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ABSTRACT OF THE DISSERTATION 

CRYAB Phosphorylation Induces a Condensatopathy to Worsen Post-Myocardial Infarction 
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by 
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Professor Abhinav Diwan, Advisor 

 

 

Rare genetic mutations in proteins expressed in cardiomyocytes lead to proteotoxic 

cardiomyopathies which are characterized by widespread protein-aggregate pathology. However, 

the mechanistic link between proteotoxicity and protein-aggregates in the more common 

ischemic cardiomyopathy remains unclear. Our study revealed the mis-localization of desmin, 

actin, and α-actinin to protein-aggregates in the myocardium of patients with ischemic 

cardiomyopathy and in mice hearts undergoing post-myocardial infarction ventricular 

remodeling. These findings mimic observations in autosomal-dominant cardiomyopathy 

resulting from the R120G mutation in the chaperone protein CRYAB where desmin is mis-

localized into the aggregates. Importantly, we observed increased phosphorylation of CRYAB at 

serine-59 (pS59CRYAB) and its accumulation in the NP40-insoluble aggregate-rich fraction. 

Further investigation showed that CRYAB undergoes phase separation, and mimicking 

phosphorylation at serine-59 with an aspartate substitution reduced the fluidity of CRYAB 

condensates, promoting protein-aggregate formation and increased cell death. Conversely, 
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substituting serine-59 with alanine, by preventing phosphorylation, restored the fluidity of 

CRYAB condensates and reduced protein aggregation. Moreover, introducing a phospho-

deficient S59A mutation, but not the phospho-mimetic S59D mutation, at the CRYAB locus in 

mice rescued adverse left ventricular remodeling after ischemia reperfusion injury. Treatment 

with 25-Hydroxycholesterol attenuated serine-59 phosphorylation, increasing the fluidity of 

R120G-CRYAB condensates, and ameliorating post-myocardial infarction cardiac dysfunction. 

Experimental interventions aimed at preventing aggregate formation or promoting 

disaggregation exacerbated post-myocardial infarction cardiomyopathy, highlighting the 

importance of pS59CRYAB sequestration in aggregates to attenuate disease progression. These 

findings suggest that modulating CRYAB phase separation could offer a promising approach to 

mitigating ischemic cardiomyopathy. 
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Chapter 1: Introduction 

1.1 Membrane-less compartmentalization in cells 

Eukaryotic cells contain membrane-bound compartments or organelles so that specific 

biochemical reactions and metabolism can occur in a specified and controlled manner1. 

Lysosomes2, endosomes3, endoplasmic reticulum4, Golgi5, and Mitochondria6 are some of the  

membrane-bound organelles. For example: lysosomes are membrane-enclosed organelles 

harboring hydrolytic enzymes that can degrade nucleic acids, proteins, carbohydrates, and lipids2 

and they are crucial in protein quality control. Mitochondria are crucial in multiple biological 

functions such as ATP production, regulation of intracellular communication, apoptotic cell 

death regulation, production and scavenging of reactive oxygen species 6. Exchange of signaling 

molecules or materials between the membrane-bound organelles and the environment 

surrounding them includes various cellular activities such as transport facilitated by 

transmembrane proteins, diffusion, vesicle trafficking etc1. Interestingly, in addition to the 

membrane-bound compartments, presence of membrane-less organelles or compartments or 

condensates in the eukaryotic cells are also observed1. One of the earliest examples of 

membrane-less compartment discovery was done by Ramon y Cajal at the beginning of the 20th 

century7. Since then, different types of membrane-less compartments  such as stress granules, 

nuclear stress bodies, nuclear speckles, nucleolus, etc. have been characterized8. Membrane-less 

compartments are typically within 0.2–2 μm in size, comprised of different shapes, and can 

contain  both nucleic acids and proteins1. Interestingly, membrane-less compartments behave 

similar to liquid droplets when biophysical properties are considered9.  Like membrane-bound 

organelles, membrane-less organelles are also functional compartments. Cellular functions such 
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as cell division10, cell adhesion11, autophagy12, endocytosis13, mRNA splicing14, DNA repair15, 

innate and adaptive immune signaling16,17 have been implicated in membrane-less compartments 

similar to membrane bound compartments. In summary, biomolecular condensates regulate both 

cellular structure and biochemistry18. However, owing to the liquid-droplet-like nature of 

biomolecular condensates, they can be dynamic, short-lived, and might form in a contextual-

based manner. One of the examples is stress granules which are formed when cells are required 

to deal with stress8. They are 0.1-2 m in size, localize in the cytoplasm, and function in RNA 

storage, decay, and translation.  

In addition to having physiological functions in the cells, membrane-less compartments are 

also associated with disease states19. Physiological condensates transform into pathological 

condensates by several mechanisms such as disruption, dissolution, or alteration18. Interestingly, 

de-novo pathological condensates can also form by aberrant signaling. For example, altered 

expression of ribosomal proteins in nucleolus was observed in cancer19. Another example is the 

formation of FUS CHOP by aberrant transcriptional activity20. FUS CHOP is the fusion 

oncoprotein in Myxoid Sarcoma20. Studies have shown that knockdown of FUS CHOP can show 

therapeutic benefit21. Condensates are observed to have pathological effects by forming protein 

aggregates or misfolded peptide complexes22. Protein aggregates are less dynamic or exist in 

solid-like state that may include the transition from a liquid-like state22. Protein aggregates show 

a loss of physiological protein function, and the transition into aggregate-like condensate is 

irreversible in most cases22. Therefore, the intriguing combination of physiological functions and 

disease associations renders membrane-less compartments a compelling subject for study. 
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1.2 Factors that influence biomolecular condensate formation  

 It is known that the interaction between the participating constituents and their numbers 

both affect the formation of polymer structures,23 and these interactions apply to phase-separated 

condensates. Biomolecular condensates form when a homogenous mixture of a single phase 

separates into condensed and dilute phases24. Across the biological spectrum, liquid-like, solid-

like, or gel-like condensates can be formed from a one-phase regime in an increasing 

concentration or interaction strength-dependent manner24.  Both homotypic and heterotypic 

multivalent interactions have been observed in biomolecular condensate formation9. In cells, the 

interactions between protein-protein, RNA-protein, RNA-RNA, Protein-DNA, and DNA-DNA 

are observed to undergo phase separation18. The traditional concept of protein and its biological 

function asserts that proteins are a folded structure, and their native folded conformation is 

needed for the biological function. However, recent studies of a specific class of proteins known 

as intrinsically disordered proteins (IDPs) show that proteins may not always be folded in a 

physiologic state. IDPs are  made of intrinsically disordered regions (IDRs) which are disordered 

and cannot be fully folded or crystallized25. Interestingly, most proteins have both folded 

domains and IDRs (~58%)26. Fully folded proteins make up 1/3 of the total number of the 

proteins, and IDPs make up 5%. Phase separation is observed for the physiologic state27 in 

proteins that contain IDRs. According to several studies,  IDRs typically have repeated structural 

elements9, and the weaker but higher number of multivalent interactions within the repeated 

elements can form a membrane-less compartment26. This interesting phenomenon of multivalent 

interaction and the association of biomolecular condensates in both health and disease led to 

multiple studies on understanding the molecular grammar of condensate formation.  For 

example, a study done with Amyotrophic Lateral Sclerosis (ALS)-associated protein Fused in 
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Sarcoma (FUS) showed that FUS Prion-Like Domain (PLD) is mainly comprised of tyrosine 

residues. Condensate formation in PLD is driven by pi-pi interaction between tyrosine residues 

with a saturation concentration of 120 mM28. FUS full-length protein also has a number of 

positively charged amino acids, such as arginine in addition to the aromatic residues. The pi-

cation interaction formed between an aromatic and positively charged amino acid is stronger 

than the pi-pi interaction and thus the saturation concentration of FUS full-length protein is 60-

fold lower at 2 mM28. It is also observed that IDR mutations shift the phase separation threshold; 

these mutations are sometimes pathogenic26. Pathological states such as cancer29, 

neurodegeneration29, and viral infections30 are associated with abnormal condensate formation. 

The formation of abnormal condensates typically includes a concentration of the constituents 

above the threshold limit of physiologic state maintenance, known as saturation concentration. 

However, additional pieces of evidence show that extrinsic factors like oxidative stress can also 

drive abnormal protein condensate formation in the ALS-associated protein TDP-4331. In 

addition, mutations in patients and post-translational modifications such as phosphorylation can 

also drive the formation of pathologic amyloid-like or solid-like condensates from liquid 

condensates29. One such example is Alzheimer’s disease and Frontotemporal dementia-

associated protein tau where disease-associated mutations and phosphorylation both can lead to 

aberrant and pathogenic biomolecular condensate formation32,33. Another example is FUS 

protein for which aging, and disease-associated mutants influence the formation of abnormal 

solid-like pathological condensates34. An interplay between pathological condensates across 

multiple diseases is also observed. Alzheimer’s disease-associated tau and Parkinson’s disease-

associated Alpha-synuclein (α-syn) affect each other’s biophysical properties and contribute to a 

α-syn:tau synergistic pathology35. In conclusion, it is crucial to comprehend the mechanisms 
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underlying condensate formation in both physiological and pathological states and explore how 

this understanding can be leveraged for therapeutic purposes in disease. 

1.3 Chaperones assist in protein quality control likely by forming condensates 

Cardiomyocytes are unique cell types that are structural and functional units of the heart. 

