males and females are combined, the median life spans of R120G, S14A/+::R120G, and 

S14A/S14A::R120G mice are 236, 218.5 and 227 days, respectively; for males, the median life 

spans are 235, 220 and 230 days, respectively; for females, the median life spans are 237, 216 

and 226 days, respectively. Log-rank test. 
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3.2.2. The effects of S14A on the levels of myocardial pathogenic protein and ubiquitin 

conjugates in R120G mice 

Even though blockade of pS14-Rpn6 did not exert discernible effects on cardiac dysfunction 

or the survival rate of R120G mice, it could cause changes at the molecular level. Specifically, we 

intended to determine whether blocking pS14-Rpn6 influences the proteasomal degradation of 

misfolded proteins. 

As shown in Figure 20, the accumulation of myocardial CryAB proteins in R120G mice was 

not affected by S14A at either 3m or 6m. Aberrant protein aggregation induced by overexpression 

of CryABR120G impairs UPS proteolytic function in the heart, resulting in elevated levels of 

ubiquitin conjugates.77 Consistent with the comparable levels of misfolded protein, S14A did not 

further increase the accumulation of total or K48-linked ubiquitin conjugates in R120G mice. 

These data together with echocardiographic measurements suggest that myocardial pS14-Rpn6 

in the R120G mice is so diminished that loss of the residual pS14-Rpn6 does not discernibly alter 

their proteinopathy progression or UPS-mediated misfolded degradation. 
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Figure 20. S14A did not alter the levels of myocardial misfolded proteins or ubiquitin 

conjugates in R120G mice. 

Adult WT, R120G, and homozygous S14A-coupled R120G mice were sacrificed at 3m or 6m. 

Crude protein extracts from ventricular myocardium were used. Shown are representative 

images of Western blots for CryAB, and total and K48-linked ubiquitin conjugates at 3m (A) 

and 6m (B). Each lane represents an individual mouse. 
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3.2.3. The effect of S14A on proteasome assembly 

Although genetic blockade of pS14-Rpn6 appears to exert little, if any, impact on UPS 

proteolytic function and cardiac disease progression in R120G mice, we were still curious about if 

it would have any effects on proteasome assembly both at baseline and in CryABR120G-based 

proteinopathy. Using native gel electrophoresis followed by immunoblotting for a representative 

20S subunit (β5) or of 19S subunit (Rpt2), we found that S14A and WT mice displayed comparable 

levels of assembled 30S (double-capped; 19S-20S-19S), 26S (single-capped; 19S-20S), 20S, and 

19S proteasomes at both 3m and 6m (Figure 21). Compared with WT mice, R120G mice displayed 

modest, not significant though, increases in 30S proteasomes at both 3m and 6m and in 26S 

proteasomes at 6m. When coupled with R120G mice, S14A did not seem to affect the levels of 

26S and 20S proteasomes at either age, either. Interestingly, compared with R120G mice, S14A-

coupled R120G mice displayed markedly attenuated myocardial 19S proteasomes, which seemed 

to be associated with a modest increase in 30S proteasomes at 3m (Figure 21), suggesting that 

more 19S proteasomes seem to be assembled into the 30S proteasomes to compensate for the loss 

of pS14-Rpn6, which might explain the findings that complete blockade of pS14-Rpn6 showed no 

impact on the UPS-mediated removal of misfolded protein or cardiac dysfunction of R120G mice. 
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Figure 21. Effect of S14A on proteasome assembly. 

Crude native protein extracts from ventricular myocardium of WT, S14A/S14A, R120G, and 

S14A/S14A::R120G littermate mice were fractionated with native gel electrophoresis followed 

100 



 
 

    

       

     

            

 

  

by immunoblot. A ~ C, Representative images (A) and pooled densitometry data of 

immunoblots for β5 (B) and Rpt2 (C) in mice at 3m. D ~ F, Representative images (D) and 

pooled densitometry data of immunoblots for β5 (E) and Rpt2 (F) in mice at 6m. IB, 

immunoblot; Each lane or dot represents an individual mouse (male to female 1:1); mean±SEM; 

two-way ANOVA followed by Tukey’s test. 
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3.3. The effect of genetic mimicry of pS14-Rpn6 on cardiac proteotoxicity 

The discoveries described above indicate that pS14-Rpn6 is selectively diminished during the 

progression of CryABR120G-induced cardiac proteinopathy, which may contribute to the 

insufficiency of misfolded protein elimination in R120G mice. To further determine the pathogenic 

role of the pS14-Rpn6 impairment, we decided to test the effects of increasing pS14-Rpn6 on 

R120G mice. We have demonstrated that genetic mimicry of pS14-Rpn6 suffices to increase 26S 

proteasome activities and enhance UPS-mediated proteolysis. Hence, in this section, we intended 

to determine whether genetic mimicry of pS14-Rpn6 can reduce aberrant protein aggregation, 

attenuate cardiac proteotoxicity, and slow down the disease progression in the R120G mice. 

3.3.1. S14D increases myocardial proteasome activities and decreases the steady-state levels 

of misfolded proteins in R120G mice 

We first tested whether S14D could enhance proteasome functioning and promote the removal 

of pathogenic CryABR120G proteins in R120G mouse hearts. By crossbreeding S14D into R120G 

mice, we first examined myocardial proteasome peptidase activities in the resultant WT, 

S14D/S14D, R120G, and S14D/S14D::R120G littermates. R120G mice at 1m displayed 

significantly higher chymotrypsin-like and caspase-like proteasome activities and a modest but not 

statistically significant higher trypsin-like activity than WT mice, consistent with a prior report.186 

Importantly, S14D further increased proteasomal chymotrypsin-like, trypsin-like and caspase-like 

peptidase activities in R120G mice by ~30%, ~40% and ~30%, respectively (Figure 22A). 

Consistently, all three types of proteasomal peptidase activities were significantly elevated in 

R120G myocardium compared with WT mice and further increased in S14D-coupled R120G mice 
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at 3m (Figure 22B). These data indicate that genetic mimicry of pS14-Rpn6 constitutively 

increases myocardial proteasome activities in mice both at baseline and during proteotoxic stress. 

By 6m, R120G mice have developed heart failure, which inevitably leads to various secondary 

cellular dysfunctions that could affect proteasome peptidase activities. As such, measuring the 

latter may not accurately reflect the direct effect of S14D on the proteasome. Thus, we elected to 

examine the accumulation of misfolded protein aggregates and ubiquitinated proteins. The steady-

state levels of myocardial CryAB protein were markedly lower in S14D/S14D::R120G mice 

compared with R120G control mice at 6m (Figure 23A, 23B), without discernible differences in 

CryABR120G mRNA levels (p=0.7734, Figure 23C). Misfolded proteins undergo aberrant 

aggregation, forming intermediate oligomers that are highly toxic to the cells. A recently 

developed method distinguished the degradation of misfolding-prone proteins from other cellular 

mechanisms regulating protein levels.184 Total protein lysate was further fractionated into NP-40 

soluble (NS, supernatant) and NP-40 insoluble (NI, pellet) portions. The NI pellets were suspended 

and dissolved in an SDS-containing buffer. NI fractions of misfolding-prone proteins were 

eliminated rapidly, which can be reversed by proteasome inhibition, indicating that they are readily 

degraded by the proteasome.184 Therefore, the changes in the steady-state level of misfolding-

prone protein in the NS and NI fractions can inversely reflect proteasome proteolytic activities. 

Thus, we examined CryAB abundance in NS and NI (misfolded CryAB oligomers) fractions of 

myocardial proteins, and found that the protein levels of CryAB in both NS and NI fractions of 

S14D/S14D::R120G mice were markedly lower than those of the littermate R120G control mice 

(Figure 23D-23F), indicating that degradation of misfolded CryAB by the proteasome in R120G 

hearts is significantly improved by S14D. S14D/S14D mice showed comparable levels of total and 

K48-linked ubiquitin conjugates compared with WT mice (Figure 24). Both myocardial total and 
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K48-linked ubiquitin conjugates were significantly increased in R120G mice at 6m, and the 

increase was effectively attenuated when R120G was coupled with S14D (Figure 24). 

Taken together, these findings compellingly support the conclusion that genetic mimicry of 

pS14-Rpn6 increases proteasome proteolytic activity, thereby facilitates the removal of misfolded 

proteins, and reduces aberrant protein aggregation in the heart, a key pathological process in 

disease with IPTS. 
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Figure 22. Effect of S14D on myocardial 26S proteasome activities in R120G mice. 

S14D was cross bred into R120G mice. A and B, 26S proteasome peptidase activity assays at 

1m (A) and 3m (B). Crude protein extracts from ventricular myocardium of WT, homozygous 

S14D, R120G, and S14D/S14D::R120G littermate mice were used. Each dot represents an 

individual mouse (male to female 1:1); mean±SEM; two-way ANOVA followed by Tukey’s 

test. 

105 



 
 

  

 

    

     

      

      

      

    

         

 

Figure 23. Effect of S14D on the abundance of CryAB proteins in R120G mouse hearts. 

Littermate WT, S14D/S14D, R120G, and S14D/S14D::R120G mice were sacrificed at 6m. 

Proteins and RNAs from ventricular myocardium were analyzed. A and B, Representative 

images (A) and pooled densitometry data (B) of Western blots for CryAB in the total protein. 

C, Tg CryAB mRNA levels were assessed using real-time qPCR. D ~ F, Representative images 

(D) and pooled densitometry data of Western blots for CryAB in the NS (E) and NI (F) protein 

fractions. Each lane or dot represents an individual mouse (male to female 1:1); mean±SEM; 

two-way ANOVA followed by Tukey’s test. 
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Figure 24. Effect of S14D on the levels of ubiquitin conjugates in R120G mouse hearts. 

Littermate WT, S14D/S14D, R120G, and S14D/S14D::R120G mice were sacrificed at 6m. 

Proteins from ventricular myocardium were analyzed. A ~ C, Representative images (A) and 

pooled densitometry data of Western blots for total (B) and K48-linked (C) ubiquitin conjugates. 

Each lane or dot represents an individual mouse (male to female 1:1); mean±SEM; two-way 

ANOVA followed by Tukey’s test. 
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3.3.2. Amelioration of CryABR120G-induced cardiac pathology by S14D 

We next examined aberrant CryAB-positive protein aggregates using immunofluorescence 

confocal microscopy. At 6m, aberrant CryAB-positive protein aggregates were not detected in WT 

mouse hearts but were readily detectable in the cardiomyocytes of R120G hearts. More 

importantly, the CryAB aggregates were clearly less abundant in S14D/S14D::R120G mice 

compared with their littermate R120G control mice (Figure 25). Consistently, R120G mice 

developed pronounced cardiac hypertrophy at 6m, as indicated by a higher ventricular weight-to-

body weight ratio (VW/BW), compared with that of WT mice (Figure 26). This increase in 

VW/BW ratios was significantly attenuated in the S14D/S14D::R120G group (Figure 26). At the 

molecular level, cardiac pathology is commonly accompanied by reactivation of the fetal gene 

program. Ventricular mRNA levels of atrial natriuretic factor (Nppa), brain natriuretic peptide 

(Nppb) and β-myosin heavy chain (Myh7) were markedly upregulated and, reciprocally, α-myosin 

heavy chain (Myh6) was downregulated in R120G mice; more importantly, these changes were 

significantly blunted in the S14D/S14D::R120G mice (Figure 27). Notably, S14D/S14D mice 

displayed comparable ventricular weights and mRNA levels of the examined fetal genes compared 

with WT mice (Figure 26, 27). These results indicate that genetic mimicry of pS14-Rpn6 is benign 

and ameliorates cardiac pathology in proteinopathy animals. 
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Figure 25. Immunofluorescence confocal micrographs for aberrant CryAB aggregates. 

Representative confocal micrographs of WT, R120G, and homozygous S14D-couple R120G 

mouse ventricular myocardium immunofluorescence stained for CryAB (red) at 6m. Alexa 

Fluor 488-conjugated Phalloidin was used to stain F-actin to identify cardiomyocytes. Scale 

bar=100 µm. 
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Figure 26. S14D attenuates R120G-induced ventricular hypertrophy. 

A, Body weight with indicated genotypes at 6m. B, Body weight-normalized ventricular weights 

of mice with indicated genotypes at 6m. Each dot represents an individual mouse (male to female 

1:1); mean±SEM; two-way ANOVA followed by Tukey’s test. 
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Figure 27. Effect of S14D on R120G-induced cardiac fetal gene reactivation. 

A ~ D, Comparison of mRNA levels of the indicated genes. Total RNAs extracted from 

ventricular myocardium were used for real-time qPCR analyses for atrial natriuretic peptide 

(Nppa; A), brain natriuretic peptide (Nppb; B), β-myosin heavy chain (Myh7; C), and α-myosin 

heavy chain (Myh6; D). Each dot represents an individual mouse (male to female 1:1); 

mean±SEM; two-way ANOVA followed by Tukey’s test. 
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3.3.3. S14D attenuates CryABR120G-induced cardiac malfunction 

The results described above establish that S14D suffices to facilitate proteasomal degradation 

of misfolded proteins and thereby attenuate cardiac proteotoxic stress. This prompted us to further 

determine the impact on cardiac function. We performed serial echocardiography on WT, 

S14D/S14D, R120G, and S14D/S14D-coupled R120G mice at 1m, 3m, 4.5m, and 6m. All the 

mice of the same sex had comparable body weights at least during the 6m of observation (Figure 

28A). Compared with WT mice, R120G mice started displaying a significantly smaller LVID;d 

and LVEDV, and greater LVPW;d, EF and FS, albeit unchanged SV, at 3m (Table 11), indicative 

of a compensatory stage. Starting at 3m, R120G mice had discernibly lower heart rate, consistent 

with prior reports,107,128 and thereby lower CO than WT mice (Table 11-13). With the disease 

progression, the systolic function of R120G mice became compromised, as indicated by the 

progressive decreases in EF, FS, SV and CO at 4.5m and 6m. These echocardiographic 

abnormalities were substantially attenuated in the S14D/S14D::R120G groups (Figure 28C-28F, 

Table 12, 13). S14D was also trending to, not significantly though, restore the heart rate of R120G 

mice (Figure 28G). At 6m, S14D/S14D::R120G mice exhibited better systolic parameters, as 

indicated by greater LVPW;s, shorter LVID;s and smaller LVESV (Table 13). These protective 

effects by S14D knock-in were observed in both female and male mice. These data show that 

genetic mimicry of pS14-Rpn6 effectively improves cardiac function and attenuates CryABR120G-

induced cardiomyopathy. 
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Figure 28. S14D ameliorates R120G-induced cardiac malfunction. 

Littermate mice of indicated genotypes were subjected to serial echocardiography at 1, 3, 4.5, 

and 6 months. A, Time course of changes in body weight of females (left panel) and males (right 

panel). B ~ G, Time course of changes in LV parameters derived from the serial 

echocardiography of female (left panels) and male (right panels) littermate mice. Mean±SD; 

two-way repeated measures ANOVA followed by Tukey’s test; *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001 S14D/S14D::R120G vs. R120G groups. 
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Table 11. Echocardiographic parameters from WT, S14D/S14D, R120G, and 

S14D/S14D::R120G mice at 3m 

WT S14D/S14D R120G S14D/S14D::R120G 

Female Male Female Male Female Male Female Male 

N 23 20 17 13 23 29 18 

BW (g) 25.6±3.3 30.6±3.7 24.5±2.9 31.0±4.2 23.0±2.4 31.3±3.7 24.5±1.8 30.3±3.4 

HR 484±37 481±45 480±52 488±44 431±40 432±43 451±25 442±43 

(bpm) *** ** * 

EF (%) 56.07±6.03 52.60±6.22 53.98±7.80 54.03±5.56 70.40±4.72 73.53±6.33 75.46±4.99 73.53±5.98 

**** **** **** **** 

FS (%) 29.10±4.02 26.98±4.02 27.79±5.08 27.86±3.53 39.30±3.73 42.30±5.90 43.75±4.51 42.23±5.03 

**** **** **** **** 

SV (μl) 43.5±4.6 46.6±5.0 40.3±3.9 47.4±4.0 41.9±4.9 47.2±7.1 45.2±4.4 49.2±5.7 

CO 21.0±2.5 22.4±3.5 19.4±3.1 23.1±2.5 18.1±2.5 20.3±2.9 20.4±2.5 21.7±3.1 

(ml/min) ** ** 

LVPW;d 0.59±0.06 0.62±0.07 0.55±0.04 0.61±0.05 0.79±0.08 0.86±0.08 0.81±0.02 0.81±0.10 

(mm) **** **** **** **** 

LVPW;s 0.92±0.10 0.95±0.10 0.86±0.08 0.94±0.09 1.25±0.10 1.36±0.13 1.31±0.13 1.35±0.16 

(mm) **** **** **** **** 

LVID;d 4.19±0.22 4.43±0.24 4.13±0.25 4.41±0.24 3.74±0.21 3.86±0.29 3.75±0.17 3.93±0.21 

(mm) **** **** **** **** 

LVID;s 2.97±0.29 3.24±0.32 2.99±0.36 3.19±0.31 2.27±0.23 2.23±0.34 2.11±0.23 2.27±0.28 

(mm) **** **** **** **** 

LVEDV 78.3±9.8 89.3±11.6 75.8±10.8 88.4±11.2 59.8±8.1 64.7±11.0 60.1±6.7 67.3±8.2 

(μl) **** **** **** **** 

LVESV 34.7±8.2 42.8±9.8 35.5±9.9 41.1±9.3 17.9±4.7 17.5±5.6 14.9±4.2 18.0±5.4 

(μl) **** **** **** **** 

Mean±SD; two-way repeated measures ANOVA followed by Tukey’s test; *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001 vs. WT mice. 
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Table 12. Echocardiographic parameters from WT, S14D/S14D, R120G, and 

S14D/S14D::R120G mice at 4.5m 

WT S14D/S14D R120G S14D/S14D::R120G 

Female Male Female Male Female Male Female Male 

N 23 20 17 13 23 29 18 

BW (g) 28.8±4.5 33.8±4.7 27.5±3.3 34.2±4.8 25.3±2.7 34.5±4.3 27.8±2.9 33.1±4.4 

HR 498±44 497±53 521±39 480±62 430±53 433±48 470±39 452±45 

(bpm) *** ** # # 

EF (%) 53.46±6.14 52.10±6.49 54.57±7.21 50.81±4.75 53.14±12.68 58.45±5.94 61.27±6.98 63.33±8.70 

* **,# ** 

FS (%) 27.46±4.01 26.68±4.13 28.15±4.61 25.86±2.93 26.80±7.68 30.52±3.97 32.56±4.86 34.27±6.38 

*,# ** 

SV (μl) 43.7±4.3 46.1±4.4 41.4±4.9 48.9±5.4 34.1±5.5 37.8±4.8 39.5±5.8 43.5±6.7 

# #**** **** 

CO 21.7±1.9 23.0±3.5 21.6±3.0 23.2±3.3 14.5±2.0 16.3±2.2 18.5±2.6 19.5±2.4 

**,#### *,### (ml/min) **** **** 

LVPW;d 0.62±0.05 0.65±0.05 0.59±0.03 0.61±0.06 0.93±0.10 0.95±0.12 0.90±0.10 0.90±0.14 

(mm) **** **** **** **** 

LVPW;s 0.94±0.09 0.98±0.09 0.92±0.08 0.95±0.10 1.22±0.16 1.28±0.14 1.28±0.10 1.33±0.18 

(mm) **** **** **** **** 

LVID;d 4.28±0.18 4.43±0.27 4.14±0.20 4.58±0.18 3.93±0.33 3.87±0.26 3.87±0.26 3.98±0.32 

(mm) *** **** **** *** 

LVID;s 3.11±0.27 3.26±0.35 2.98±0.30 3.39±0.21 2.90±0.52 2.70±0.30 2.61±0.32 2.63±0.41 

(mm) *** **** *** 

LVEDV 82.3±8.3 89.6±12.7 76.4±8.7 96.4±8.8 67.9±13.1 65.2±10.3 65.0±10.2 69.8±13.9 

(μl) **** **** **** ** 

LVESV 38.6±8.0 43.5±10.9 35.0±8.4 47.5±7.1 33.8±14.5 27.4±7.5 25.5±7.3 26.3±10.1 

(μl) **** **** *** 

Mean±SD; two-way repeated measures ANOVA followed by Tukey’s test; *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001 vs. WT mice; #p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001 

S14D/S14D::R120G vs. R120G mice. 

115 

https://2.63�0.41
https://2.61�0.32
https://2.70�0.30
https://2.90�0.52
https://3.39�0.21
https://2.98�0.30
https://3.26�0.35
https://3.11�0.27
https://3.98�0.32
https://3.87�0.26
https://3.87�0.26
https://3.93�0.33
https://4.58�0.18
https://4.14�0.20
https://4.43�0.27
https://4.28�0.18
https://1.33�0.18
https://1.28�0.10
https://1.28�0.14
https://1.22�0.16
https://0.95�0.10
https://0.92�0.08
https://0.98�0.09
https://0.94�0.09
https://0.90�0.14
https://0.90�0.10
https://0.95�0.12
https://0.93�0.10
https://0.61�0.06
https://0.59�0.03
https://0.65�0.05
https://0.62�0.05
https://34.27�6.38
https://32.56�4.86
https://30.52�3.97
https://26.80�7.68
https://25.86�2.93
https://28.15�4.61
https://26.68�4.13
https://27.46�4.01
https://63.33�8.70
https://61.27�6.98
https://58.45�5.94
https://53.14�12.68
https://50.81�4.75
https://54.57�7.21
https://52.10�6.49
https://53.46�6.14


 
 

    

  

        

            

            

             

 

 

       

 

 

 

   

        

 

 

 

  

 

 

 

        

 

 

 

  

 

 

 

         

 

 

 

  

 

 

 

 

 

       

 

 

 

  

 

 

 

 

 

       

 

 

 

  

 

 

 

 

 

        

 

  

 

 

 

 

 

        

 

   

 

 

 

       

 

    

 

 

           

 

 

 

       

 

    

    

  

Table 13. Echocardiographic parameters from WT, S14D/S14D, R120G, and 

S14D/S14D::R120G mice at 6m 

WT S14D/S14D R120G S14D/S14D::R120G 

Female Male Female Male Female Male Female Male 

N 23 20 17 13 16 23 15 15 

BW (g) 31.5±6.8 37.1±6.4 29.5±4.0 36.5±5.1 26.7±5.2 36.0±4.8 27.6±3.6 35.1±5.1 

HR 503±42 505±51 521±50 497±44 406±68 425±53 465±42 459±51 

(bpm) *** *** 

EF (%) 54.67±5.70 52.49±5.16 54.99±7.24 54.73±5.56 31.15±12.98 44.27±11.42 50.20±12.61 55.12±7.88 

## #**** * 

FS (%) 28.24±3.73 26.93±3.36 28.50±4.85 28.38±3.71 14.84±6.85 21.98±6.77 25.63±7.61 28.57±5.07 

## #**** * 

SV (μl) 45.6±6.6 49.7±8.6 44.4±4.4 50.8±6.5 24.3±6.9 32.0±7.9 35.8±6.3 42.9±5.3 

***,### ###**** **** 

CO 22.9±3.2 24.9±4.0 23.2±3.7 25.2±3.3 10.1±3.6 13.4±2.4 15.6±2.9 19.5±2.0 

****,#### ***,#### (ml/min) **** **** 

LVPW;d 0.65±0.08 0.65±0.06 0.60±0.04 0.63±0.06 0.99±0.20 1.05±0.11 0.99±0.08 1.00±0.12 

(mm) **** **** **** **** 

LVPW;s 1.00±0.10 0.98±0.11 0.93±0.07 1.01±0.08 1.15±0.21 1.25±0.15 1.28±0.10 1.33±0.13 

(mm) **** **** **** 

LVID;d 4.31±0.24 4.53±0.29 4.26±0.20 4.51±0.18 4.08±0.36 4.29±0.49 4.07±0.31 4.20±0.28 

(mm) * * 

LVID;s 3.09±0.26 3.31±0.25 3.05±0.32 3.23±0.22 3.49±0.66 3.30±0.48 3.05±0.50 3.01±0.38 

(mm) * 

LVEDV 83.8±10.8 94.6±13.6 81.5±9.1 92.9±8.5 74.4±15.9 84.2±23.3 73.6±12.8 79.0±12.2 

(μl) * 

LVESV 38.2±7.5 44.9±8.1 37.1±9.0 42.1±6.9 54.0±26.0 46.3±14.8 37.8±14.5 36.1±11.0 

(μl) * 

Mean±SD; two-way repeated measures ANOVA followed by Tukey’s test; *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001 vs. WT mice; #p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001 

S14D/S14D::R120G vs. R120G mice. 
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3.3.4. S14D delays premature death of R120G mice 

Consistent with the cardiac function data, the Kaplan-Meier survival analysis of the same 

cohort revealed that both S14D/+::R120G and S14D/S14D::R120G groups showed significantly 

longer lifespans than the littermate R120G control group (S14D/+::R120G vs. R120G: p<0.001; 

S14D/S14D::R120G vs. R120G: p<0.001, Figure 29A). Notably, this was true when males 

(S14D/+::R120G vs. R120G: p=0.007; S14D/S14D::R120G vs. R120G: p<0.001, Figure 29B) 

and females (S14D/+::R120G vs. R120G: p=0.010; S14D/S14D::R120G vs. R120G: p=0.003, 

Figure 29C) are analyzed separately. 

Taken together, genetic mimicry of pS14-Rpn6 protects against cardiac proteotoxicity, thereby 

attenuates CryABR120G-induced cardiac malfunction and lifespan shortening. 
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Figure 29. S14D ameliorates R120G-induced lifespan shortening. 

A ~ C, Kaplan-Meier survival analysis for combined sex (A), male (B), and female (C). When 

males and females are combined, the median life spans of R120G, S14D/+::R120G, and 

S14D/S14D::R120G mice are 201.5, 219 and 233 days, respectively; for males, the median life 

spans are 204, 217 and 236 days, respectively; for females, the median life spans are 198, 223.5 

and 219 days, respectively. * in red denotes S14D/S14D::R120G vs. R120G groups; * in blue 

denotes S14D/+::R120G vs. R120G groups; **p<0.01, ***p<0.001 determined by log-rank test. 
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3.3.5. The effect of S14D on proteasome assembly 

Consistent with the observations from Figure 21, compared with WT mice, R120G mice 

displayed increased myocardial 30S proteasomes at both 3m and 6m and increased 26S 

proteasomes at 6m, which is likely a compensatory response to misfolded protein overload. 