They are crucial for maintaining a healthy physiological state because cardiomyocytes need to 

beat throughout the lifetime of an individual. Studies have shown that cardiac function declines 

with aging, and it is associated with a gradual decline of cardiomyocyte protein quality control 

(PQC). Both extrinsic and intrinsic factors such as oxidative stress, inflammation, metabolism, 

and post-translational modification have been implicated in cardiac aging36. Thus, maintaining 

PQC in cardiac myocytes is crucial. Cardiomyocytes are a huge structure with a network of 

sarcomeres, cytoskeletons, and various organelles. Most processes of the PQC are thought to 

occur in the perinuclear region in other cells. However, PQC occurring only in the perinuclear 

region is not ideal in a huge cell such as cardiomyocytes. This is because synthesis and 

degradation of proteins will become inefficient owing to distances between all sarcomeres and 

perinuclear region, particularly in acute stress. Thus, to explain PQC in cardiac myocytes, one 

study postulated that the protein synthesis, repair, and degradation mechanisms in the sarcomere 

require a functional compartmentalization by forming condensates right next to the sarcomere 

known as ‘Sarcostat’37. Chaperone proteins are a crucial part of quality control because they help 

other proteins to fold. In addition to that, chaperones help in protein stabilization, degradation, 

trafficking, and translocation. Typically, both mechanical and oxidative stresses are observed in 

heart during cardiac pathology with a change in internal pH38. This might provide the 

environment for proteins to fold improperly, and the gradual accumulation gives rise to protein 



6 

 

aggregates. Molecular chaperones such as Hsp70 or Hsp90 family and co-chaperones such as 

BAG-3 and CHIP are instrumental in preventing protein aggregation by providing the 

appropriate environment for proper protein folding in the heart38. Thus, cardiac chaperone 

proteins are important to study to gain a better understanding of their effect on cardiac myocytes 

and their quality control.  

Even though there are only about 180 chaperones in humans, they help to fold and quality 

control ~20,000 client proteins. Thus, the chaperone-client interaction is likely to be of a 

degenerate specificity. We speculate that the function of chaperones could be achieved by 

condensate formation because condensates have liquid-like properties, which gives them a 

flexible and dynamic nature. Chaperone proteins can interact with their client proteins to 

maintain protein homeostasis and avoid abnormal protein aggregation39. Studies have shown that 

small heat shock proteins Hsp27, Hsp40, and Hsp 70 can undergo phase separation showing 

liquid-like properties and helping proteins such as Fu sed in Sarcoma (FUS) to maintain their 

physiological state40-42. The chaperone protein HSPB8 can prevent aberrant phase transitions of 

FUS proteins by preventing hardening of FUS and by maintaining a dynamic liquid-like state43. 

These examples demonstrate that chaperone proteins could behave like biomolecular 

condensates and help client proteins maintain their native structure and functions. Thus, it would 

be interesting to see whether cardiac chaperone proteins can also undergo phase separation and 

how interaction with their client proteins lead to protein quality control in the heart.  

1.4 αB-crystallin is an important chaperone in sarcomeres 

αB-crystallin is one of the small heat shock proteins of 175 amino acids long44. It is a 

member of the alpha crystallin superfamily of chaperone proteins. As a chaperone, αB-crystallin 
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prevents irreversible aggregation of partially unfolded proteins. αB-crystallin is found mostly in 

eye lenses, but it takes part in many pathological conditions including cardiomyopathy, multi 

system neurological disorders and cataract formation45-49. The important functional domain of 

αB-crystallin is the α-crystallin domain (ACD). Chaperone function of αB-crystallin is mediated 

by the α-crystallin domain through its interaction with BAG3 and other small heat shock 

proteins50. Both D109 and R120 residues of ACD are crucial for the homodimerization and 

interestingly mutations in both residues induce the formation of protein aggregates47,51-53. Also, 

post-translational modification, specifically, phosphorylation, has been associated with 

influencing the activities of αB-crystallin54. There are three major serine phosphorylation sites of 

αB-crystallin-S19, S45, and S5954. S59 is most crucial for the function of αB-crystallin54 which 

is phosphorylated by p38 MAPK. Increased phosphorylation in αB-crystallin is observed in 

aging, stress, and disease55. Specifically, upon ischemic stress, CRYAB translocate from cytosol 

to myofibrils50. Phosphorylation in S59 residue 

destabilizes CRYAB because it induces the 

~24-32 mer wild-type state to form a 6-mer 

state causing increased partitioning in the 

insoluble fraction55. S59 phosphorylation 

causes CRYAB toxicity in breast cancer cells by 

downregulating its anti-apoptotic function56. A 

mutation from arginine to glycine at residue 120 has been associated with human 

cardiomyopathy, skeletal myopathy, and cataract formation51,52. Interestingly, we observed the 

abundance of phospho59-αB-crystallin is increased in the cardiomyopathy-associated R120G 

mutation in mice. Thus, studying how phosphorylation of the serine-59 residue of CRYAB can 

Figure 1.1. Domain structure of CRYAB.  
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be associated with modulating CRYAB function and its association in cardiomyopathy aren 

interesting topics to explore.  

1.5 Protein aggregation in cardiomyopathy  

Heart disease is the leading causes of death occurring at about 17.7 million people worldwide 

in 2015, representing 31% of all deaths globally57. Cardiomyopathy leads to heart failure58. In 

cardiomyopathy, the pumping function of the heart is impaired. Dilated cardiomyopathy is one 

of the most common cardiomyopathies where the heart chambers dilate causing wall thinning. 

As a consequence, the heart cannot pump efficiently, and the rest of the body does not get 

sufficient supply of blood for normal physiological function. Mutations in several proteins are 

associated in DCM, such as alpha myosin heavy chain (MYH6), alpha cardiac actin (ACTC1), 

cardiac troponin T (cTnT), titin, α-actinin 2 (ACTN2), αB-crystallin (CRYAB), desmin, 

phospholamban (PLN), RNA-binding protein 20 (RBM20), BCL2-associated athanogene 3, 

(BAG3), filamin C (FLNC) 59. Specifically, CRYAB, desmin, and PLN mutations  induce 

protein aggregate pathology in the heart, giving rise to abnormal protein quality control in 

cardiomyopathy60. The presence of protein aggregates in neurodegenerative diseases and cancer 

is widely studied, but its association with cardiovascular disease is now beginning to be 

understood. Atherosclerotic cardiovascular disease, cardiomyopathy, cardiac hypertrophy, and 

heart failure are associated with impaired protein quality control61. Thus, improving protein 

quality control and reducing aggregate pathology may be protective against cardiac diseases. 

Desmin is a known client protein of CRYAB. As a cardiac filament protein, desmin, is crucial to 

maintain the cardiac structure and function as it scaffolds sarcomere and mitochondria. CRYAB 

co-localizes with desmin in cultured myocytes and CRYAB prevents desmin aggregation by the 

interaction62. Interestingly, abnormal desmin function and mis-localization were observed in 
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patients with CRYAB R120G missense mutation 53, this abnormality can be recapitulated in 

mouse models52. Two separate studies showed that the removal of aggregates by intermittent 

fasting63 or exercise64 in mice rescued cardiomyopathy of CRYAB R120G missense mutation. 

These findings represent the importance of improving protein quality control in the heart by 

restoring or improving CRYAB function. As mutant CRYAB results in mis-localization of 

desmin, it is important to focus on whether the CRYAB interaction with desmin or other client 

proteins is crucial for maintaining structure and function in cardiomyocytes.  

 

1.6  In-vitro tools to perform protein-protein phase separation and 

observing the physical attributes of the protein of interest 

 In vitro tools for investigating protein-protein phase separation, both within cellular 

environments and utilizing purified proteins and markers, have undergone remarkable 

advancements, revolutionizing our understanding of this intricate biological phenomenon. These 

methodologies not only facilitate the understanding of the underlying mechanisms governing 

phase separation but also offer invaluable insights into its physiological and pathological 

implications. OptoDroplet, a technique utilizing light-induced protein clustering, has emerged as 

a powerful tool for precisely controlling and studying phase transitions within cellular 

compartments65. In this experimental technique, the light inducible protein CRY2 from 

Arabidopsis thaliana is fused with mCh as the marker the IDR of the protein of interest. If the 

IDR is able to phase separate, blue light induction causes conformational change in CRY2-IDR 

interaction and forming condensates65. Droplet microfluidics, another innovative approach, 

enables the manipulation and characterization of phase-separated biomolecular condensates 

under precisely controlled conditions, facilitating a deeper understanding of their assembly and 
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behavior66. Cryogenic electron microscopy (cryo-EM) and nuclear magnetic resonance (NMR) 

spectroscopy have significantly advanced our understanding of phase separation by providing 

high-resolution structural information on the molecular architecture and the interactions that 

drive condensate formation67,68. Isotope labeling combined with mass spectrometry-based 

proteomics has also been instrumental in elucidating the composition and dynamics of phase-

separated condensates, shedding light on their functional roles in cellular processes69. Moreover, 

computational modeling approaches, including molecular dynamics simulations and coarse-

grained modeling, provide complementary insights into the thermodynamics and kinetics of 

phase separation, aiding in the interpretation of experimental observations70,71. Integrating these 

diverse methodologies offers a comprehensive toolkit for unraveling the complexity of protein-

protein phase separation and its implications in health and disease. Fluorescence Recovery After 