Interestingly, rather than mimicking promoted proteasome assembly by PKA, S14D mice appeared 

to show decreased levels of assembled 30S and 26S proteasomes at 3m at baseline while the 

decreases were not detected at 6m. When coupled with R120G, S14D did not show discernible 

effects on the proteasome assembly at 3m, but the increases of assembled 30S, 26S, 20S and 19S 

in R120G at 6m were all attenuated by S14D (Figure 30). 
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  Figure 30. Effect of S14D on proteasome assembly. 
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Crude native protein extracts from ventricular myocardium of WT, S14D/S14D, R120G, and 

S14D/S14D::R120G littermate mice were fractionated with native gel electrophoresis followed 

by immunoblotting. A ~ C, Representative images (A) and pooled densitometry data of 

immunoblots for β5 (B) and Rpt2 (C) in mice at 3m. D ~ F, Representative images (D) and 

pooled densitometry data of immunoblots for β5 (E) and Rpt2 (F) in mice at 6m. Each lane or 

dot represents an individual mouse (male to female 1:1); mean±SEM; two-way ANOVA 

followed by Tukey’s test. 
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3.4. cAMP augmentation increased proteasome-mediated degradation of misfolded 

proteins in cultured cardiomyocytes 

To test whether the effects observed in the S14D mice are cardiomyocyte-autonomous, we 

next used cardiomyocyte cultures to examine the effect of cAMP/PKA activation on proteasomal 

degradation of CryABR120G. Our lab has successfully established an adenovirus harboring the 

expression cassette of HA-tagged CryABR120G to distinguish the mutant CryAB from endogenous 

CryAB.187,188 Ad-HA-CryABR120G was overexpressed in cultured NRCMs via adenoviral gene 

delivery. NRCMs treated with forskolin exhibited a modest but statistically significant decrease in 

CryABR120G protein levels than vehicle treated NRCMs (p=0.0253). This reduction is reversed in 

the presence of a proteasome inhibitor bortezomib (BZM), suggesting that the lower CryABR120G 

protein level is caused by increased proteasome-mediated degradation (Figure 31A, 31B). We 

next measured the proteasome flux by quantifying the difference of CryABR120G protein levels in 

the presence or absence of proteasome inhibition. Forskolin treated NRCMs displayed a 

dramatically higher proteasome flux of the CryABR120G proteins than the vehicle treated cells 

(p<0.0001, Figure 31C), indicating that cAMP augmentation by forskolin effectively increases 

proteasome-mediated degradation of misfolded proteins in the cultured cardiomyocytes. This 

conclusion is also supported by the forskolin-induced decreases in CryABR120G protein levels in 

the NP-40 insoluble protein fractions (Figure 32). 

Consistent with in vivo data, by overexpressing Ad-HA-CryABR120G proteins in NMCMs 

isolated from WT and homozygous S14D mice, we observed significantly lower CryABR120G 

protein levels in S14D/S14D cardiomyocytes than in WT cardiomyocytes (p=0.0028, Figure 33). 

These results confirm that both cAMP augmentation and S14D knock-in promote proteasome-

mediated degradation of misfolded proteins in cardiomyocytes. 
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Figure 31. cAMP augmentation increased proteasome-mediated degradation of CryABR120G 

in cultured cardiomyocytes. 

Cultured NRCMs were infected with recombinant adenovirus expressing Ad-HA-CryABR120G in 

serum-free media for 6 hours followed by 48-hour culture in DMEM containing 2% serum before 

treatment with forskolin (1 μM) or vehicle control (0.1% DMSO) for 4 hours. The proteasome 

inhibitor bortezomib (BZM, 50 nM) or volume corrected DMSO were applied to the cultured 

cells 2 hours after the initiation of Fsk treatment. A and B, Representative images (A) and pooled 
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densitometry data (B) of Western blot for HA-tagged CryABR120G. C, Proteasome flux. The 

proteasome flux was measured by quantifying the difference of CryABR120G protein levels in the 

presence or absence of proteasome inhibition. Each lane or dot represents a biological repeat; 

Mean±SEM; two-way ANOVA followed by Tukey’s test for (B) and unpaired Student’s t test 

for (C). 
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Figure 32. cAMP augmentation decreased intermediate CryABR120G oligomers in cultured 

cardiomyocytes. 

Cultured NRCMs were infected with recombinant adenovirus expressing Ad-HA-CryABR120G in 

serum-free media for 6 hours followed by 48-hour culture in DMEM containing 2% serum before 

treatment with forskolin (1 μM) or vehicle control (0.1% DMSO) for 4 hours. A and B, 

Representative images (A) and pooled densitometry data of Western blot for HA-tagged 

CryABR120G in NP-40-insolulble (NI; B) protein fractions. Each lane or dot represents a biological 

repeat; Mean±SEM; unpaired Student’s t test. 
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Figure 33. S14D decreased the steady-state protein levels of CryABR120G in cultured 

cardiomyocytes. 

A and B, Representative images (A) and pooled densitometry data (B) of Western blot for HA-

tagged CryABR120G in cultured NMCMs were infected with Ad-HA-CryABR120G in serum-free 

media for 6 hours followed by 48-hour culture in DMEM containing 2% serum before harvest. 

Whole cell lysates were used for Western blots for HA-tagged CryABR120G. Each lane or dot 

represents a biological repeat; mean±SEM; unpaired Student’s t test. 
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DISCUSSION 

PFI is implicated in the progression from a large subset of heart diseases, including those with 

IPTS, to heart failure.84,108,132 There are currently no effective therapies targeting cardiac IPTS.76 

Hence, a better understanding on proteasome phospho-regulation is undoubtedly of high 

significance to guide the development of new therapeutic strategies. Previously, Goldberg’s group 

demonstrated exclusively in cultured cells that cAMP/PKA activates 26S proteasomes by directly 

phosphorylating RPN6 at Ser14.123,125 As illustrated in Figure 34, taking advantage of our newly 

created S14A and S14D mice, the present study has established for the first time in animals that 

pS14-RPN6 is responsible for the activation of 26S proteasomes by PKA. More importantly, here 

we have discovered a selective downregulation of myocardial pS14-Rpn6 during cardiac IPTS and 

further demonstrated that enhancing 26S proteasomes via genetic mimicry of pS14-Rpn6 protects 

against cardiac IPTS induced by CryABR120G in animals and thereby effectively curtails cardiac 

malfunction and disease progression. These new findings establish a novel concept that selective 

impairment of the proteasome activation by PKA is a key pathogenic factor for cardiac 

proteinopathy and its targeting can conceivably be exploited to develop new strategies for treating 

heart disease with IPTS. This is highly significant because a large subset of cardiovascular disease 

possesses cardiac IPTS.76 
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Figure 34. A schematic illustration of the main findings of this study. 

1. The activation of 26S proteasomes by cAMP/PKA is mediated solely by pS14-RPN6 

PKA has been long implicated in proteasome phosphoregulation.119,120 A recent study showed 

that Ser14-RPN6 was selectively phosphorylated by cAMP/PKA and this phosphorylation was 

solely responsible for cAMP/PKA-mediated 26S proteasome activation in cultured non-cardiac 

cells.123 We have subsequently demonstrated that cAMP augmentation markedly increased pS14-

Rpn6 in cultured cardiomyocytes in a PKA-dependent manner, which was associated with 

128 



 
 

       

      

       

      

      

    

         

       

       

      

         

     

         

       

       

     

 

 

   

         

       

      

      

expedited degradation of a surrogate UPS substrate.128 However, the physiological relevance of 

pS14-Rpn6 has not been established in animals. Here, our experiments in cell cultures and in mice 

unequivocally establish that Ser14 of Rpn6 is the primary, if not the only, phosphosite responsible 

for the activation of 26S proteasomes by cAMP/PKA. First, with S14A mice, our findings provide 

compelling support that pS14-Rpn6 is required for PKA to activate the proteasome. Augmentation 

of cAMP with an adenylate cyclase activator significantly increased myocardial pS14-Rpn6 

proteins and 26S proteasome activities in a PKA-dependent manner in WT mice, but such effects 

were completely lost in S14A mice (Figure 11, 12). Similar findings were observed in cultured 

MEFs and AMCMs derived from S14A mice (Figure 8-10). Second, myocardium and 

cardiomyocytes from S14D mice displayed significantly higher proteasome peptidase activities 

than WT controls (Figure 15); and S14D enhanced cardiac UPS proteolytic function (Figure 14), 

together proving that pS14-Rpn6 is sufficient to activate the proteasome. Along with related prior 

reports,123,125 the data of the present study suggest that other proteasome phosphosites identified 

as targets of PKA via in vitro assays are unlikely physiologically relevant. Therefore, our newly 

created knock-in (S14A and S14D) mice confer valuable in vivo tools to define the 

(patho)physiological significance of proteasome activation by cAMP/PKA, adding a new 

dimension to the (patho)physiology of cAMP/PKA signaling. 

2. Basal pS14-Rpn6 appears to be dispensable in mice 

We observed that under basal conditions, the proteasome activities of S14A MEFs were 

discernibly lower than that of WT MEFs (Figure 10A, 10B), which is consistent with the prior 

study, in which 26S proteasomes purified from Rpn6-S14A mutant-expressed 293A cells exhibited 

decreased capacities to hydrolyze proteasome substrates and ATP and reduced clearance of 
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aggregation-prone proteins than those purified from Rpn6-WT expressed cells.123 Interestingly, 

although pS14-Rpn6 and proteasome activation by PKA were completely lost in adult S14A 

cardiomyocytes and mouse hearts, their proteasome activities at baseline seem unchanged 

compared with WT controls (Figure 10C, 11). The discrepancy might rise from the different 

natures of cell types: 293A cells and MEFs are embryonic cells with high capacity of 

differentiation, whereas cardiomyocytes are terminally differentiated. Oxidative and misfolded 

proteins produced during differentiation are preferably degraded by the UPS and the elimination 

of unwanted proteins occurs during normal embryonic development. 26S proteasome activities are 

considerably elevated during embryogenesis to rid the embryonic cells of protein damage and 

maintain proteostasis.189,190 Therefore, the significant differences of proteasome activities between 

WT and S14A cells observed from the present and previous studies suggest that pS14-Rpn6 may 

play a role in the proteasome regulation during cell differentiation. In consistence with the 

comparable proteasome activities, we did not observe S14A-exerted alterations of cardiac UPS 

proteolytic function (Figure 13), or any discernible differences in cardiac phenotypes (Figure 2, 

3), suggesting that myocardial pS14-Rpn6 may be dispensable under basal condition. The 

observed results can be potentially explained by: (1) the basal phosphorylation state of myocardial 

Ser14-Rpn6 is very low in healthy mice under normal physiological conditions, but it will be more 

phosphorylated to activate the proteasomes upon the stimulation of cAMP/PKA; (2) the 26S 

proteasome is vigorously regulated by a sophisticated network to maintain intracellular protein 

homeostasis and loss of endogenous pS14-Rpn6 may be compensated by other proteasome 

regulatory pathways. 
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3. A selective impairment of pS14-RPN6 is pathogenic in cardiac IPTS 

DRCs are the cardiac aspect of desmin-related myopathies (DRMs) that are pathologically 

featured by intra-sarcoplasmic desmin-positive aberrant protein aggregates.104,105 DRMs arise 

from mutations in a number of genes, such as desmin,191 plectin,192 and CryAB.179 DRC is the 

main cause of death in human DRM and exemplifies the pathophysiological significance of IPTS 

and aberrant protein aggregation in cardiac muscle. The CryABR120G-based DRC mouse model 

used in the present study recapitulates most aspects of human DRC, including intra-sarcoplasmic 

aberrant protein aggregation, cardiac hypertrophy, a restrictive cardiomyopathy stage followed by 

eventually a dilated cardiomyopathy/congestive heart failure stage, and shortened 

lifespan;107,108,193 thus the R120G mice are widely used as an animal model to study cardiac 

IPTS.128,194,195 PFI is a major pathogenic factor in heart diseases with IPTS, which was best 

demonstrated by that cardiomyocyte-restricted enhancement of proteasome function markedly 

decreased aberrant protein aggregation, attenuated cardiac malfunction, and delayed premature 

death of the R120G mice.108 R120G mice display elevated myocardial proteasome peptidase 

activities to compensate for the overload of misfolded proteins (Figure 22), consistent with a prior 

report.77 However, to our surprise, pS14-Rpn6 is not part of the natural compensatory response but 

rather selectively impaired pS14-Rpn6 contributes to the insufficiency. This is reflected by marked 

decrease of myocardial pS14-Rpn6 in R120G mice at both early (3m) and late (6m) stages of 

disease progression (Figure 16). Interestingly, the downregulation of pS14-Rpn6 at 3m was 

associated with an overall decrease in phosphorylated PKA substrates but, at 6m, it was dissociated 

with the significant increases of other phosphorylated PKA substrates (Figure 17), indicating that 

the decreased pS14-Rpn6 is due to a selective or compartmentalized defect in PKA-mediated 
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phosphorylation of Ser14-RPN6. It will be very interesting and important to delineate the 

mechanism underlying the decrease of pS14-Rpn6 in cardiac IPTS. 

Moreover, we have established the defect in Ser14-RPN6 phosphorylation in the response to 

IPTS as a major pathogenic factor in cardiac proteotoxicity, and our data provide compelling 

genetic evidence that enhancement of 26S proteasome functioning by pS14-Rpn6 protects the 

heart against proteotoxic stress. Upon the adaptive elevations of proteasome activities induced by 

CryABR120G, S14D further increased myocardial 26S proteasome peptidase activities (Figure 22), 

which conceivably increases the UPS capacity to degrade misfolded proteins. As a result, the 

steady-state misfolded CryAB was remarkably reduced (Figure 23A, 23B). When UPS function 

becomes inadequate or impaired, misfolded proteins undergo aberrant aggregation with forming 

intermediate oligomers that is believed highly toxic to the cells.196 Here we also show that both 

total and NP-40-insoluble CryAB (misfolded oligomers) in R120G hearts were markedly 

decreased by S14D (Figure 23). An increase in total ubiquitinated proteins in the cell can be 

caused by increased ubiquitination or inadequate proteasomal degradation and is indicative of 

defective proteostasis. Consistent with prior reports,108,132 significant increases in myocardial total 

and K48-linked ubiquitinated proteins, indicative of PFI, were observed in R120G mice, but such 

increases were substantially attenuated by S14D (Figure 24), demonstrating that genetic mimicry 

of pS14-Rpn6 effectively facilitates the degradation of ubiquitinated proteins and thereby 

improves proteostasis. Consistently, aberrant CryAB protein aggregates in R120G mice were 

markedly decreased as well (Figure 25). At the same time point, the cardiac hypertrophy of R120G 

mice as indicated by increased VW/BW ratios, was attenuated by S14D, which is further supported 

by blunted reactivation of representative fetal genes (Figure 26, 27), indicating that S14D-induced 

improved removal of pathogenic proteins significantly attenuates cardiac pathology. Functionally, 
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S14D significantly delayed cardiac malfunction, evident by attenuation of the decreases in LV EF, 

FS, SV, and CO, and eventually delayed premature death (Figure 28, 29). These findings 

unequivocally demonstrate that genetic mimicry of proteasome activation by PKA protects against 

cardiac proteotoxicity. 

4. pS14-RPN6 does not appear to increase myocardial proteasome assembly 

The opposing nature between elevated proteasome peptidase activities and decreased pS14-

Rpn6 in the R120G mice also suggests that mechanisms other than pS14-Rpn6 are utilized 

naturally by cardiomyocytes to increase proteasomal capacity in response to IPTS. Indeed, we 

detected significant increases in myocardial Rpn6 (Figure 16) and in assembled proteasomes 

(Figures 21, 30), indicative of increased proteasome assembly, in R120G mice. Others also 

reported that increased RPN6 is responsible for increased proteasome activities and resistance to 

IPTS in C. elegans.197 

Earlier reports suggest that activation of cAMP/PKA enhances proteasome assembly,127 more 

evidently increases 30S proteasomes.123 However, the role of pS14-RPN6 in proteasome assembly 

has not been examined. The S14A and S14D mouse models enable us for the first time to fill this 

critical gap. S14A did not alter myocardial abundance of 30S or 26S proteasomes at baseline or in 

the early or late stages of R120G-induced cardiomyopathy, suggesting that pS14-RPN6 does not 

play an important role in the myocardial proteasome assembly under physiological condition or in 

the context of R120G-induced IPTS (Figure 21). The reason for this might have something to do 

with the fact that basal myocardial pS14-Rpn6 is low and it is further decreased in R120G mice. 

Notably, we observed decreased 19S proteasomes in S14A-coupled R120G mice, compared with 

R120G control mice at 3m. This probably results from a compensatory increase in the 
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incorporation of the 19S into the 30S proteasomes in the S14A-coupled R120G hearts. Even 

though it is significantly lower than that in WT mice, pS14-Rpn6 is present in the heart of R120G 

mice at a modest level (Figure 16), its loss might have triggered a compensatory increase in 30S 

proteasome assembly. Indeed, a seemingly greater level of 30S proteasomes was evident in the 

S14A-coupled R120G group compared with the R120G alone group although the difference did 

not achieve statistical significance yet likely due to a larger variation (Figure 21A, 21C). Such 

compensatory response was not evident at 6m probably due to impaired proteasome assembly with 

the disease progression (Figure 21D-21F). On the contrary, pS14-Rpn6 mimicry reduced 30S or 

26S proteasomes at 3m. One possible reason could be that proteasome peptidase activities are 

constitutively increased by S14D, which renders the cell to require fewer proteasomes to fulfill the 

needs of basal protein degradation. In R120G mice, S14D did not show discernible effects on the 

proteasome assembly at 3m, but the increases of the 30S, 26S, 20S and 19S in R120G mice were 

all attenuated by S14D at 6m (Figure 30). S14D significantly improved the proteasome functional 

efficiency and, as a result, markedly reduced misfolded protein overload at 6m (Figure 22-25). 

Thus, the compensatory increase of proteasome assembly was attenuated. Taken together, these 

data also indicate that pS14-Rpn6 may play little, if any, role in the regulation of proteasome 

assembly at baseline and during the R120G-based IPTS. The protective effect by S14D is 

predominantly attributable to the improved efficiency of proteasome-mediated degradation. These 

new findings also demonstrate that pS14-RPN6 can be additive to or potentially synergistic with 

increased proteasome assembly in augmenting proteasomal capacity to handle IPTS. 
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5. Augmentation of pS14-RPN6 as a potentially new strategy to treat heart disease 

The present study, to our best knowledge, provides the first genetic evidence that PKA-induced 

proteasome activation protects against proteinopathy in animals, indicating that pS14-RPN6 

should be explored as a potentially new strategy to treat heart disease with IPTS. 

Despite great advances achieved from numerous preclinical studies over the past decades in 

the understanding of PKA in the heart, the precise roles of PKA in cardiac pathogenesis and 

therapeutics remain to be fully understood. A recent study from our group demonstrates that PDE1 

inhibition, which activates both PKA and PKG, protects against proteinopathy-based heart failure 

likely by facilitating proteasome-mediated degradation of misfolded proteins. R120G mice treated 

with either a PDE1 inhibitor IC86430 or a PDE4 inhibitor piclamilast exhibited significantly 

increased pS14-Rpn6.128 Similarly, genetic or pharmacological PDE10A inhibition, which also 

increases both cAMP and cGMP, was reported to attenuate Ang-II-induced cardiomyocyte 

hypertrophy in vitro and restrain pressure overload-induced cardiac remodeling and dysfunction 

in vivo.198 Earlier PDE2 inhibition was also shown to protect hearts from pathological remodeling 

via a localized cAMP/PKA signaling pathway.199 Cardiac hypertrophy is the most common 

adaptive response of the heart during virtually all heart diseases inherited or acquired, in which 

increased protein synthesis is inevitable, resulting in increased production of misfolded proteins.84 

Therefore, it is highly possible that pS14-Rpn6 mediates, at least in part, the attenuation of cardiac 

hypertrophy exerted by the inhibition of PDE1, PDE2, or PDE10A. 

However, controversy exists about the role of PKA in cardiac pathogenesis. Most reports 

support the involvement of PKA in the development of cardiomyopathy and PKA inhibition as a 

potential therapeutic target to treat heart disease. For example, activation of cAMP/PKA signaling 

during the myocardial ischemia contributes to I/R injury;200 activation of PKA constitutively201 or 
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by chronic sympathetic stimulation202,203 induces maladaptive cardiac hypertrophy and ultimately 

heart failure; beta blockers are one of the most widely prescribed classes of drug that improve LV 

function and reverse remodeling in human heart failure.204 The present study has demonstrated 

compellingly that cAMP/PKA protects against cardiac proteotoxicity through improving PQC. 

Therefore, precisely targeting pS14-Rpn6 would potentially serve as an effective therapeutic 

strategy to treat heart disease with IPTS, while bypassing possible adverse effects of global PKA 

activation. Currently, this does not seem to be practical, but a good understanding of the 

cAMP/PKA signaling at the proteasome nanodomain should facilitate the search for a 

pharmacological approach to selectively augment cAMP/PKA signaling to the proteasome. An 

adjunct treatment to minimize undesired effects of PKA activation, such as recently proposed duo-

activation of PKA and PKG,76 could be an immediately translatable solution.  
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CONCLUSIONS 

The discoveries from the present study overall support our hypothesis that Ser14-RPN6 

phosphorylation mediates the activation of proteasomes by PKA and reduces proteotoxicity in 

animals. 

We created the S14A and S14D mice for genetic blockade and mimicry of pS14-Rpn6, 

respectively. Heterozygous and Homozygous S14A and S14D mice are viable and fertile and do 

not display discernible gross abnormalities compared with their littermate controls during the first 

12 months of age, the longest time observed in full cohorts so far. Monthly M-mode 

echocardiography did not reveal significant difference in LVEDV, EF, FS, CO, LV mass index 

(LV Mass/body weight), or body weight between WT and littermate S14A or S14D mice in either 

male or female cohorts during the first 7 months (S14A) or 6 months (S14D) of age, the oldest 

cohorts analyzed so far. The heart weight of S14A or S14D mice is comparable to that of their WT 

littermates. The baseline characterizations validate our S14A and S14D mice as valuable tools for 

the investigations into the physiological significance of pS14-RPN6 in intact animals. 

In both cultured mouse cells and myocardium, cAMP augmentation-induced elevation of 

proteasome peptidase activity was eliminated by the genetic blockade of pS14-Rpn6, 

demonstrating that pS14-Rpn6 is required for cAMP/PKA to activate the proteasome. Conversely, 

genetic mimicry of pS14-Rpn6 was sufficient to increase basal proteasome activities in 

cardiomyocytes and in the mouse heart, and improve myocardial UPS performance. These findings 

unequivocally demonstrate pS14-RPN6 as the primary, if not the only, mechanism responsible for 

the activation of 26S proteasomes by cAMP/PKA. 

pS14-Rpn6 appears to be dispensable for basal myocardial 26S proteasome activity or 

assembly, evident by comparable 26S proteasome activities and 30S, 26S, 20S and 19S 
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proteasome assembly in S14A mice compared with WT mice. However, rather than a 

compensatory increase, pS14-Rpn6 was markedly diminished during the progression of 

CryABR120G-induced cardiac proteinopathy. Genetic mimicry of pS14-Rpn6 further increased 

myocardial proteasome peptidase activities in R120G mice, leading to reductions of misfolded 

CryAB accumulation and aggregation and of ubiquitin conjugates. As a result, CryABR120G-

induced cardiac pathology and cardiac malfunction were remarkably attenuated and the premature 

death of R120G mice was significantly delayed by the genetic mimicry of pS14-Rpn6. These 

results together compellingly demonstrate that a selective defect in pS14-Rpn6 in response to IPTS 

is a major pathogenic factor in CryABR120G-induced cardiac proteinopathy and that increasing 

pS14-Rpn6 protects the heart against proteotoxicity. 

Our data gathered from the genetic mimicry of pS14-RPN6 suggest that pS14-RPN6 can 

enhance cardiac proteasome peptidase activities and UPS proteolytic function through a 

mechanism independent of increasing proteasome assembly. This is because myocardial 

abundance of assembled proteasomes in the S14D mice was not increased either at baseline or 

when coupled with CryABR120G-induced cardiac proteinopathy. 

These novel findings from the present study establishes in animals that pS14-Rpn6 is 

responsible for the activation of 26S proteasomes by PKA and reduced pS14-Rpn6 is a key 

pathogenic factor in cardiac proteinopathy, thereby identifies a new therapeutic target to reduce 

cardiac proteotoxicity. 
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LIMITATIONS 

We have evaluated the baseline characteristics of S14A and S14D mice by serial 

echocardiography for 7m and 6m, respectively, and gravimetric measurement of the heart weight 

at 10m. Since they were created by germline mutations, our S14A and S14D mice could be 

invaluable for the investigation of pS14-RPN6 in all organs/systems and a broader range of 

conditions and diseases. It will be important to extend the evaluation period and incorporate 

assessments of the physiological functions of other organ systems in order to obtain a more robust 

understanding of the physiological relevance of pS14-RPN6 and to enhance the interpretation and 

generalizability of the experimental findings. 

There is no doubt that pS14-Rpn6 is blocked in the S14A mutant. However, the degree and 

fidelity of phosphorylation mimicry for the commonly used S14D mutant to mimic pS14-Rpn6 

are uncertain. Thus, caution must be taken during the interpretation of the data, especially some of 

the negative data, derived from the use of the S14D.  

To investigate the pathophysiological significance of pS14-Rpn6 in animals with cardiac IPTS, 

we utilized only the R120G mice, a classic model of DRC. Therefore, our discoveries may be 

limited to DRC rather than being universally applicable across all IPTS situations. 
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FUTURE STUDIES 

The present study has provided compelling evidence proving the hypothesis that Ser14-RPN6 

phosphorylation mediates the activation of proteasomes by PKA and reduces proteotoxicity in 

animals, by genetically blocking or mimicking pS14-Rpn6. Directly targeting pS14-Rpn6 to treat 

heart disease with IPTS may be challenging currently. Recently proposed duo-activation of PKA 

and PKG has shown protective effect in a PKA-dependent manner.76 A pharmacological approach 

that selectively boosts cAMP/PKA signaling, such as a PDE4 inhibitor, could be deployed to 

establish the translational significance of the observed impacts of pS14-Rpn6. 