Photobleaching (FRAP) is a valuable method for observing the dynamic behavior of protein-

protein phase separation in cells. FRAP involves selectively photobleaching a fluorescently 

labeled region within a cellular structure, such as a biomolecular condensate, followed by 

monitoring the recovery of fluorescence intensity over time as unbleached fluorescent molecules 

diffuse back into the bleached region. This technique provides insights into the mobility and 

exchange dynamics of proteins within phase-separated condensates, shedding light on their 

stability, kinetics, and interactions. FRAP has been extensively applied in studies investigating 

biomolecular condensates, including stress granules, P-bodies, and nucleoli, to elucidate their 

biophysical properties and regulatory mechanisms34,65,72. By employing FRAP, researchers can 

quantify parameters such as diffusion coefficients and turnover rates, enabling a comprehensive 

understanding of the dynamic behavior of phase-separated assemblies and their functional 

implications in cellular processes and disease pathology. 
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1.7 Closed-chest ischemia-reperfusion as a tool to mimic human ischemic 

cardiomyopathy in the mouse 

Two phenomena are important to study cardiomyopathy. Ischemia is the term where blood 

supply is obstructed, and O2 and nutrient delivery is hindered. Reperfusion is the state where 

blood supply is restored. Ischemia-reperfusion injury is observed in several pathological states 

such as stroke and heart failure. These conditions continue to pose significant challenges in 

cardiovascular diseases which are the leading causes of global death. When oxygen and nutrient 

supply is hindered, their low levels induce tissue injury and cell death. This is also known as 

myocardial infarction (MI). The severity of the injury is typically proportional to the duration of 

ischemia. Reperfusion is the primary treatment of restoring function, but additional damage is 

observed during reperfusion stage in the heart. Prolonged ischemia induces a decline in ATP 

levels and intracellular pH owing to anaerobic metabolism and lactate accumulation73. As a 

result, dysfunctional ATPase-dependent ion transport mechanisms contribute to calcium 

overload, leading to increased intracellular and mitochondrial calcium levels, cell swelling, 

rupture, and cell death through necrotic, necroptotic, apoptotic, and autophagic pathways73. 

Although reperfusion restores oxygen levels, it triggers a surge in reactive oxygen species which 

are harmful for cells. When occlusion of blood flow to the heart occurs by plaque rupture in an 

individual, the person is are treated by reperfusion and stabilization of atherosclerotic plaque 

which caused the occlusion. However, upon the ischemia-reperfusion injury, most patients 

experience molecular, cellular, and interstitial changes that causes difference in size, mass, 

geometry and function of the heart known as cardiac remodeling.  
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To study cardiac remodeling, several experimental techniques have been employed. The best 

experimental technique that mimics myocardial infarction and heart failure is closed-chest 

ischemia-reperfusion injury in mice. This is a modified version of open-chest ischemia-

reperfusion injury which are also used to mimic myocardial infarction. Open-chest ischemia-

reperfusion poses higher risk of inflammation by the immune cells at the site of injury which can 

affect the infarct size. Closed-chest ischemia-reperfusion technique is an advancement over 

open-chest-reperfusion technique where the left anterior descending coronary artery is tied for 

90-minutes causing ischemia, followed by 4-weeks of reperfusion74. After MI in the remote or 

uninjured portion of the heart, the heart undergoes cardiac remodeling and mimics 

cardiomyopathy in mice similar to humans75. Thus, studying the cellular changes occurring in 

cardiac myocytes after ischemia-reperfusion can give us a better understanding of how we can 

utilize the understanding to treat ischemic heart disease.  

1.8 CRISPR gene editing technology to generate knock-in mouse models  

CRISPR-Cas9 gene editing technology has revolutionized the generation of knock-in 

(KI) mouse models by adding unprecedented precision and efficiency. By harnessing the 

programmable nature of CRISPR-Cas9, researchers can introduce specific genetic modifications 

into the mouse genome, for example by using the Cas9 (CRISPR-associated) DNA endonuclease 

and a single guide RNA (sgRNA) to direct the introduction/deletion the new base at a selected 

site to precisely mimic human diseases or investigate gene function76. This approach has been 

extensively utilized in various fields of research, including neuroscience, oncology, 

developmental biology, and cardiology. In cardiology, CRISPR-mediated KI mouse models have 

been instrumental in elucidating the genetic basis of cardiovascular diseases and exploring 
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potential therapeutic targets. Studies have utilized CRISPR-Cas9 to engineer KI mouse models 

with mutations in genes encoding key cardiac proteins such as Titin and Mybpc3, implicated in 

dilated cardiomyopathy and familial hypertrophic cardiomyopathy, respectively77,78. Thus, 

CRISPR-Cas9-mediated generation of KI mouse models has emerged as a powerful tool for 

advancing our understanding of cardiovascular diseases and biological processes, with 

implications for the development of novel therapeutic interventions and precision medicine 

approaches. 

1.9 25-hydroxycholesterol as a pharmacological chaperone reducing 

pathological αB-crystallin aggregates 

25-hydroxycholesterol (25-HC) is a derivative of cholesterol that is obtained by enzyme 

catalyzed oxidation79. During the inflammatory responses, the generation of 25-

hydroxycholesterol (25-HC) is markedly elevated in macrophages, dendritic cells, and 

microglia80. Additionally, the production of 25-HC can be augmented in certain neurological 

disorders, including Alzheimer's disease, and amyotrophic lateral sclerosis80. Nevertheless, it 

remains uncertain whether 25-HC exacerbates these pathologies or possesses protective 

characteristics. Interestingly, 25-HC showed antiviral properties in multiple studies81,82. Other 

protective functions of 25-HC such as lipid metabolism and cell survival are also reported83. αB-

crystallin is mostly expressed in the heart and in the lens. When the soluble form of αB-crystallin 

becomes insoluble amyloid due to misfolding and aggregation, it forms cataracts in humans84. 

Interestingly, 25-HC has been found to act as a chaperone in solubilizing R120G mutation 

carrying αB-crystallin in mouse models of cataracts85. In in-vitro experiments, 25-HC improved 

the transparency of the lens following aggregation85. In-silico docking studies showed that 25-
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HC is able to bind native CRYAB in its native form binding in a groove via multiple hydrogen 

bonds. Thus, studying how 25-HC and CRYAB interact and understanding the interactions on a 

molecular level are important for using this compound in therapeutic modalities for CRYAB-

associated pathologies. 

1.10 p62- the crucial autophagy adaptor 

The term 'autophagy,' derived from the Greek meaning 'eating of self,'. It is the recycling 

mechanism of damaged organelles and proteins in our body86. Autophagy encompasses three 

distinct types: macro-autophagy, micro-autophagy, and chaperone-mediated autophagy86. All 

three types facilitate the proteolytic 

degradation of cytosolic components at 

the lysosome. In macro-autophagy, 

cytoplasmic cargo is delivered to the 

lysosome through the formation of a 

double membrane-bound vesicle known 

as an autophagosome. This autophagosome then fuses with the lysosome, forming an 

autolysosome86. The importance of autophagy becomes evident when considering its role in 

disease and aging. There is a growing body of evidence linking mutations or loss of function in 

key autophagy genes to conditions such as cancer, neuropathies, heart disease, autoimmune 

diseases, and other disorders. Understanding these connections provides valuable insights into 

the role of autophagy in maintaining cellular health and its impact on various pathological 

processes. One of the first selective autophagy receptors discovered is p62 or sequestosomes 

which are associated with the LIR (LC3 interacting region) domain that binds with LC3 (ATG8) 

Figure 1.2. Domain structure of p62.  
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receptors of the autophagy cargo87,88. Human p62 is 440 amino acids long and contains N-

terminal PB1 domain, zz domain, TRAF-6 binding domain (TB), Nuclear export signal (NES),  

nuclear localization signal (NLS), LC3 interacting region (LIR) and C-terminal ubiquitin 

associated domain (UBA) crucial for autophagy and then Keap-interacting region (KIR)89. The 

p62 binds to ubiquitinated proteins targeted for lysosomal degradation as well as to LC3-II. The 

p62 is ubiquitinylated at K7 by TRIM2190. Later, sequestosome (p62) like adaptors such as 

NBR1, NDP52, TAX1BP1, OPTN, BNIP3 were discovered. Those autophagy adaptors contain 

the LIR domains. LIR domains have a conserved sequence containing W/F/Y-xx-L/I/V which is 

crucial for the LIR-ATG8 interaction required for autophagy89. The p62 is required for the 

protein aggregate formation in macrophages and these aggregates sometime show an anti-

inflammatory role. The role of both p62 overexpression and deletion both have been studied in 

disease association. In Huntington’s disease, mutant huntingtin protein (htt) with expanded 

polyglutamine tracts have been found to have enhanced cytoplasmic inclusion when p62 is 

ablated91. The p62 ablation also enhances the pathology of Parkinson’s disease-associated Alpha-

synuclein protein by increasing the number of cytoplasmic inclusions92. Also, global knockout of 

p62 in mice showed abnormal metabolism at 34 weeks of age whereby the mouse develops 

obesity with insulin resistance and systemic inflammation. All these studies demonstrate the 

requirement of p62 to maintain protein quality control and metabolism. Interestingly, 

overexpression of p62 causes worsening outcome in diseases. As an example, p62 

overexpression in liver induces fatty liver in mice93. The p62 overexpression in ALS-disease 

associated SOD1H46R mutated mice models shows compromised protein degradation and 

accelerates disease onset94. However, p62 overexpression improves mitochondrial functions, 

improves spatial learning and long-term memory function in mice95.  Thus, p62 has contextual 
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based dual role in cell. However, as p62 is required for protein aggregate formation, targeting the 

ablation of p62 in the cardiac myocytes may give us a better understanding of how protein 

aggregates can be associated in ischemic heart disease and whether removal of protein 

aggregates could be an effective therapeutic strategy.  

1.11 Yeast protein Hsp104 as a disaggregate to reduce proteotoxic aggregates 

Amyloids are aggregates that are very stable and do not denature easily. Whereas 

amyloids may not always be fatal for an organism, their toxic effects often disrupt specific 

cellular functions. Consequently, it is anticipated that cell defense systems would be triggered in 

response to the accumulation of amyloids. Notably, the heat shock protein with a molecular mass 

of 104 kDa, Hsp104, has emerged as a pivotal player in induced thermotolerance in yeast. 

Thermotolerance refers to the ability of yeast cells to withstand severe heat shock exposure after 

undergoing pretreatment with mild heat shock96. In mutant yeast cells lacking Hsp104, the 

accumulation of protein aggregates occurs  at elevated temperatures96. This observation suggests 

that Hsp104 may counteract protein aggregation, demonstrating its role as a molecular 

chaperone. Thus, understanding Hsp104 structure and function may harness the disaggregase 

properties to remove aggregates in associated disease models. Hsp104 couples ATP hydrolysis to 

the dissolution of various polypeptides that are trapped in toxic pre-amyloid oligomers, phase-

transitioned gels, disordered aggregates, amyloids, and prions97,98. The interaction of the N-

terminal domain of Hsp104 with substrates plays a regulatory role in protein disaggregation99. 

Engineered Hsp104 was reported to disaggregate neurodegenerative diseases associated with 

protein aggregates such as alpha-synuclein, TDP-43 and FUS21,100,101. As Hsp104 is not a yeast 

protein, it needs to be expressed in a transgenic way in mice or other mammals. A crossbreeding 
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experiment involving hsp104 transgenic mice and mice expressing the first 171 residues of 

mutant huntingtin showed a reduction in aggregate formation and an extension of the lifespan of 

the Huntington's disease (HD) mice by 20%102. Whereas the xenogeneic expression of Hsp104 

significantly enhanced the viability of the neuronal mouse CAD cell line following exposure to 

heat shock, it proves inefficient in modulating the propagation of mammalian prions or 

mitigating neurodegeneration in the brains of scrapie-infected mice103. Thus, the gain-of-function 

of Hsp104 disaggregase may be harnessed to work on diverse proteotoxic aggregations and thus 

have tremendous therapeutic potential in cases where aggregates are directly related to 

pathology.  

1.12 Current knowledge gaps and hypothesis  

Protein aggregates that form self-assemblies serve context-dependent beneficial or harmful 

roles in prokaryotes, fungi, and invertebrates104,56. However, in human diseases and mammalian 

models, protein aggregates have been associated with ‘proteotoxicity’, the mechanism for which 

remains unexplored. In this thesis, I will study this knowledge gap in protein biology in a 

disease-relevant condition of cardiomyopathy. Cardiomyopathy is a condition where the heart 

muscle is unable to pump blood efficiently compared to healthy conditions. A rapidly fatal 

human cardiomyopathy that results from a genetic mutation (arginine to glycine residue mutation 

at position 120, R120G) in a muscle-enriched protein αB-crystallin, showed associated aggregate 

formation in mice model3.  Desmin, which is a client protein of CRYAB, is an intermediate 

filament protein that is crucial for maintaining the basic structure of sarcomere, the contractile 

unit of cardiac myocytes. Desmin is mis-localized when R120G is overexpressed in mice3. When 

lysosomal degradative function was improved, clearance of the aggregate was achieved and 
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desmin localization was restored3. In genetic mutations such as R120G and stress conditions 

such as ischemia-reperfusion (return of blood supply after a period of lack of oxygen), 

abundance of phosphorylated αB-crystallin (in serine at position 59) increases in the protein 

aggregate enriched fraction. Phosphorylation of αB-crystallin makes it more aggregate-prone 

than the physiological form. Thus, I propose to close this knowledge gap of how phosphorylation 

of CRYAB can modulate its function and affect post myocardial infarction cardiomyopathy.  

Furthermore, CRYAB is a chaperone protein that binds to multiple client proteins in the heart 

including desmin. As studies showed that chaperone proteins can reduce aggregation of 

abnormal protein condensates, it is unknown whether CRYAB can phase separate and reduce 

abnormal protein condensate formation of its client proteins. Also, phosphorylation in CRYAB is 

mediated by p38 MAPK upon ischemia, and it is unknown whether increased phosphorylation is 

also seen in more common ischemic cardiomyopathy like rare familial cardiomyopathy. I 

hypothesize that phosphorylation in CRYAB make it aggregate-prone and toxic to worsen post-

myocardial infarction cardiomyopathy. Utilizing a genetic approach, I plan to study phospho-

mimetic and deficient mutants of CRYAB using in-vitro and in-vivo approaches. An endogenous 

ligand of αB-crystallin (25-hydroxycholesterol, 25-HC) with anti-aggregation properties can be 

potentially used to reverse the protein aggregates. In-silico studies suggest that 25-HC binds 

CRYAB in its native form. Whether 25-HC is able to reduce CRYAB phosphorylation and can 

be used in therapeutic purposes similar to those that reduce cataract formation, is still unknown. 

As a pharmacological approach, I planned to use 25-HC and determine its effect in cardiac 

remodeling in ischemia reperfusion injury. 

The p62 is an adaptor protein crucial for the clearance of aggregates by autophagy. Both 

overexpression and deletion of p62 is associated with pathologic outcomes, and it is unclear what 
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would be the effect of ablating protein aggregates in the heart by cardiac-specific deletion of p62 

is unclear. 

 In parallel, the yeast disaggregase HSP104 overexpression removes protein aggregates in 

multiple pathologic models of neurodegenerative diseases showing protective effects but does 

not rescue prion protein pathogenesis in vivo models. Whether the overexpression of Hsp104 in 

the cardiac myocytes by targeting protein aggregates would have an effect in post-myocardial 

infarction, is still unknown. As an orthogonal approaches, I planned to use both of those 

strategies to determine how ablating or disaggregating protein aggregates will affect cardiac 

function after ischemia reperfusion injury. In this project, we tried to close these knowledge gaps 

with in in-vivo and in-vitro models to determine the role of CRYAB phosphorylation and protein 

aggregates in ischemic cardiomyopathy.  
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Chapter 2: CRYAB undergoes phase separation and stress-

induced phosphorylation at S59 alters phase separation 

properties. 

 

2.1  Introduction 

Chaperone proteins play a pivotal role not only in facilitating the folding of other proteins but 

also in various functions such as stabilization, degradation, trafficking, translocation, complex 

assembly, ligand binding, evolution, and post-translational modifications such as 

phosphorylation1. Approximately 180 chaperones are responsible for assisting in the folding and 

quality control of ~20,000 client proteins1. This suggest that the chaperone-client interaction may 

have a degenerate specificity. We have postulated the possibility of chaperones achieving these 

functions through the formation of condensates, inspired by the observation within cells of 

various phase-separated condensates that lack membranes yet serve specific cellular functions 

similar to membrane-bound organelles2. In the context of cardiomyocytes, which is the 

fundamental units of cardiac tissue, a balanced protein quality control is crucial owing to their 

continuous rhythmic contractions throughout an individual’s lifespan. In a huge structure such as 

cardiomyocyte, protein quality control is inefficient if it occurs only in perinuclear region. Thus, 

we speculate that perhaps, subcellular functions in cardiomyocytes need subcellular 

compartmentalization so that biochemical reactions can occur in an efficient manner.  

Consequently, our focus shifts towards condensates as potential facilitators of 

compartmentalization within cardiomyocytes. We previously introduced the concept of a 

'sarcostat,' suggesting that synthesis, repair, and degradation machinery operate proximally to the 

sarcomere3. Given the significance of the chaperone protein CRYAB in cardiac function, our 
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investigation initially centers on its phase separation properties. Whereas phase separation has 

been extensively studied in the context of protein aggregate formation in neurodegenerative 

diseases, its role in cardiac pathologies is emerging. Several factors influence phase separation 

across liquid-like or solid-like biomolecular condensates. Of them, mutations in patients and 

post-translational modifications such as phosphorylation are commonly found4. It has been 

observed that CRYAB phosphorylation is associated with autosomal dominant genetic human 

cardiomyopathy and forms protein aggregates in the mouse heart5. Thus, we aimed to elucidate 

whether phosphorylation impacts the aggregation and phase separation behavior of CRYAB. 

Studies suggest that proteins that are rich in positively charged and aromatic amino acids, with 

intrinsically disordered regions, exhibit multivalent interactions crucial for condensate 

formation6. Here, we examined the molecular grammar of CRYAB and evaluated the 

bioinformatics analysis of CRYAB phase separation propensity by using the program ParSe7. 

Subsequently, we engineered phospho-mimetic and deficient mutations of CRYAB and 

expressed them in HEK 293A cells to evaluate their effects on aggregation and toxicity. As we 

observed that hyperphosphorylation and protein aggregation formation are correlated in the 

CRYAB genetic human cardiomyopathy mutation, phase separation and FRAP analyses were 

then conducted to elucidate how phosphorylation influences the physical properties of CRYAB. 

2.2 Results  

2.2.1. Bioinformatics analysis show CRYAB has the molecular grammar to form 

condensates in physiological form 

CRYAB protein is 175 aa long and has three different domains8. We evaluated the 

molecular grammar of the CRYAB protein in all the domains and saw 29.14% (n=51) of 
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positively charged (n=33) and aromatic side chain containing (n=18) amino acids (Fig. 1.1 A). 

Studies have shown that higher number of positively charged and aromatic side chains of amino 

acids influences condensate formation for proteins that contain intrinsically disordered regions6. 