In addition to priming the proteasome, PKA activation has also been associated with enhanced 

proteasome assembly or decreased proteasome disembly,123,127 but the underlying mechanism is 

unknown. Our data suggest that pS14-RPN6 is unlikely involved in the direct regulation of cardiac 

proteasome assembly either under normal physiological condition or in response to a cardiac IPTS 

condition, which implies that the activation of PKA may engage other mechanism than pS14-

RPN6 to increase the abundance of assembled proteasomes in the cell. Therefore, it will be 

interesting and important to elucidate the precise mechanism by which PKA enhances proteasome 

assembly, as such information will contribute to the understanding of proteasome regulation and 

the evaluation of PKA-based therapeutic strategies. 

This study has established that a seemingly selective impairment in pS14-Rpn6 acts as a major 

pathogenic factor contributing to PFI in CryABR120G-based proteinopathy. It will be important to 

explore the mechanism underlying this defect. Such investigations are expected to guide the search 

for a precise pharmacological approach to the decreased pS14-RPN6 in cardiac diseases with IPTS. 

In addition, defects in UPS including PFI have been implicated in various other human 

diseases, including neurodegenerative disorders (Alzheimer’s disease,85,205 Parkinson’s disease206), 
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age-associated disorders,207 and chronic liver diseases.208,209 Other studies demonstrated that 

pharmacological augmentation of cAMP prevents tau-driven proteasome impairment and 

cognitive dysfunction,126 and 1′-acetoxychavicol acetate protects age-related impairments in 

learning and memory via cAMP/PKA-dependent proteasome activation.210 It will be very 

interesting to employ our S14A and S14D models to investigate the role of pS14-RPN6 in the 

genesis and the cAMP-augmentation treatment of these diseases. 
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APPENDIX I 

Genotyping Rnp6S14A and Rpn6S14D Mice using the Tetra-Primer Amplification Refractory 

Mutation System (ARMS)-PCR 

I. Primers 

1. Outer primers for Rpn6/Psmd11 fragment 

• Forward (TetraArmsPSMD11F): 

5’-GAGATGGCGATGGGGGAGCTCGTTTGTC-3’ 

• Reverse (TetraArmsPSMD11R): 

5’-CACAGTGAGTCAGCAGCACCATAGCCGGC-3’ 

2. Inner primers specific to S14A or S14D 

1) S14A 

• Forward (PSMD11-G allele): 

5’-GGTGGTGGAGTTCCAGAGAGCCCGGG-3’ 

• Reverse (PSMD11-T allele): 

5’-GCCTCCCGGTCGGTGCTGAGTAGGGA-3’ 

2) S14D 

• Forward (PSMDS14D-TC allele): 

5’-GGTGGTGGAGTTCCAGAGAGCCCGGGA-3’ 

• Reverse (PSMDS14D-GA allele): 

5’-GCCTCCCGGTCGGTGCTGAGTAGGGA-3’ 

II. Procedure 

1. Master mix for each PCR reaction 
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1) S14A 

Compound Amount / 20 μl reaction 
10X DreamTaqTm DNA Polymerase Green Buffer 2 μl 
dNTP mix 0.2 mM 
TetraArmsPSMD11F 350 nM 
TetraArmsPSMD11R 350 nM 
PSMD11-G allele 150 nM 
PSMD11-T allele 150 nM 
DreamTaqTM DNA polymerase 0.5 U 
Template DNA 1 μl 

2) S14D 

Compound Amount / 20 μl reaction 
10X DreamTaqTm DNA Polymerase Green Buffer 2 μl 
dNTP mix 0.2 mM 
TetraArmsPSMD11F 200 nM 
TetraArmsPSMD11R 200 nM 
PSMDS14D-TC allele 200 nM 
PSMDS14D-GA allele 200 nM 
DreamTaqTM DNA polymerase 0.5 U 
Template DNA 1 μl 

2. PCR amplifications were performed with the Techne 5PRIMEG/02 Thermal Cycler 

(United Kingdom) with the following profile: 

a. 94 °C for 3 min 

b. 30 cycles of: 

94 °C for 40 sec 

74.9 °C (for S14A) or 74.7 °C (S14D) for 30 sec 

72 °C 45 sec 
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c. 72 °C for 10 min 

3. The PCR products were electrophoresed in 2% agarose gel and then digitally imaged with 

the Syngene InGenius LHR2 Gel Imaging System (Frederick, MD). Example images are 

shown below: 

S14A: 

S14D: 
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APPENDIX II 

Mouse Embryonic Fibroblast (MEF) Isolation, Cell Culture, and Passaging 

This protocol for MEF isolation is modified from the protocol created by Xu.182 

I. Materials 

1. 100% Avertin stock solution: 5 g 2,2,2-tribromoethanol + 5 ml tert-amyl alcohol 

Dilute the stock solution to 2.5% working solution in sterile PBS. 

Both 100% and 2.5% Avertin can be stored at 4°C for up to 6 months, protected from light. 

2. Sterile PBS 

3. 0.25% trypsin-EDTA (Cat#25-053-CI, CORNING, Corning, NY) 

4. MEF media: filter-sterile, store at 4°C for up to 3 months 

• DMEM (Dulbecco’s modified Eagle medium; Cat#SH30243.02, Cytiva, Marlborough, 

MA) 

• 10% FBS 

• 0.1 mM β-mercaptoethanol 

• 50 U penicillin 

• 50 µg/ml streptomycin 

II. Procedure 

1. MEF isolation 

1) Sterilize the surgical instruments. 

2) Anesthetize the pregnant mouse on day E14.5 by i.p. injecting 0.5 ml of 2.5% avertin. 

Euthanize it by cervical dislocation. 

3) Spray the whole mouse body with 70% ethanol. 
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4) Cut a small incision through the skin at the centric position on the middle back to open 

the abdominal cavity. 

5) Carefully dissect out the entire uterus containing all embryos without interfering other 

internal organs. 

6) Transfer the uterus to a 50 ml tube containing 30 ml sterile PBS. Invert the tube several 

times to wash the uterus. 

The following procedure must be carried out in a laminar flow cabinet. 

7) Transfer the washed uterus to a 100 mm dish containing 10 ml PBS. 

8) Cut through one side of the uterine wall and expose the embryos. 

9) Open the yolk sac and dissect out all fetuses intact. Place them in a new 100 mm dish 

with 10 ml PBS. 

10) Remove the viscera and head. Wash the remaining part of each fetus in PBS to wash 

out blood as much as possible. 

11) Transfer the washed fetuses to a new 60 mm dish containing 2-3 ml ice-cold 0.25% 

trypsin-EDTA. 

12) Tease all fetuses into fine pieces. Transfer all materials to a new 50 ml tube with a 

1000 µl pipette. Add 0.25% trypsin-EDTA to bring the total volume to 25 ml (or 3 ml 

per embryo). 

13) Place the tube at 4 °C overnight. 

14) One the following day, aspirate half of the trypsin solution away without disturbing 

the tissue at the bottom of the tube. Incubate the tube in the 37°C water bath for 30 

min. 
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15) After incubation, add 25 ml MEF media to the tube and pipette vigorously. Allow 

sedimentation of the cell suspension by gravity for ~1 min. 

16) Transfer the supernatant cell suspension to a new 50 ml tube. 

17) Mix the cell suspension and plate the cells with additional MEF media in T75 culture 

flasks. Agitate the flasks to ensure even distribution. 

18) After overnight Incubation in the 37°C incubator supplied with 5% CO2, Aspirate the 

media and wash the cells with sterile PBS twice to remove non-adherent cells. 

19) Add 15 ml fresh MEF media to each flask and continue to culture the cells to near 

confluency. The cells at this stage are designated as Passage 1 MEFs. 

20) Change the media every 48 hr. 

2. Cell splitting 

1) Once the cells reach ~75% confluency, prepare to split the cells: 

• 1x T75 flask • 5x T75 flasks 

• 0.25% trypsin-EDTA (warmed in 37°C water bath) 

• MEF media (warmed in 37°C water bath) 

• Sterile PBS (warmed in 37°C water bath) 

2) Aspirate the media from the cell flask. Wash the cells with PBS (~10 ml). 

3) Apply the 0.25% trypsin-EDTA to the cells with a volume just fully covering the 

surface. 

4) Agitate and swirl the liquid around the flask. Incubate the flask in the 37°C incubator 

for 5 min. 

5) Inspect under a microscope to confirm the detachment of nearly all cells. 
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6) Add MEF media (2x volume of trypsin-EDTA) to the flask. Pipette the media down 

the surface several times to wash off all cells. 

7) Transfer the cell suspension to an appropriate sized tube. 

8) Spin down in the centrifuge for 5 min at 239 x g at 4°C. 

9) Carefully discard the supernatant without disturbing the cell pellets. 

10) Fully resuspend the cells in appropriate amount of MEF media (~15 ml per T75 flask). 

11) Seed the cells into new flasks evenly between flasks and continue to culture the cells 

to near confluency. The cells at this stage are designated as Passage 2 MEFs. 

12) Repeat the splitting procedure to achieve more passages. 

13) MEFs after the 6th passages are used for experimentation. 
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APPENDIX III 

Adult Mouse Cardiomyocytes (AMCMs) Isolation and Cell Culture 

This protocol for AMCM isolation is modified from the protocol created by Ackers-Johnson et 

al..183 

I. Buffers and media constituents 

1. EDTA buffer 

Compound Molar mass (g/mol) Final concentration (mmol/l) g / L required 
NaCl 58..44 130 7.5972 
KCl 74.55 5 0.37257 
NaH2PO4 119.98 0.5 0.05999 
HEPES 238.3 10 2.383 
Glucose 180.16 10 1.8016 
BDM* 101.1 10 1.011 
Taurine 125.15 10 1.2515 
EDTA 292.24 5 1.4612 

*BDM: 2,3-butanedione monoxime 
Make in 1 L deionized water (ddH2O). Adjust to pH 7.8 using NaOH. Sterile filter. 

2. Perfusion buffer 

Compound Molar mass (g/mol) Final concentration (mmol/l) g / L required 
NaCl 58..44 130 7.5972 
KCl 74.55 5 0.37257 
NaH2PO4 119.98 0.5 0.05999 
HEPES 238.3 10 2.383 
Glucose 180.16 10 1.8016 
BDM 101.1 10 1.011 
Taurine 125.15 10 1.2515 
MgCl2 95.2 1 0.095 

Make in 1 L ddH2O. Adjust to pH 7.8 using NaOH. Sterile filter. 
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3. Collagenase buffer 

Enzyme Stock concentration (mg/ml) Final concentration (mg/ml) 
Collagenase 2 50 0.5 
Collagenase 4 50 0.5 
Protease XIV 50 0.05 

Make stock buffers, filter sterilized, protect from light, and store in aliquots at -80°C for at 

least ~4 months: 

100x (= 50 mg/ml) collagenase 2 in ddH2O 

100x (= 50 mg/ml) collagenase 4 in ddH2O 

1000x (= 50 mg/ml) protease XIV in ddH2O 

Prepare Collagenase buffer by dilution in Perfusion buffer. Make fresh immediately before cell 

isolation. 

4. Stop buffer 

Stop buffer = Perfusion buffer + 5% sterile FBS. Make fresh on the day of isolation. 

5. Media constituents 

• 100x (= 1 mol/l) BDM stock in ddH2O, filter sterilized, store in aliquots at -20°C 

• 50x (= 5% w/v) BSA stock in PBS, filter sterilized, store in aliquots at 4°C, and keep 

sterile 

• M199 media used here is supplied with l-glutamine already included. Ensure l-

glutamine addition if using different suppliers. 

• Penicillin/Streptomycin (P/S) antibiotic addition is optional. 
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6. Plating media 

Compound Stock concentration Final concentration ml / 100 ml media 
M199 - 93 
FBS 100% 5% 5 
BDM 1 mol/l (100x) 10 mmol/l 1 
P/S 100x 1x 1 (Optional) 

Filter sterile, store at 4°C, and keep sterile. 

7. Culture media 

Compound Stock concentration Final concentration ml / 100 ml media 
M199 - 96 
BSA 5% (50x) 0.1% 2 
ITS* 100x 1x 1 
BDM 1 mol/l (100x) 10 mmol/l 1 
CD lipid# 100x 1x 1 
P/S 100x 1x 1 (Optional) 

*ITS: Insulin, transferrin, selenium; #CD lipid: Chemically defined lipid concentrate 
Filter sterile, store at 4°C, and keep sterile. Protect from light. 

8. Calcium reintroduction buffers 

Solution ml for Buffer 1 ml for Buffer 2 ml for Buffer 3 
Perfusion buffer 15 10 5 
Culture Media 5 10 15 

For total volume of 20 ml per calcium reintroduction buffer. Make fresh on the day of isolation. 

II. Procedure 

1. Pre-coating 

1) Make laminin: 15 µg/ml in PBS 

2) Precoat the dishes with laminin for at least 1 hr in the 37°C. Precoated dishes are best 

prepared fresh but may be sealed and stored at 4°C for up to 4 days. 
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2. Prepare buffers, media, equipment, and surgical area 

3) Prepare the buffers and media and sterilize them using a 0.2 µm filter under sterile 

conditions. Media, EDTA and Perfusion buffers are stable for up to 2 weeks at 4°C, 

protected from light. 