Thus, we performed the bioinformatics analysis ParSe7 and found that CRYAB could have 

intrinsically disordered regions (IDRs) in the 40-60 aa and then in 130-150aa range that might 

have the physical attributes to form condensates (Fig. 1.1 B). The IDR in the 40-60 aa is 

particularly interesting because studies have shown that CRYAB undergoes phosphorylation of 

the S59 residue upon ischemic stress by p38MAPK9, demonstrating that this residue is crucial in 

modulating the phase separation properties of CRYAB. 

 

2.2.2. Phosphorylation at serine-59 is necessary and sufficient to make CRYAB aggregate-

prone  

To examine the functional relevance of serine-59 phosphorylation, we generated CRYAB 

mutants that mimic a phosphorylation-deficient state by replacing serine with alanine (S59A) or 

a phospho-mimetic state with a change to aspartic acid (S59D). We also generated the CRYAB-

R120G mutant with the S59A change and expressed these mutants with a N-terminal GFP tag in 

HEK293 cells to examine the relevance of serine-59 phosphorylation in regulating its 

aggregation potential. Despite being expressed at equivalent levels (Fig. 1.2 A), the S59D change 

resulted in formation of GFP-positive CRYAB aggregates mimicking the observations with the 

R120G mutant (Fig. 1.2 B). By contrast, the S59A change markedly reduced the aggregation of 

the CRYAB-R120G mutant protein indicating that serine-59 phosphorylation is necessary for its 

aggregate-prone behavior (Fig. 1.2 C-D). As we previously demonstrated, aggregate-prone 

CRYAB-R120G is toxic and induced cell death 10 (Fig. 1.2 C-D). The S59D mutant was indeed 

sufficient to induce increased cytotoxicity as compared with wild-type CRYAB, whereas the 
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S59A mutant attenuated the toxicity of the CRYAB-R120G mutant, paralleling the observations 

of their aggregate-prone behavior (Fig. 1.2 C-D). We also have generated S19A, S45A and S59A 

triple phospho-deficient mutants in CRYAB R120G variant, and observed similar magnitude of 

reduction in cell death (Fig. 1.3 A-C) that we observed in Fig 1.2 B-D. This further confirms that 

S59 residue is crucial for the aggregate-prone behavior of CRYAB, and s also suggest that 

cellular toxicity and aggregation are correlated in CRYAB phosphorylation.  

 

2.2.3 Phosphorylation at serine-59 alters the phase separation behavior and dynamicity of 

CRYAB 

An emerging body of evidence indicates that phase separation of proteins regulates their 

ability to form biomolecular assemblies termed as ‘condensates’ to modulate their biophysical 

properties that determine the dynamicity and fluidity of condensates and regulate their 

aggregation potential 4,11. Accordingly, to examine whether CRYAB can phase separate in living 

cells, we adapted the OptoDroplet system 12 and expressed full-length CRYAB, as well as its N-

terminus, C-terminus and alpha-crystallin domain (ACD) separately (Fig. 1.4 A). We employed 

the N-terminal domain of FUS (a condensate forming protein implicated in neurodegeneration as 

a positive control and Cry2 as a negative control) 12 and examined their propensity to phase 

separate after light activation. As shown, light activation resulted in dynamic phase separation of 

CRYAB into condensates mimicking the observations with N-terminal fragment of FUS protein, 

whereas Cry2 protein by itself did not phase separate, as previously described 12 (Fig. 1.4 C). 

Remarkably, CRYAB full-length protein and each of CRYAB’s N-terminus, C-terminus and 

alpha-crystallin domain (ACD) domains have the propensity to phase separate (Fig. 1.5). 

Whereas some spherical CRYAB condensates were observed in unstressed state prior to blue 

light activation, the average number of condensates doubled after light activation (Fig. 1.4 D). 
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Interestingly, a S59A or S59D change in the full-length protein completely abrogated light-

induced condensate formation (Fig. 1.4 D). However, like the observations with GFP-tagged 

proteins (Fig. 1.2 A-D), the mCherry-tagged optoIDR constructs induced protein-aggregate 

formation in cells expressing S59D and CRYAB-R120G mutant proteins (Fig. 1.4 C) even prior 

to light activation, with markedly larger and irregular protein-aggregates in S59D transfected 

cells, mimicking the R120G mutant (Fig. 1.4 A-D). In agreement with the observations with the 

GFP-tagged CRYAB-R120G-S59A vs. the CRYAB-R120G constructs (Fig. 1.2 A-D), the S59A 

change reduced the size of R120G optoDroplet construct aggregates (Fig. 1.4 E); but did not 

result in a noticeable light-induced increase in condensate formation (Fig. 1.4 D). 

These findings suggest that similar to the R120G mutation, the S59D mutation reduces 

the fluidity of condensates, making CRYAB aggregate prone. To examine this conclusion, we 

performed fluorescence recovery after photobleaching (FRAP). As shown in Fig. 1.6 A-C, WT 

CRYAB shows rapid recovery following photobleaching, indicating that these phase-separated 

condensates are dynamic and liquid-like. In contrast, the recovery of fluorescence was markedly 

reduced in S59D and R120G mutant proteins as compared with wild-type CRYAB (Fig. 1.6 A-

C). Remarkably, the S59A change in R120G restored the fluorescent recovery to wild-type levels 

(Fig. 1.6 A-C). The recovery was comparable in the S59A mutant to wild-type CRYAB (Fig. 1.6 

A-C). Taken together, these data indicate that serine-59 phosphorylation is both necessary and 

sufficient to alter the phase separation behavior of CRYAB, reducing their fluidity to convert 

them to a ‘gel-like’ state 4,13, as a potential explanation for formation of aggregates. 
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2.3  Discussion 

Protein-aggregates are a hallmark of neurodegenerative pathologies and rare genetic 

cardiomyopathies. Our findings here demonstrate a mechanistic role for altered phase separation 

and aggregation of CRYAB, a cardiac-enriched chaperone, in driving progression of ischemic 

cardiomyopathy, which is the leading cause of heart failure worldwide. We are primarily 

interested on how CRYAB phosphorylation can affects its physical properties and eventually its 

chaperone properties because CRYAB S59 is phosphorylated upon ischemic stress14 and ParSe 

program7 predicted a possible IDR region in 40-60aa range in CRYAB. We hypothesized that as 

a chaperone protein in the heart, CRYAB forms condensates and performs its function by 

interacting with client proteins such as desmin, actin and α-actinin within the condensates. When 

CRYAB is phosphorylated, the condensate properties of CRYAB are altered. As a result, 

CRYAB client proteins are abnormally located into the aggreates15 inducing dysregulation in 

cardiomyocyte structure and function. Evidence shows that CRYAB R120G mutation, which is 

associated with rapidly fatal genetic human cardiomyopathy and the presence of protein 

aggregates in the heart16, is hyperphosphorylated. Thus, we are interested to see whether 

phosphorylation can affect the physical properties of CRYAB condensate formation. Using 

transient transfection into HEK cells, we observed similar expression of CRYAB variants, and 

toxic effect of phospho-CRYAB variants in aggregate formation and cell survival.  

We used OptoDroplet construct12 for live cell imaging of condensate formation and evaluated 

dynamicity by FRAP. CRYAB undergoes phase separation into ‘liquid-like’ dynamic 

condensates under physiologic conditions. Sustained stress, as with development of ischemic 

cardiomyopathy, results in increased phosphorylation of CRYAB at serine-59, or hyper-

phosphorylated R120G mutation, alters its phase separation behavior. pS59CRYAB forms ‘gel-
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like’ condensates with reduced dynamicity, triggering aggregate formation and cellular toxicity. 

That shows us that if CRYAB is phosphorylated under stress by p38 MAPK targeting S59 

residue, it can affect CRYAB properties by making it aggregate-prone and toxic. It will be 

interesting to see whether aggregate-prone properties alter CRYAB-client protein interactions. 

This potentially can represent a mechanism for abnormal cardiomyocyte structure and function. 

One potential limitation of this experiment is that we have not used a stable cell line expressing 

CRYAB variants. However, we have maintained similar experimental conditions for 

transfection, protein expression and imaging to reduce experimental variance.  

2.4  Conclusion  

These findings suggest that phosphorylation in CRYAB, specifically in S59 residue can 

make it aggregate-prone, toxic, and alter its chaperone function by changing phase separation 

properties. Thus, to understand the biology and to find a target for ischemic cardiomyopathy, we 

should evaluate the abundance of pS59CRYAB, its localization in the heart, and how it can 

affect the interaction with its client proteins.  

2.5  Materials and Methods  

Molecular grammar determination and Phase separation propensity analysis. Molecular 

grammar determination was done by using Prot-Param 1.0 program by EBiAn-Easy 

Bioinformatics Analysis program. Phase separation propensity analysis was performed using 

ParSe: predict phase-separating protein regions from the primary sequence program from the 

website- http://folding.chemistry.msstate.edu/utils/parse.html.  

Generation of crystallin constructs. pHR-mCh-Cry2WT (Addgene #10221) and pHR-FUSN-

mCh-Cry2WT (Addgene #10223) as generated by Dr. Clifford Brangwynne 12, were obtained 
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and verified by sequencing. For phase separation assay in the live cells, we have generated pHR-

CRYAB-mCh-Cry2 construct using in-fusion® snap assembly kit (Takara, CAT#638945). 

CRYAB S59A, S59D and R120G+S59A mutations were introduced in pHR-CRYAB-mCh-Cry2 

construct using QuikChange II site-directed mutagenesis kit (Agilent, CAT#200523). These 

constructs were subsequently cloned into pcDNA 3.1 mammalian vector for the expression in 

HEK293A cells. Constructs coding for eGFP-CRYAB, eGFP-CRYAB S59A, eGFP-CRYAB 

S59D and eGFP-CRYAB-R120G + S59A were generated as described above in a pcDNA3.1 

backbone for protein aggregation studies and cell death assessment.  

Assessment of protein aggregation and cell death. HEK293 cells were transfected with 

various GFP-tagged CRYAB constructs using Lipofectamine 3000 reagent (ThermoFisher, 

CAT#L3000) and cells imaged for GFP at 24 hours after transfection under Zeiss-700 confocal 

microscope for presence of protein aggregation. Cells were harvested at 48 hours for cell death 

assay. Cell death was assessed using a fluorometric assay with LIVE/DEAD™ 

Viability/Cytotoxicity Kit for mammalian cells (ThermoFisher, CAT#L3224), as we have 

previously described 10.  

Studies with optoDroplet constructs. CRYAB constructs were transfected into HEK 293A 

cells using Effectene transfection reagent (Qiagen, CAT#301425) and live-cell imaging was 

performed using 35-mm glass-bottom dishes at 24-hours after transfection using 40x oil 

immersion objective of the Nikon A1R confocal imaging system (equipped with 37C stage) at 

the Center for Cellular Imaging (WUCCI) at Washington University in St. Louis School of 

Medicine. Cells were imaged with two laser wavelengths (488 nm for Cry2 activation and 561 

nm for mCherry imaging) with laser power of 10% for the 488 nm. Various parameters were 

quantified using imageJ (NIH) by adjusting the threshold to ensure uniform cut-off values at the 
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t=0 and t=300s time-point images. Average condensate area was determined by total area of the 

fluorescence signal divided by number of condensates before or after 300s of the blue light 

activation. Average number of condensates per cell was obtained by dividing total number of 

condensates divided by number of cells before or after 300s of the blue light activation.  

Studies with fluorescence recovery after photobleaching (FRAP). FRAP was performed on  

OptoIDR12 constructs as described above while imaging with100x objective lens of the Nikon 

A1R confocal imaging system, using 488nm laser at 50% intensity and 561 nm laser at 50% 

intensity for 1 minute selecting a region of interest of ~ 1 m in diameter; and fluorescence 

recovery was monitored. Intensity traces were collected using imageJ and normalized to pre-

bleaching intensity (set at 100%). Only condensates with reduction in intensity to <10% (as 

compared to pre-bleach) post-photobleaching were selected for further analysis.  

Immunofluorescence analysis. We performed immuno-histochemistry on cells. Primary 

cultures of HEK 293A cells were fixed in 100% cold methanol for 20 minutes, followed by 

blocking with 1% normal serum in PBS for 1 hour at room temperature. Primary antibodies used 

was as follows: Anti-GFP (Abcam, CAT#ab290) with overnight incubation at 4°C. After serial 

washes, samples were stained with secondary antibody and mounted with fluorescent 

4’,6‐diamidino‐2‐phenylindole mounting medium (Vector Labs, H‐1200). Confocal imaging was 

performed on a Zeiss confocal LSM‐700 laser scanning confocal microscope using 40×/1.3 oil 

immersion objectives, and images were processed using the Zen black software. 
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2.6 Figures  

 

Figure 2.1: Molecular grammar and bioinformatics analysis predict phase separation 

properties in CRYAB. A) Schematic showing the molecular grammar of CRYAB protein and 

the domain structure. Red color shows positively charged amino acids and blue color shows 

aromatic side chain amino acids. B) ParSe bioinformatic analysis showing the propensity of 

CRYAB to phase separate. Blue color shows P regions (intrinsically disordered and prone to 

phase separate), red color shows D regions (intrinsically disordered and do not undergo 

condensate formation) and black color shows F regions (may or may not be intrinsically 

disordered and can fold to a stable conformation).  
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Figure 2.2: Phosphorylation of CRYAB at S59 makes it aggregate-prone and toxic. A) 

Immunoblot (A) demonstrating expression of GFP-fusion proteins in HEK293A cells transfected 

with GFP-tagged wild-type CRYAB, its phospho-mimetic mutant (S59D), phosphorylation-

deficient mutant (S59A), R120G mutant or the R120G and S59A double mutant proteins. B, C) 

Representative immunofluorescence images (B) for detection of protein-aggregates with 

quantitation (C) of aggregate area per cell. ** indicates P<0.01 and **** indicates P<0.0001 by 

Tukey’s post-hoc test after one-way ANOVA. Nuclei are blue (DAPI). D) Cell death in cells 

treated in A. ** indicates P<0.01 and **** indicates P<0.0001 by Tukey’s post-hoc test after 

one-way ANOVA. 
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Figure 2.3. Phospho-deficient mutants of S19, S45 and S59 residue reduces cell death in 

CRYAB R120G. A) Immunoblot (A) demonstrating expression of GFP-fusion proteins in 

HEK293A cells transfected with GFP-tagged wild-type CRYAB, R120G mutant or the R120G 

and S19, S45, S59A triple mutant proteins. B, C) Representative immunofluorescence images 

(B) for detection of protein-aggregates with quantitation (C) of % cell death. * Indicates p<0.05, 

** indicates p<0.01, and *** indicates P<0.001 by Tukey’s post-hoc test after one-way ANOVA. 

Nuclei are blue (DAPI). 
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Figure 2.4. Phosphorylation alters phase separation properties of CRYAB. A) Schematic 

depicting generation of optoIDR constructs. ‘IDR’ indicates intrinsically disordered region, mCh 

indicates mCherry fluorophore and Cry2 encodes for Arabidopsis thaliana protein with light-

activated phase separation characteristics. B)  Various domains of CRYAB with localization of 

serine-59 and arginine 120 residues depicted. C) Representative time-lapse images at t=0s, 100s, 

200s, and 300s after light activation in HEK293A cells transfected with constructs generated 

with CRYAB WT, its phosphorylation-deficient mutant (S59A), phospho-mimetic mutant 

(S59D), R120G mutant or the R120G and S59A double mutant proteins as the ‘IDR’ in the 

optoIDR constructs. Cry2 fused with mCherry without an IDR was used as the negative control 

and FUS-N fused with mCherry-Cry2 was studied as positive control. D) Average number of 

condensates/cells at t=0 vs. t=300s in cells treated as in E. ** indicates P<0.01 by Mann-Whitney 
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test. E) Average area of condensates/cell at t=300s in cells treated in E. *** indicates P<0.001 

and **** indicates P<0.0001 by Tukey’s post-hoc test after one-way ANOVA. ‘ns’ indicates not 

significant for all panels. 
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Figure 2.5. N-terminus, ACD, and C-terminus domains of CRYAB undergo phase 

separation. A) Representative time lapse images at t=0s, 100s, 200s, and 300s after light 

activation in HEK293A cells transfected with constructs generated with CRYAB N-terminus, 

Alpha-crystallin domain (ACD), and C-terminus domains as the ‘IDR’ in the optoIDR 

constructs. 
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Figure 2.6. Phosphorylation of CRYAB at serine-59 reduces dynamicity of the condensates. 

A, B) Representative images demonstrating recovery of fluorescence after photobleaching in 

HEK 293A cells transfected with mCherry-Cry2 fused optoIDR constructs generated with 

CRYAB WT, its phosphorylation-deficient mutant (S59A), phospho-mimetic mutant (S59D), 

R120G mutant, or the R120G and S59A double mutant proteins. Representative images 

demonstrate area of photobleaching (marked with a dotted circle) prior to (pre-bleach), 
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immediately after, and at 100, 200, 300, 400 and 500 seconds (s) after photobleaching was 

terminated. Intensity at various time points is depicted as a fraction of intensity prior to bleaching 

(set at 100%). C. Quantitation of fluorescence recovery (maximum minus immediately post-

bleach) in CRYAB variants indicated in A. * indicates P<0.05, and **** indicates P<0.0001 by 

Tukey’s post-hoc test after one-way ANOVA. 
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Chapter 3: Impaired protein quality control is observed in 

both Human Ischemic Cardiomyopathy (ICM) and in mouse 

model of ICM. 

 

3.1 Introduction 

Cardiac muscle cells, which are the building blocks of the heart, depend on coordinated 

systems to maintain their structure and function. These systems ensure that the heart can contract 

and relax smoothly without interruption1. Certain mutations in proteins that helps other proteins 

to fold, i.e. chaperones like CRYAB, HSP27, HSPB6, HSPB8, and co-chaperones like BAG3 are 

linked to heart diseases by affecting the stability, position, or breakdown of proteins in the 

myocardium2. Dilated cardiomyopathy, where the left ventricle in the heart become enlarged 

(dilated), for example, show an accumulation of certain proteins that aren't folded properly, along 

with a decrease in a specific proteins such as BAG3 that appear to be required to maintain 

cardiac structure 2. Similar issues are seen in mouse hearts after myocardial infarction, where 

boosting levels of BAG3 protein helps fix the problem with heart muscle contractions2. So, 

understanding how genetic heart conditions cause impaired protein quality control through 

dysfunction of the chaperone and co-chaperone proteins, could lead to new ways to prevent or 

treat heart failure in general. 

 In certain genetic conditions, proteins are mis-localized, leading to cardiac complications. 

This happens with  mutations in genes like DES, which codes for a protein called Desmin 3,4 and 

in CRYAB 5, which codes for a  chaperone protein called αB-crystallin. When these proteins are 

mis-localized, it causes cardiac complications similar to what's seen when these proteins are not 

sufficiently expressed in the heart4.  