4) Warm the media in the 37°C water bath. 

5) Make Collagenase buffer and warm it in the 37°C incubator immediately before 

isolation. All other buffers are used at room temperature. 

6) Isolation of one heart requires ~30 ml EDTA buffer, ~15 ml Perfusion buffer, up to 60 

ml Collagenase buffer, and 10 ml Stop buffer. 

7) For one heart: 

• 3x 60 mm dishes (one for EDTA buffer, one for Perfusion buffer, one for 

Collagenase buffer) 

• 5x 10 ml syringes (2x EDTA buffer, 1x Perfusion buffer, 2x Collagenase buffer) 

• 1x needle with a catheter 

• 1x clamp 

8) Sterilize surgical instruments and spray the surgical area with 70% ethanol. 

3. Surgical procedure 

9) Anesthetize the mouse with 2% inhaled isoflurane. 

10) Wipe the mouse chest with 70% ethanol. Open the chest and expose the heart. 

11) Cut the descending aorta and inferior vena cava. 

12) Inject 7 ml EDTA buffer into the base of the right ventricle (RV) steadily within ~1 

min to flush out blood. Contraction will quickly cease and the heart is visibly lighter 

in color. 
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13) Clamp the ascending aorta with a haemostatic clamp. 

14) Remove the clamped heart and submerge it in a 60 mm dish with EDTA buffer (~10 

ml). 

15) Inject 10 ml EDTA buffer through the LV wall 2-3 mm above the apical point within 

~6 min, to clear the coronary circulation. Areas of the heart will become pale. 

16) Transfer the heart to a 60 mm dish with Perfusion buffer (~10 ml). 

17) Inject 3 ml Perfusion buffer into the LV via the same perforation left by the previous 

injection within ~2 min, to clear EDTA from the heart chambers and circulation. 

4. Tissue digestion 

18) Digestion must be carried out in a laminar flow cabinet. 

19) Transfer the heart to a 60 mm dish containing pre-warmed Collagenase buffer (~10 

ml). 

20) Inject the LV sequentially through the same point with 2 syringes of Collagenase 

buffer with a flow rate of ~2 ml/min (can increase as the procedure progresses). Make 

sure the heart is always submerged. 

21) The buffer can re-cycle during the digestion. The volume of Collagenase buffer for 

complete digestion varies between hearts, normally 25-50 ml. 

22) Observe the signs of complete digestion, including a noticeable reduction in resistance 

to injection pressure, loss of shape and rigidity, holes and/or effluent buffer. 

23) The complete digestion process takes ~1.5 hr. 

24) After digestion, remove the clamp and atria and connective tissue. Transfer the 

ventricle to the lid of the same 60 mm dish containing 3 ml unused Collagenase buffer. 
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25) Gently separate the tissue into pieces (not too small) with forceps. Pipette the ventricle 

particles with a wide-bore 1000 µl pipette for 2 min. 

26) Add 5 ml Stop buffer to the cell-tissue suspension and pipette the suspension for a 

further 2 min. 

27) Inspect under the microscope to confirm yields of rod-shaped cardiomyocytes. 

28) Transfer the cell suspension to a new, sterile 50 ml tube, filtered with a 100 µm cell 

strainer. 

29) Add another 5 ml Stop buffer through the filter. 

30) Divide the cell suspension into two new, sterile 15ml tubes. Let the cells to settle by 

gravity for 20 min at room temperature. 

5. Cell collection and plating 

31) During gravity settling, make Calcium reintroduction buffers 1/2/3, 2 ml each. 

32) The pellets contain cardiomyocytes. 

33) Add Calcium reintroduction buffers in gradual increment of calcium content to the 

pellets. Allow gravity settling for 10 min after adding Buffers 1 and 2, and for 20 min 

(or until visualization of pellets settle down) after Buffer 3. 

34) Discard the supernatant. Resuspend the final cell pellets in 1 ml pre-warmed Culture. 

35) Add appropriate volume (~2 ml generally) of Plating media according to experiment-

desired densities. 

36) Aspirate laminin away from the prepared dishes. Wash once with PBS. 

37) Plate cells on the coated dishes (2x 35 mm dish per heart generally). Agitate the dishes 

gently in a side-to-side motion to evenly distribute the cells. 

38) Allow adhesion for 3 hr in the 37°C incubator. 
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39) Wash the cells with Culture media once, and incubate them in Culture media in the 37 

incubator for another 48 hr prior to further experiments. 

III.Reagent suppliers 

Item name 
NaCl 

Company 
Fisher Chemical 

Catalogue number 
S271-10 

KCl Fisher Chemical P330-500 
NaH2PO4 

HEPES 
Glucose 
BDM 
Taurine 
EDTA 

Sigma-Aldrich 
Sigma-Aldrich 
Sigma-Aldrich 
Sigma-Aldrich 
Sigma-Aldrich 
ACROS ORGANICS 

S8282 
H3375 
G8270 
B0753 
T8691 
118430010 

MgCl2 

Collagenase 2 
Collagenase 4 
Protease XIV 
Laminin 

ACROS ORGANICS 
Worthington 
Worthington 
Sigma-Aldrich 
Thermo Scientific 

7786-30-3 
LS004176 
LS004188 
P5147 
23017-15 

M199 Medium 
ITS 
CD lipid 
P/S 

Sigma-Aldrich 
Sigma-Aldrich 
Thermo Scientific 
Thermo Scientific 

M4530 
I3146 
11905-031 
15070-063 
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APPENDIX IV 

Isolation and Culture of Neonatal Rat/Mouse Cardiomyocytes (NRCMs/NMCMs) 

I. Kit used: Cellutron neonatal rat/mouse cardiomyocyte isolation kit (Cat#: nc-6031, Cellutron 

Life Technology, Baltimore, MD) 

II. Prepare the following before the experiment 

Pre-warm Surecoat solution 
Put the stirrer in the 37°C incubator and plug in. 
D1 working solution 5 ml D1 + 45 ml ice-cold ddH2O 
D2 working solution 20 ml D2 + 28 ml ddH2O + 2 ml enzyme complex (EC) 

D3 working solution 15 ml D3 + 15 ml NS media (for 5-15 hearts) 
15 ml D3 + 25 ml NS media (for 16-35 hearts) 

Precoat the dishes by adding 1 ml Surecoat per 35 mm dish 

III.Procedure 

1. Sterilize neonatal rats or mice with 70% ethanol. Quickly remove the hearts of the 

rat/mouse pups (rats at P2 or mice at P1) and put them into the 100 mm dish that contains 

25 ml ice-cold D1. Trim the connective tissue and atria away. Transfer the ventricles to 

another dish that contains 25 ml ice-cold D1. Rinse the tissue. 

2. Transfer the ventricles to a 30 ml beaker with a stir bar. Add digestion buffer D2+EC (6 

ml for 5-15 hearts or 7 ml for 16-35 hearts). Set the stirring speed at ~ 150 rpm. Stir the 

hearts in the 37 °C incubator for 12 min. 

3. Pipette the tissue up and down and transfer the supernatant to a new sterile 15 ml round 

bottom tube and spin at 153 x g at 4 °C for 1 min (for rats) or 2 min (for mice). 
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4. Carefully discard the supernatant and resuspend the cell pellets in appropriate ml of D3 

(generally 3 ml for digestion cycle 1-2, 6 ml for digestion cycle 3-4, and 3 ml for digestion 

cycle 5-7). Keep the cells at room temperature. 

5. Repeat step 2 - 4 until all the tissue is digested (generally 6-8 cycles). 

6. Filter the cells with a 100 µm cell strainer. 

7. Preplate the cells for 1-2 hr by seeding 3 uncoated 100 mm dishes in the 37°C incubator. 

8. Suck away the precoated Surecoat solution in the dishes. 

9. Transfer the unattached cells to a new 50 ml tube. 

10. Filter the cells again through a 70 µm cell strainer into a new 50 ml tube. 

11. Count the cell number using a hemocytometer. 

12. Dilute cells at the appropriate densities with DMEM supplemented with 10% FBS and 1x 

Antibiotic Antimycotic Solution (Cat#30-004-CI, CORNING, Corning, NY). Plate cells 

on the coated dishes. Swirl the dishes gently to evenly distribute the cells. 

13. After 24 hr of plating, change the medium according to experiment needs. 
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APPENDIX V 

Total Protein Preparation from Cultured Cells and Myocardial Tissue for SDS-PAGE 

Cultured cell collection 

1. Wash the cultured cells twice with cold PBS. 

2. For 35 mm cell culture dishes, add 60 µl of 1x Sampling Buffer to the cells and scrape the 

cells off. 

Heart tissue collection 

1. Anesthetize the animal with 2% inhaled isoflurane. Open the chest and cut out the heart 

out. Wash the heart in cold PBS and trim off the atria and connective tissue. 

2. Take one-third of the ventricle and snap freeze in liquid nitrogen. Store the sample at -80 

°C until further use. 

3. For preparation of proteins from either fresh or snap frozen tissue, add 100 µl of 1x 

Sampling Buffer per 10 mg tissue. 

1x Sampling Buffer: stored at room temperature 

ddH2O 28.5 ml 

3 M Tris-HCl pH 6.8 0.5 ml 

10% SDS                            4.5 ml 

Glycerol                               3 ml 

*Add 1x complete Protease and Phosphatase Inhibitor Cocktail (Cat#HB9105, Hello Bio 

Inc., Princeton, NJ) freshly 

Total protein preparation 

1. For efficient protein extraction, crush the tissue into powder. 
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2. Extensively vortex the mixture of sampling buffer and cells; or pulverize the mixture of 

sampling buffer and tissue with a pellet pestle. 

3. Boil the homogenates for 5 min in the 95 °C water bath. 

4. Centrifuge at 10,621 x g for 10 min at 4°C. Collect the supernatant. 

Protein concentration determination 

Bicinchoninic acid (BCA) method: Pierce BCA Protein Assay Kit (Cat#23222 & #23224, 

ThermoFisher Scientific, Waltham, MA) 

1. Dilute each sample in ddH2O to 1:20. 

2. In a 96-well microplate with conical bottom, each well is loaded with 20 µl of a diluted 

sample. For more accuracy, load each sample in duplicate or triplicate. 

3. Run parallel analysis of a series of known concentrations of BSA for the generation of the 

standard curve. 

4. Load 200 µl of the mix solutions of Reagent A and B (50:1 ratio) from the BCA kit in each 

well. 

5. Incubate the samples in the 37 °C incubator for 30 min. 

6. Read samples in a Perkin Elmer plate reader (Model VICTOR NivoTM, Waltham, MA) and 

measure absorbance at 562 nm. 

7. Use the absorbance to extrapolate the protein concentration of the sample from the standard 

curve. 

Sample preparation for SDS-PAGE 

1. Add 3x Loading Buffer to each aliquot of protein sample. 

2. Boil samples in the 95 °C water bath for 5 min. Cool down the samples followed by short 

centrifugation to get the samples into the bottom of the tube before loading on to the gel. 
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3x Loading Buffer: stored at room temperature indefinitely. 

1 M Tris-HCl pH 6.8  2.4 ml 

20% SDS                            3 ml 

Glycerol 3 ml 

Bromophenol blue 0.01% 

*Add b-mercaptoethanol at 84:16 fresh 
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APPENDIX VI 

NP-40 Soluble and Insoluble Protein Fractionation 

I. Buffers 

Lysis Buffer                                                          

50 mM Tris-HCl pH 8.8            

100 mM NaCl 

5 mM      MgCl2 

0.5% (v/v)  NP-40                                          

* 2 mM      DTT 

* 1x Protease and Phosphatase Inhibitor Cocktail 

Pellet Buffer 

20 mM     Tris-HCl pH 8.0                

15 mM     MgCl2 

* 2 mM      DTT 

* 1x Protease and Phosphatase Inhibitor Cocktail 

3x SDS Boiling Buffer 

6% SDS 

20 mM Tris-HCl pH 8.0       

* 150 mM DTT 

* Add freshly 

II. Procedure 

1. Make fresh complete buffers. 
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2. Collect cultured cells or ventricular tissue as described in Appendix V. Lysate tissue/cells 

in 100 µl ice-cold Lysis Buffer. 

3. Homogenize the samples as described in Appendix V. Incubate the samples on ice for 30 

min. 

4. Centrifuge at 17,000 x g for 15 min at 4 °C. 

5. Collect the supernatant. • NP-40 soluble (NS) fraction 

6. Rinse the pellets by gently adding ~200 µl ice-cold PBS w/o disturbing pellets (5 times). 

7. Remove PBS. Suspend the pellets, containing NP-40 insoluble (NI) fraction, in 100 µl ice-

cold Pellet Buffer. 

8. Homogenize the samples with a pellet pestle and incubate on ice for 30 min. 

9. Add 50 µl (1/3 of total volume) 3x SDS Boiling Buffer into NS and NI tubes. 

10. Boil the samples in the 95 °C water bath for 5 min, or until NI pellets are completely 

dissolved. 

11. Determine the protein concentration, using a Reducing Agent-Compatible BCA Protein 

Assay Kit (Cat#23252, Thermo Fisher Scientific, Waltham, MA). 