48 

 

In this study, we hypothesize that similar to genetic human cardiomyopathy6, CRYAB is 

phosphorylated in its S59 residue in ischemic cardiomyopathy which makes CRYAB sticky and 

aggregate prone. To examine this function, we planned experiments to focus on CRYAB client 

proteins and observed their localization in ischemic cardiomyopathy hearts. To examine whether 

Desmin and other client proteins of CRYAB such as actin and α-actinin has altered localization 

in ischemic cardiomyopathy (ICM), we performed immunohistochemistry and biochemical 

subcellular fractionation on heart tissue obtained from humans with ICM and from donor hearts 

without known cardiac pathology, that were not used for transplantation (Table 3.1). In open-

chest models of coronary ligation, surgical trauma through thoracotomy triggers an immune 

response, altering various mechanisms involved in ischemia and reperfusion and potentially 

changing the size of the infarct. Thus, we used closed-chest ischemia-reperfusion surgery in our 

study to overcome this which provides a better model to mimic human ischemic 

cardiomyopathy, by separating the MI from initial surgery. We evaluated WT C57BL6J mice 

that underwent closed-chest-ischemia reperfusion injury and performed immunoblotting and 

immunohistochemistry and read echocardiography to evaluate cardiac structure and function. 

Our goal was to observe how both in these models, CRYAB and its client proteins’ localization 

in the cardiomyocytes and relative abundance in the aggregates are correlated with cardiac 

myocyte structure and function.  

 

3.2 Results 

3.2.1 Characteristics of individuals whose human heart samples were included in the study 

 We used n=8 human ICM hearts and n=8 non-failing donor hearts for our study (Table 

3.1). We evaluated individual characteristics such as sex, age, BMI, Left Ventricle (LV) mass 
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index, LV End Diastolic Diameter (LVEDD), LV Ejection Fraction (LVEF), history of Diabetes, 

and other related medical histories. ICM hearts showed LV dilation (P<.01 in LVEDD (cm)), LV 

systolic dysfunction (P<0.0001 in LVEF (%)) and an increase in LV mass (P<0.0001 in LV mass 

index (g/kg). P values were obtained by two-tailed t-test for continuous variables and by Fisher’s 

exact test for categorical variables. Most of the heart samples evaluated in both groups were 

males and with an average age of early to mid-50s.   

3.2.2 Mis-localization and protein aggregates containing desmin and other CRYAB client 

proteins were observed in ICM human hearts 

 

To examine whether CRYAB client proteins has altered localization in more common 

ischemic cardiomyopathy (ICM) similar to observations in the rare and fatal genetic 

cardiomyopathy, we performed immunohistochemistry in donor and ICM samples. When we 

evaluated the ICM human hearts, as shown in Fig. 3.1 A, Desmin was observed along the Z-discs 

and intercalated discs in donor hearts consistent with its physiologic localization. To characterize 

the mis-localization of Desmin and other client proteins of CRYAB, we developed a scoring 

strategy where we quantitated the striation of the proteins and presence of aggregates. We have 

found that Desmin was mis-localized to protein-aggregates in ICM hearts (Fig. 3.1 A) along with 

other CRYAB client proteins such as actin and α-actinin. This was accompanied by 

immunodetectable presence of increased polyubiquitin in ICM hearts and co-localization of 

desmin aggregates with polyubiquitin (Fig. 3.2). We also observed increased pre-amyloid 

oligomers in ICM hearts as detected by A11 antibody7 staining (Fig. 3.3). These findings clearly 

suggest that similar to genetic human cardiomyopathy mutation R120G, CRYAB client proteins 

are also mis-localized in ischemic cardiomyopathy human hearts.  
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3.2.3 Protein aggregates containing increased pS59CRYAB was observed in human 

ischemic cardiomyopathy hearts  

To examine potential mechanisms for Desmin mis-localization, we evaluated the 

localization of CRYAB, which plays a critical role in chaperoning desmin8; and observed 

increased partitioning of CRYAB to the detergent-insoluble aggregate-rich fraction (Fig. 3.4 A, 

E) with a reduction in CRYAB abundance in the soluble fraction (Fig. 3.4 F, I). Interestingly, 

prior studies indicate that CRYAB undergoes post-translational modifications, specifically 

phosphorylation at serine resides (at position 19, 45 and 59), under stress9. Of these, serine 45 

and 59 are phosphorylated by stress-induced p38 MAPK kinase (Fig. 3.4)9, as well as by protein 

kinase N, which are activated in cardiac ischemia-reperfusion injury10,11. Also, studies in cell-

culture models show that R120G mutant of CRYAB is hyperphosphorylated at these three serine 

residues, which regulates its tendency to aggregate12. Our findings demonstrate increased 

abundance of phosphorylated CRYAB at residue serine-59 (pS59CRYAB), but not at serine 45 

in the detergent-insoluble fraction (Fig. 3.4 A, E) with a concomitant decline in its abundance in 

the soluble fraction (Fig. 3.4 F, I), which parallels the partitioning of p62 and polyUb proteins to 

the aggregate-rich detergent-insoluble fraction. Importantly, we also detected increased 

abundance of p62, an adaptor protein that binds to and sequesters polyUb proteins in 

aggregates13,14 (Fig. 3.4 A, B), accompanying increased polyUb proteins (Fig. 3.4 A, C) in the 

aggregate-rich NP-40 detergent-insoluble fraction. In parallel, we observed a trend in reduction 

in p62 abundance in detergent-soluble fraction (Fig. 3.4 F, G) in LV myocardial tissue from ICM 

patients as compared with donors, suggesting p62-mediated sequestration of polyubiquitinated 

proteins in aggregates.  
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3.2.4 Closed-chest cardiac ischemia-reperfusion (IR) injury modeling in C57BL6J mice 

mimics human ischemic cardiomyopathy phenotype observed in human 

To examine if similar partitioning of pS59CRYAB is observed in mouse myocardium 

under stress, we performed closed-chest cardiac ischemia-reperfusion (IR) injury in young adult 

wild-type C57BL6J mice and evaluated them 4 weeks later. As shown in Fig. 3.5 A-D, IR injury 

induced a marked increase in left ventricular end-diastolic volume (EDV) with decline in left 

ventricular ejection fraction (EF) at 4 weeks post-MI, as compared with sham operated-mice, 

consistent with development of ischemic cardiomyopathy. Similar to the observations in human 

ICM (Fig. 3.1), this was accompanied by a significant increase in abundance of pS59CRYAB, 

with a trend towards increased p62 in the aggregate-rich NP40-insoluble fraction (Fig. 3.6 A-G) 

and mis-localization of desmin client proteins α-actinin and actin in the post-IR myocardium 

(Fig. 3.7 A, B). We also observed increased pS59CRYAB in CRYAB R120G transgenic mouse 

heart (Fig. 3.8). Taken together, these findings demonstrate that CRYAB is increasingly 

phosphorylated at serine-59 in the setting of genetic cardiomyopathy, as well as ischemic 

cardiomyopathy in mice and in humans, and partitions into aggregate-rich biochemical protein 

fraction. This is associated with mis-localization of CRYAB client proteins desmin, α-actinin 

and actin into the protein-aggregates, supporting the hypothesis that phosphorylation at serine-59 

may render CRYAB aggregate-prone and sequester desmin and other client proteins within 

protein-aggregates in ischemic cardiomyopathy.  
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3.3 Discussion 

Interestingly, many mutations linked to diseases affect proteins in the heart, causing them 

to clump together, which is known as protein-aggregates 5,15,16. This has been observed in 

conditions like idiopathic dilated cardiomyopathy and hypertrophic cardiomyopathy7,17,18. 

However, it hasn't been looked into whether this happens in ischemic cardiomyopathy, a 

condition where blood flow to the heart is restricted. It's also unclear if these aggregates of 

proteins are helpful, harmful, or just a sign that the protein recycling system in the cell isn't 

working properly to get rid of damaged or misfolded proteins. 

Desmin, a sarcomere-associated protein, plays a critical role in maintenance of sarcomere 

structure and subcellular organization by acting as a scaffold to hold the various structures in 

place. Mutations in Desmin or its chaperone CRYAB, result in Desmin associated cellular 

pathologies. Desmin or its helper protein CRYAB mutations can cause desmin to either not work 

properly or end up in aggregates, leading to a group of disorders known as ‘desminopathies’4. 

Studies have shown that a specific mutation in CRYAB causes it to bind too tightly to desmin, 

trapping it in aggregates8,19; Boosting a process called autophagy, which helps clean up the cell, 

can help remove these aggregates and restore desmin localization19,20. This kind of protein 

aggregate isn't limited to desmin. Similar problems happen with another protein called BAG3, 

which is linked to restrictive cardiomyopathy in humans 21. When a mutated form of BAG3, 

P209L is present, it causes other proteins in the heart to aggregate together, leading to heart 

muscle problems and cardiomyopathy22.  

Overall, this study shows how a chaperone protein in the heart can become aggregate-

prone and induce ischemic cardiomyopathy by phosphorylation. Therefore, examining the 
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mechanisms by which cardiac proteins become aggregate-prone could offer therapeutic promise 

to prevent proteotoxic cardiac dysfunction. 

 

3.4 Conclusion  

This study demonstrates that CRYAB aggregates are present prone when it is 

phosphorylated (pS59CRYAB) in ischemic stress. Mis-localization of CRYAB client proteins 

such as actin, α-actinin and desmin are observed in ICM. Further understanding is needed to 

determine the effect of the presence of aggregates and increased abundance of pS59CRYAB in 

the aggregate-rich insoluble fractions. Further experiments, such as using both genetic and 

pharmacological approaches to modulate CRYAB phosphorylation and their effect on cardiac 

structure and functions after IR are needed in the future for a better understanding of this aspect.  