12. Prepare the samples for SDS-PAGE in the same way for total protein samples. 

Reducing Agent-Compatible BCA assay: 

1. Mix the Reconstitution Buffer 1:1 with ddH2O to make Working Reconstitution Buffer. 

2. Dissolve the Compatibility Reagent in the Working Reconstitution Buffer. (1 tube of 

reagent in 100 µl Reconstitution Buffer) 

3. Prepare the BCA standard samples and diluted unknown protein samples as described 

in Appendix V. 
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4. In a 96-well microplate with round bottom, each well is loaded with 9 µl of a BCA 

standard sample or a diluted unknown sample mixed with 4 µl of the Compatibility 

Reagent Solution. For more accuracy, load each sample in duplicate or triplicate. 

5. Incubate the microplate in the 37 °C incubator for 15 min. 

6. Then load 260 µl of the mix solutions of Reagent A and B (50:1 ratio) from the BCA 

kit in each well. 

7. Incubate the samples in the 37 °C incubator for 30 min. Cool down at room temperature 

for 5 min. 

8. Read samples in a Perkin Elmer plate reader and measure absorbance at 562 nm. 

9. Use the absorbance to extrapolate the protein concentration of the sample from the 

standard curve. 
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APPENDIX VII 

Western Blot Analysis 

I. Stock solutions and buffers 

1. Gel casting recipe 

For 2 resolving gels: 

Reagent 8% 10% 12% 14% 16% 18% 
ddH2O 9.4 ml 7.9ml 6.6 ml 5.4 ml 4.2 ml 2.8 ml 
1.5 M Tris-HCl pH 8.8 5 ml 5 ml 5 ml 5 ml 5 ml 5 ml 
10% SDS 200 µl 200 µl 200 µl 200 µl 200 µl 200 µl 
30% Bis Acrylamide 5.4 ml 6.7 ml 8.0 ml 9.4 ml 10.6 ml 12.0 ml 
10% APS 100 µl 200 µl 200 µl 100 µl 100 µl 100 µl 
TEMED 10 µl 8.5 µl 8.5 µl 10 µl 10 µl 10 µl 
2,2,2-Trichloroethanol 100 µl 100 µl 100 µl 100 µl 100 µl 100 µl 

For 2 stacking gels: 

Reagent 
ddH2O 5.5 ml 
1 M Tris-HCl pH 6.8 1 ml 
10% SDS 80 µl 
30% Bis Acrylamide 1.3 ml 
10% APS 80 µl 
TEMED 8.3 µl 

2. 10X TBS (Tris-Buffered Saline): 

24 g Tris base 

88 g NaCl 

Adjust pH to 7.6 with HCl, add ddH2O to bring the final volume to 1 L 

3. TBST (per liter): 
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100 ml 10X TBS 

900 ml ddH2O 

2 ml Tween 20 (detergent) 

4. 10X Transfer Buffer (per liter) 

30.3 g Tris base 

144 g Glycine 

5. 1X Running Buffer 

100 ml 10X Transfer Buffer 

900 ml ddH2O 

10 ml of 10% SDS 

6. 1X Transfer Buffer (Keep chilled) 

100 ml 10X Transfer Buffer 

200 ml Methanol 

700 ml ddH2O 

7. Blocking Buffers 

2% BSA: 2 g BSA in 100 ml TBST, or 

2% ECLTM advanced blocking agents (Cat#RPN418, Cytiva, Marlborough, MA): 2 g 

agent in 100 ml TBST 

II. Western blot procedure 

Gel making and running: 
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1. Set up the casting frame with a short place, spacer plate, and combs to make the appropriate 

percentage of gel (low percentage for high molecular weight proteins and high percentage 

of gel for low molecular weight proteins). 

2. Load the revolving gel solution in-between the plates up to 3-5 mm below where the tip of 

comb teeth would be. Allow gel to polymerize at room temperature.  

3. Prepare and load the stacking gel solution on top of the revolving gel with an appropriately 

sized comb between the glass plates. 

4. After the gel is settled, remove the gel cassette sandwich from the casting stand and place 

it in the clamping frame of the running tank, with the short plate facing the inside. Fill the 

inside of the plates and some outside with 1X Running Buffer. 

5. Start to boil the protein samples in the 95 °C water bath for 5 min, and then spin down. 

6. Remove combs from the gel. Load the first outside well with the ladders, Precision Plus 

Protein dual color standards (Cat#1610374, Bio-Rad, Hercules, CA) and load the 

remaining wells with the protein samples. 

7. Plug in the color-coded leads into the power supply and run the gels for the appropriate 

amount of time at 100 V. 

Protein transfer from gel to membrane: 

8. Prepare PVDF membrane and filter paper to the size of the gel. Soak the membrane in 

methanol for 5 min, followed by soaking the membrane, filter paper, and filter pads in the 

transfer buffer. 

9. After gel running is done, remove the gel from the plates by carefully taking off the short 

plate and cutting along the edges of the gel, and rinsing the gel with water. 
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10. Stain-free technology was then used to take a protein image of the gel. Activate the gel by 

exposure to UV light for 45 sec and visualize the total protein loading in the ChemiDocTM 

MP imaging system (Bio-Rad, Hercules, CA). 

11. Arrange the sandwich from bottom to top; lay the black side, filter-pad, filter paper, gel, 

membrane, filter-paper, filter-pad, and clear side, and roll out any bubbles with a pipet or 

a roller over the filter paper. 

12. Place the sandwich casting in the transfer cassette with the gel facing black (-) and 

membrane facing red (+). 

13. Slide the cassette into the transfer box, add an ice pack, and put them in an ice-filled tub. 

14. Fill the transfer tank with 1X Transfer Buffer. Run at constant 250 mA for 140 minutes or 

constant 40 mA overnight. 

15. Disconnect the leads from the power source and remove the membrane while keeping the 

membrane protein side up. Alternatively, use the ChemiDocTM MP imaging system to take 

stain-free blot images for total protein. 

Immunoblotting: 

16. Rinse the membrane once in TBS for 5 minutes and twice in TBST for 5 minutes each, 

followed by blocking with gentle rocking at room temperature in an appropriate blocking 

buffer for 1 hr. 

17. Incubate the membrane with the primary antibody at a proper dilution in the appropriate 

blocking buffer overnight with gentle rocking. 

18. Wash the membrane at least three times in TBST for 5 minutes each. 

19. Incubate the membrane with the secondary antibody (1:10,000 dilution in the blocking 

buffer) at room temperature for 1 hr. 
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20. Wash the membrane at least three times in TBST for 5 minutes each. 

21. Mix solution A and solution B of the ECL chemiluminescent reagents, SuperSignalTM West 

Pico PLUS Chemiluminescent Substrate (Catalog#34578, ThermoFisher Scientific, 

Waltham, MA) at 1:1 ratio. Make volume enough to cover the blot. 

22. Place the PVDF membrane face up on a clean glass plate inside the ChemiDocTM MP 

imaging system and cover it with ECL mixtures. Set up the imaging system appropriately 

to expose the blot. 

23. Utilize Image lab 6.0 to perform densitometry and quantification of the Western blot. 
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APPENDIX VIII 

Proteasome Peptidase Activity Assays 

I. Stock solutions: 

1. Stock Protein Extraction Buffer (store at 4 °C) 

50 mM Tris-HCl pH 7.5  

250 mM       Sucrose 

5 mM MgCl2 

0.5 mM EDTA 

*1 mM DTT 

*0.025% Digitonin 

*1x complete protease and phosphatase inhibitor cocktail 

*Add Fresh before use in collecting samples 

2. Stock Proteasome Assay Buffer (store at 4 °C) 

50 mM Tris-HCl pH 7.5 

40 mM KCl 

5 mM MgCl2 

*1 mM DTT 

*0.5 mg/ml   BSA 

*Add Fresh 

3. Other stock solutions (stored in -20 °C): 

• 1 M DTT in water 

• 5% digitonin in DMSO 

• 500 mM ATP in Tris-HCl pH 8.8 
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• 50 mg/ml BSA in water 

• Stock Solutions of substrates in DMSO 

For chymotrypsin-like activity: 1.8 mM Suc-LLVY-AMC (Cat#10008119, Cayman 

Chemical, Ann Arbor, MI) 

For caspase-like activity: 4 mM Z-LLE-AMC (Cat#10008117, Cayman Chemical, Ann 

Arbor, MI) 

For trypsin-like activity: 5 mM z-VGR-AMC (Cat#BML-BW9375, Enzo Life Sciences, 

Farmingdale, NY) 

• Proteasome Inhibitors: 

1 M BZM (Cat#B-1408, LC Laboratories, Woburn, MA) 

1 mM epoxomicin (Cat#A2606, APExBIO, Houston, TX) 

II. Protein preparation 

1. Make complete protein extraction buffer on ice. 

2. Collect cultured cells or ventricular tissue as described in Appendix V, with a replacement 

of 1x sampling buffer by the complete Protein Extraction Buffer. 

3. Homogenization: Extensively vortex the mixture of extraction buffer and cells; or pulverize 

the mixture of extraction buffer and tissue with a pellet pestle. 

4. Centrifuge at 6800 x g for 10 min at 4 °C. Collect the supernatant. 

5. Determine the protein concentration with BCA reagents. 

III.Procedure for proteasome peptidase activity assays 

1. Make complete Proteasome Assay Buffer and place it on ice. 
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2. Make a master mix containing complete Proteasome Assay Buffer with ATP and/or a 

proteasome inhibitor at appropriate concentrations: 

• For chymotrypsin-like activity: 0.2 mM ATP; 0.28 µM BZM 

• For caspase-like activity: 0.4 mM ATP; 0.28 µM BZM 

• For trypsin-like activity: 0.4 mM ATP; 5 µM epoxomicin 

3. Prepare a black 96-well microplate (Cat#655076, Greiner Bio-One, Germany). 

4. Load each well with 5 µg sample from cells (or 10 µg from tissue) adjusted in 200 µl master 

mix with or without a proteasome inhibitor. Samples are loaded in duplicate. 

5. Cover the microplate and incubate it for 30 min at 37°C. 

6. Set the plate reader’s temperature to 37°C. 

7. After incubation, add 2 µl substrate specific for desired peptidase activity type to each well. 

8. Read samples in a Perkin Elmer plate reader at desired time points. 

• Excitation wavelength -380 nm 

• Emission wavelength -460 nm 

9. Subtract sample readings from the blank reading and normalize to proteasome inhibition 

to determine relative activity specific to the proteasome. 

10. Average the measurements from the duplicate and integrate the activity at all time points 

to draw a reaction time-course curve. The slope of the log phase of the reaction curve 

indicates the corresponding proteasome activity. 
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APPENDIX IX 

RNA Isolation, Reverse Transcriptase PCR, and Real-time qPCR 

I. Isolation of RNA from myocardial tissue 

1. Homogenize tissue samples (perform on ice) in pre-cooled TRI Reagent® (Cat#TR 118, 

Molecular Research Center Inc., Cincinnati, OH) using a Bullet Blender homogenizer 

(Cat#NA-BT5E, Stellar Scientific, Baltimore, MD). Use 1 ml of reagent for 50-100 mg of 

tissue. If RNA isolation is not carried out immediately after tissue collection, store the tissue 

sample in 1 ml of RNAlaterTM Soln. (Ca#AM7024, Invitrogen, Waltham, MA) at 4 °C for 

up to a week. 

2. Allow complete dissociation of nucleoprotein complexes by storing the homogenate in 

room temperature for 5 min. 

3. Transfer the homogenate into a microcentrifuge tube and add 200 µl pre-cooled chloroform 

to the homogenate for every 1 ml of TRI reagent that was used in the beginning. Cap the 

tube tightly and shake vigorously for 15 sec. Stand at room temperature for 5 min, until the 

supernatant appears clear. 

4. Centrifuge at 12,000 x g at 4 °C for 15 min. 

5. Prepare new microcentrifuge tubes. Add 400 µl (per 1 ml TRI reagent) pre-cooled 

isopropanol in each tube. 

6. Carefully transfer the clear uppermost aqueous phase into the isopropanol-containing tubes. 

Rotate to precipitate RNA from the aqueous phase by mixing with isopropanol. Stand for 

10 min at room temperature. 

7. Centrifuge at 12,000 x g at 4 °C for 10 min. 
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8. Discard the supernatant and wash the RNA pellet with 1 ml of 75% ethanol [in DEPC-

treated water (Cat#BP561-1, Fisher Scientific, Waltham, MA)]. 

9. Sit for 5 min and centrifuge at 7,500 x g at 4 °C for 5 min. 

10. Discard the supernatant and air dry the pellet for 3-5 minutes. 

11. Store the RNA pellets in DEPC-treated water at -80 °C until further use. 

II. Reverse Transcriptase-PCR (RT-PCR) 

1. Determine the RNA concentrations with a NanoDrop 2000 UV Spectrophotometer 

(Thermo Scientific, Waltham, MA). 

2. Dilute RNA samples with DEPC-treated water to make equal concentration of each sample 

(500-1000 ng RNA per 10 µl sample). 

3. A High Capacity cDNA Reverse Transcription Kit (Cat#4368814, Applied Biosystems, 

Waltham, MA) is used to generate cDNA. Mix and briefly centrifuge each component 

before use. 

4. Make RT-PCR master mix. For each sample, add the following components in each new 

PCR tubes: 

Component Amount 
10x RT Buffer 2 µl 
25x DNTP 0.8 µl 
10x RT Random Primer 2 µl 
Reverse Transcriptase 1 µl 
DEPC-treated water 4.2 µl 
RNA sample 10 µl 
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5. Mix gently and collect by brief centrifugation. Incubate in the Techne 5PRIMEG/02 

Thermal Cycler using the following program: 

a. 25 °C for 10 min 

b. 37 °C for 120 min 

c. 85 °C for 5 min 

6. Collect the mixture by brief centrifugation. 

7. The cDNA synthesis reaction can be stored at -80 °C or used for further experiments. 

III.Quantitative real-time PCR (qPCR) 

1. PowerUpTM SYBRTM Green Master Mix (Cat#A25742, Applied Biosystems, Waltham, 

MA) is used for qPCR analysis. The entire procedure must be conducted on ice. 

2. Thaw the Master Mix, cDNA samples, and primers on ice. Dilute the samples 1:10 in 

DEPC-treated water. 

3. For each sample, mix well the following components in each well of a MicroAmp® Fast 

96-Well Reaction Plate (Cat#4346907, Applied biosystems, Waltham, MA): 

Component Amount 
SYBRTM Green Master Mix 10 µl 
Forward Primer 0.4 µl 
Reverse Primer 0.4 µl 
DEPC-treated water 7.2 µl 
Diluted cDNA sample 2 µl 

4. Seal the microplate with an adhesive film. 

5. Incubate in the StepOnePlus Real-Time PCR system (Applied Biosystems, Waltham, MA) 

with the following profile: 
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a. 50 °C for 2 min 

b. 95 °C for 10 min 

c. 40 cycles of: 

95 °C for 15 sec 

60 °C for 60 sec 

6. All reactions for reference (GAPDH) and target genes are in duplicate and the average 

value was used for subsequent quantification. 

7. The 2-ΔΔCt method using GAPDH as the normalization gene is used to calculate the relative 

expression of target genes. 
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APPENDIX X 

Immunofluorescence Staining 

Sample Fixation 

1. Remove the heart, wash in PBS, and place the tissue in the 4% paraformaldehyde for at 

least 12 hours. 

2. Equilibrate the tissue in a gradual increment of sucrose (by varying mixtures of 10% and 

30% sucrose). 

3. Embed the heart tissues in the Tissue-Tek O.C.T in a Cryomold. Place the mold on top of 

the aluminum plate on the dry ice-methanol bath for rapid freezing and wait until the OCT 

is completely frozen. 

4. Cut the frozen tissue block with a -20 °C cryostat. Place the 7-μm thick sections on charged 

glass slides for further use. Otherwise store the tissue block at -80 °C for future use. 

Immunostaining for fixed cryosections 

1. Permeabilize the cryosections with 0.1% Triton X-100 in PBS for 15 min at room 

temperature. 

2. Quench the cryosections with 1% glycine in PBS for 1 hr. Wash 3 times with PBS. 

3. Block the cryosections with 2% BSA in PBS for 1 hr. 

4. Incubate the cryosections with primary antibody at proper dilution in 2% BSA at 4 °C in a 

moist chamber overnight. 

5. Wash at least three times with PBS to remove any unbound primary antibody. 

6. Add a secondary antibody (in 2% BSA) and incubate in a moist chamber for 1 hr at room 

temperature. Then wash at least 3 times in PBS. 
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7. Mount the cryosections with DAPI. Seal the edges of the coverslip with nail polish and 

store them in the -20 °C freezer until ready to take the image. 

Solutions 

1. 4% Paraformaldehyde (PFA) 

1) Heat a volume of ddH2O approximately 2/3 of the final desired volume to 60 °C. 

2) For 100 ml final volume, weigh 4 g of PFA powder (Cat#41678-0010, Thermo 

Scientific, Waltham, MA). 

3) Add PFA powder to ddH2O. Cover and stir with a magnetic stirrer at 60 °C. 

4) Add 1 drop of 2N NaOH (1 drop per 100 ml). Wait until the solution become almost 

clear. Do not heat the solution above 70 °C, otherwise PFA will break down. 

5) While waiting, make 10X PBS: 0.96 g 1X PBS powder + 10 ml ddH2O. 

6) Remove from heat and add 10 ml (1/10 of final volume) 10X PBS. 

7) Adjust pH to 7.2 with HCl. Add ddH2O to final volume. 

8) Filter and cool down to 4 °C before use. Cover with foil to protect from light. 

2. Sucrose 

10%: 10 g Sucrose in 100 ml PBS 

30%: 30 g Sucrose in 100 ml PBS 

3. 1% Glycine: 1 g Glycine in 100 ml PBS 

4. 0.1% Triton X-100: 100 µl Triton X-100 + 100 ml PBS 

5. 2% BSA: 2 g BSA in 100 ml PBS 
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APPENDIX XI 

Native Gel Electrophoresis Followed by Immunoblotting 

I. Stock solutions and buffers 

1. 1 M Tris, pH 7.5: 

Dissolve 121.14g Tris base into 900 ml ddH2O. Adjust pH to pH 7.5 with HCl. Add ddH2O 

to 1 L and autoclave. Can be stored at room temperature indefinitely. 

2. 2 M NaCl: 

Dissolve 116.88 g NaCl into 1 L ddH2O. Can be stored at room temperature indefinitely. 

3. 1 M MgCl2: 

Dissolve 95.21 g MgCl2 into 1 L ddH2O. Can be stored at 4 °C indefinitely. 

4. 500 mM ATP in Tris, pH 7.0 25 ml 

ATP, disodium salt trihydrate  7.566 g 

2 M Tris base                                         15 ml 

Dissolve ATP as much as possible in 15 ml of Tris base. Continue to add Tris base dropwise 

while stirring until ATP is completely dissolved. Determine the pH and adjust to 7.0 with 

additional Tris base or HCl until pH = 7.0. Bring the final volume to 25 ml using ddH2O. 

Make aliquots and store them at -80 °C. 

5. Protein Extraction Buffer: make freshly on the day of use. 

50 mM      Tris-HCl pH 7.5            

250 mM      Sucrose 

5 mM      MgCl2 

1 mM ATP 

1 mM      DTT 
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1x Protease and Phosphatase Inhibitor Cocktail 

6. 4X Native Gel Loading Buffer: can be stored at room temperature indefinitely. 

200 mM      Tris-HCl pH 6.8            

60% (v/v)      Glycerol 

0.05% (w/v)  Bromophenol blue 

7. 4X Separating Gel Buffer (TBE): can be stored at room temperature indefinitely. 

360 mM      Tris pH 8.3            

320 mM      Boric acid                              

* 0.4 mM      EDTA 

* Add freshly on the day of use 

8. 10X MAD: make freshly on the day of use. 

50 mM      MgCl2 

10 mM      ATP 

10 mM      DTT 

9. Electrophoresis Buffer: 1X TBE + 1X MAD + ddH2O 

10. Blotting Buffer: can be stored at room temperature indefinitely 

25 mM      Tris base 

192 mM      Glycine 

20% Methanol 

0.1% SDS 
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11. Native gel casting recipe 

For 1 Separating gel (4%): 

Reagent 
4X TBE 3.75 ml 
30% Bis Acrylamide 2 ml 
10% Sucrose 3.75 
10X MAD 1.5 ml 
ddH2O 4 ml 
10% APS 50 μl 
TEMED 10 μl 
2,2,2-Trichloroethanol 50 μl 

For 3 Stacking gels (2.5%): 

Reagent 
1 M Tris-HCl pH 6.8 500 μl 
30% Bis Acrylamide 830 μl 
ddH2O 8.7 ml 
500 mM ATP pH 7.0 20 μl 
10% APS 50 μl 
TEMED 10 μl 

1) Set up the gel casting system. 

2) Make separating gels. Mix well and fill in the solution to the glass plates. Carefully 

overlap it with ddH2O. 

3) Let the gel polymerize for at least 45 min. 

4) Make stacking gels. 
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5) Pour off the water over layering the gel, rinse with water, dry it, and fill in the stacking 

gel solution up to the top of the glass plates. Insert the well forming comb between the 

glass plates. 

6) Let the stacking gel polymerize for at least 30 min. 

7) Remove the comb and fill the slots with Electrophoresis Buffer. 

II. Procedure for Native gel electrophoresis 

1. Crush the myocardial tissue into powder. 

2. Pulverize the mixture of Native Protein Extraction Buffer and tissue with a pellet pestle. 

Incubate the homogenates on ice for 30 min. 

3. Centrifuge at 15,000 x g for 30 min at 4 °C. Collect the supernatant. 

4. Determine protein concentration with BCA reagents. Dilute the samples to comparable 

concentration with the Protein Extraction Buffer and then add 4X Native Gel Loading 

Buffer. 

5. Load the samples on the gel, connect the power supply to the gel apparatus and run the 

electrophoresis at 4 °C at a constant voltage of 100 V for 4-4.5 hr. 

6. Remove the gel from the glass. Soak the entire gel in the Blotting Buffer for 10 min before 

transfer. 

7. The protein is transferred to a PVDF membrane at a constant 250 mA for 90 min, or 

constant 40 mA overnight. The subsequent procedures are the same as in Western blot, as 

described in Appendix VII. 
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APPENDIX XII 

Transthoracic Echocardiography 

1. After weighing the mouse, place and anesthetize the mouse in an induction chamber for 

approximately 1 min until the sedation (under 4.0% isoflurane). 

2. Place the mouse on a warm pad in the supine position and maintain the body temperature 

around 37 °C. Remove hair from the mouse’s chest using hair removal cream. Wipe the area 

with wet gauze to ensure all hair is removed. 

3. Keep the mouse under light anesthesia with isoflurane (1-1.5%) in room air supplemented with 

100% oxygen through a nose cone. Limbs are taped to the ECG leads for ECG monitoring. 

Heart rates are maintained at 400-500 beats per minute (maintain anesthesia for proper heart 

rate). 

4. Place an ample amount of warmed ultrasound gen on the shaved chest. 

5. Lower the probe (40-MHz) to the gel until it makes contact, and make sure all areas of the 

probe are covered with gel and the image is free of bubble interference. 

6. Place the probe along the long-axis of LV and record a video image of the heart in the long-

axis in B-mode. Ensure that the heart is level from the aortic inflow to the apex and that the 

probe is adjusted to mid-heart. Drop an M-mode line, transition the computer to M-mode, and 

record an M-mode video at mid heart. 

7. Rotate the probe clockwise to 90° and record a video of the LV short-axis view in B-mode. 

When in B-mode, optimize the cardiac image for wall clarity and the presence of papillary 

muscle. 

8. Once the imaging is complete, remove the residual ultrasound gel on the chest, and return the 

mouse to the cage for recovery. 
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9. After collection, videos are reviewed and measured using Vevo LAB software at an offline 

location. 

10. Short-axis videos are reviewed and analyzed using the LV-Trace function. LV endocardium 

borders are traced manually and the measurements are averaged over a minimum of 3 cardiac 

cycles. Further, heart rate is also manually measured to confirm the accuracy of ECG heart 

rate. 

11. Use Vevo LAB software 5.6.0 to measure LV internal diameters (LVID;d and LVID;s) and 

posterior wall thicknesses (LVPW;d and LVPW;s). Utilize the algorithm developed in Vevo 

LAB software 5.6.0 to calculate the parameters such as: heart rate (HR), LV volume (LVEDV 

and LVESV), ejection fraction (EF), fractional shortening (FS), stroke volume (SV), cardiac 

output (CO), and estimated LV mass. 
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APPENDIX XIII 

Source of Chemicals, Reagents and Kits 

Description Source Catalog # 
Forskolin LC Laboratories F-9929 
Piclamilast Tocris 4525 
H89 LC Laboratories H-5239 
Bortezomib LC Laboratories B-1408 
Epoxomicin APExBIO A2606 
Suc-LLVY-AMC Cayman Chemical 10008119 
Z-LLE-AMC Cayman Chemical 10008117 
Bz-VGR-AMC Enzo Life Sciences BML-BW9375 
Proteasome and phosphatase inhibitor 
cocktail Hello Bio Inc. HB9105 

DreamTaq DNA Polymerase; 
10X DreamTaq Buffer (includes 20 mM 
MgCl2) 

Thermo Fisher Scientific EP0705 

PierceTM bicinchoninic acid (BCA) protein 
assay reagents Thermo Fisher Scientific 23225 

Reducing agent-compatible BCA protein 
assay kit Thermo Fisher Scientific 23252 

30% Bis Acrylamide BioRad 1610158 
2,2,2-Trichloroethanol ACROS ORGANICS 115-20-8 

Precision Plus Protein dual color standards Biorad 1610374 

ECLTM advanced blocking agents Cytiva RPN418 
SuperSignalTM West Pico PLUS 
Chemiluminescent Substrate Thermo Fisher Scientific 34578 

Cellutron Neomyocytes Isolation System Cellutron Life Technology nc-6031 

Antibiotic Antimycotic Solution. 100X CORNING 30-004-CI 
RNAlaterTM Soln. Invitrogen AM7024 

TRI Reagent® Molecular Research Center 
Inc. TR 118 

DEPC-treated water fisher scientific BP561-1 
High Capacity cDNA Reverse Transcription 
Kit Applied Biosystems 4368814 
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PowerUpTM SYBRTM Green Master Mix Applied Biosystems A25742 
Trypsin-EDTA CORNING 25-053-CI 
Dulbecco’s modified Eagle medium 
(DMEM) Cytiva SH30243.02 
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