3.5 Materials and Methods  

Reagents and mice.  C57BL6/J mice (strain #00664) from JAX 23 were employed. Both male 

and female mice were studied for subjecting them to IR injury model. All observers were 

blinded. 

Closed-chest cardiac ischemia-reperfusion modeling. Mice were subjected to reversible left 

anterior descending coronary artery ligation for 90 min followed by reperfusion, in a closed-

chest procedure, as described 24. Overall surgical mortality was <5%. All surgeries were 

performed by two surgeons, Carla J. Weinheimer and Attila Kovacs from Mouse Cardiovascular 

Phenotyping Core at Washington University in St. Louis School of Medicine.  

Human Heart tissues. De-identified frozen heart tissue samples were obtained from the Human 

Heart Tissue Bank at the University of Pennsylvania, and formalin-fixed paraffin-embedded left 
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ventricular myocardial tissue was obtained from the Translational Cardiovascular Biobank and 

Repository at Washington University School of Medicine. The hearts were procured from two 

separate patient groups: non-failing brain-dead organ donors with no history of heart failure 

(Donor, whose hearts were screened but not selected for transplantation) and heart transplant 

recipients with advanced ischemic cardiomyopathy (ICM), that were obtained at the time of 

orthotopic heart transplantation.  Clinical characteristics of the subjects providing human tissue 

for these studies are summarized in Table 3.1. 

Echocardiography. 2D–directed M-mode echocardiography was performed using a Vevo 2100 

Imaging System (VisualSonics, Toronto, Canada) equipped with a 30-MHz linear-array 

transducer, as we have previously described 23,24. Mice were anesthetized with isoflurane for 

studies obtained in unstressed mice and before I/R modeling (pre-ischemia echo study). 

Echocardiography during ischemia was performed under isoflurane anesthesia and at four weeks 

post ischemia-reperfusion injury was performed under avertin anesthesia. Cardiac images were 

obtained by a handheld technique. Area-at-risk, left ventricular dimensions, wall thickness, heart 

rate, fractional shortening, EF and volume calculations were performed by a blinded 

echocardiographer as described 24. Histologic assessment with hematoxylin and eosin staining, 

and assessment of myocardial fibrosis with Masson’s trichrome staining and transmission 

electron microscopy, was performed as previously described 19.  

Biochemical fractionation into NP-40 detergent soluble and insoluble fractions. We 

subjected cardiac tissues obtained from human hearts and from the remote left ventricular 

myocardium of mice subjected to ischemia-reperfusion injury (non-injured basal one-third); and 

cell extracts from neonatal rat cardiac myocytes to obtain soluble-insoluble fractions as 

previously described 19. Heart tissue was mechanically homogenized in homogenization buffer 
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(0.3 M KCl, 0.1 M KH2PO4, 50 mM K2HPO4, 10 mM EDTA, 4 mM Na Orthovanadate, 100 mM 

NaF, 1X Protease inhibitor, pH to 6.5). Homogenized samples were passed through mesh basket 

on ice, followed by collection of the lysate run-through which was incubated on ice for 30 

minutes. An aliquot was transferred to another Eppendorf tube and 10% NP-40 was added to for 

a final concentration of 1% NP-40. Samples were then incubated on ice for 30 minutes and spun 

at 16,000g for 15 minutes at 4°C. Supernatant was collected as soluble fraction. The pellet was 

washed 3 times with cold PBS (following addition of 1ml PBS to each pellet, and spin down at 

16,000g for 10 minutes) followed by resuspension in 1% SDS, 10mM Tris buffer to generate the 

insoluble fraction.  

Immunofluorescence analysis. We performed immuno-histochemistry on cells and myocardial 

tissues as we have previously described 19. Primary antibodies used were as follows: anti‐desmin 

(Santa Cruz Biotechnology, Inc, SC‐7559), anti-ubiquitin (Sigma-Aldrich, CAT#04-262), anti-

actin (Millipore Sigma, A2066), anti-actinin (Abcam, ab9465) with overnight incubation at 4°C. 

As an example of desmin and polyubiquitin immunostaining, this protocol was followed: 

Paraffin‐embedded heart sections (4 µm thick) were subjected to de-paraffinization using 

Xylene; serial 100%, 90%, 70% and 50% EtOH treatment followed by hydration using DI water 

and heat‐induced epitope retrieval in Diva decloaker solution (Biocare medical, REF# 

DV2004MX). This was followed by blocking using 1% BSA (Sigma-Aldrich, CAT#A9647-

100G), 0.1% Tween-20 (Sigma-Aldrich, CAT# P2287-500ML) in PBS (Corning, CAT# 21-040-

CM) and 5% donkey serum. The slides were incubated overnight with primary antibody against 

Desmin (Santa Cruz Biotechnology, SC‐7559), and Ubiquitin (Sigma-Aldrich, CAT#04-262). 

After serial washes, samples were stained with secondary antibody and mounted with fluorescent 

4’,6‐diamidino‐2‐phenylindole mounting medium (Vector Labs, H‐1200). For A11-staining 
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(ThermoFisher, CAT#AHB005), the protocol was revised according to vendors instructions. The 

antigen retrieval solution was 0.1M glycine/PBS, at pH 3.5. Anti-oligomer A-11 antibody was 

used at 1-5 ug/mL concentration in 1:1mixture of blocking solution (1%BSA, 0.1% Tween-20 in 

PBS) and PBS. Confocal imaging was performed on a Zeiss confocal LSM‐700 laser scanning 

confocal microscope using 40×/1.3 oil immersion objectives, and images were processed using 

the Zen black software.  

Striation and aggregate scoring. We focused on mis-localization of CRYAB client proteins 

desmin, actin and α-actinin and the presence of aggregates in human ICM samples to observe 

impaired protein quality control. We planned to represent mis-localization by performing a 

striation scoring and presence of aggregates by performing aggregate scoring. The scoring 

criteria was as follows:  

For striation scoring: normal localization of proteins- a score of 0, abnormal striation or mis-

localization of proteins- a score of 1,   

For aggregate scoring: absence of aggregates- a score of 0, Presence of aggregates- a score of 2.  

Then, all the individual scores of the cardiomyocytes in the total field of view were added and 

divided by total number of cardiomyocytes. We quantified at least 3 images per ICM or donor 

sample. Image acquisition and quantitation was done by different operators where scoring was 

done blindly (the operator had no information about individual samples and types).  

Immunoblotting. Immunoblotting was performed as previously described 19 with antibodies 

listed below:  
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anti-SQSTM1/p62 antibody (Abcam, ab56416); B-crystallin (CRYAB) polyclonal antibody 

(Enzo life sciences, CAT# ADI-SPA-223-F); Anti-Alpha B crystallin (pS59) antibody (Abcam, 

CAT#ab5577); Anti-Alpha B crystallin (pS45) antibody (Abcam, CAT#ab5598); Anti-

ubiquitinylated proteins antibody, clone FK1 (Sigma-Aldrich, CAT#04-262) ; Anti-GAPDH 

antibody (Abcam, CAT#ab22555); LC3B antibody (Novus biologicals, CAT#NB100-2220SS); 

Anti-Actin antibody (Sigma, CAT#A2066). 

Statistical analyses. Data presented as meanSEM. All measurements were obtained from 

separate biological replicates. Statistical analyses were performed in GraphPad Prism version 9. 

Data were tested for assumptions of normality with Shapiro-Wilk normality test. Statistical 

significance was assessed with unpaired two-tailed Student’s t-test for comparison between two 

groups, or one-way or two-way ANOVA for assessing differences across multiple groups 

followed by post-hoc testing. A non-parametric test was performed if data were not normally 

distributed. A two-tailed P value of <0.05 was considered statistically significant. 

Study approval. All animal studies were approved by the IACUC at Washington University 

School of Medicine. 
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3.6 Figures  

 

Figure 3.1: CRYAB client proteins such as desmin, actin, and α-actinin localize to protein-

aggregates in human ischemic cardiomyopathy. A. Representative immunohistochemical 

images from left ventricular myocardium of individuals evaluated as controls (donor) or patients 

with end-stage ischemic cardiomyopathy (ICM) stained for desmin actin and α-actinin. Arrow 

points to desmin, actin and α-actinin aggregates which are mis-localized from its physiologic 

location on Z-discs and intercalated discs. DAPI stains nuclei. B. Quantitation of human ICM 

and donor samples that were presented in A. * indicates P <0.05, *** indicates P<0.001 and 

**** indicates P<0.0001 vs. control by t-test. 
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Figure 3.2: Increased polyubiquitin is observed with colocalization with desmin aggregates 

in ICM samples. Representative immunohistochemical images from left ventricular 

myocardium of individuals evaluated as controls (donor) or patients with end-stage ischemic 

cardiomyopathy (ICM) stained for desmin and polyUb. Arrow points to desmin and 

polyubiquitin co-localization showing the aggregates are marked for degradation.  
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Figure 3.3: Increased presence of pre-amyloid oligomeric structures in ICM samples. 

Immunohistochemical staining for anti-oligomer A11 antibody in donor and ICM heart samples, 

demonstrating presence of pre-amyloid oligomers structures in ICM samples (pseudo-colored 

blue, arrows). DAPI stained nuclei are pseudo-colored orange. Representative of n=5 

hearts/group. 
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Figure 3.4: Increased presence of pS59CRYAB was observed in the detergent insoluble 

fraction in ICM samples. A-E. Immunoblot (A) and quantitation (fold change as compared to 

donor mean) depicting total p62 (B), polyubiquitinated proteins (C), CRYAB (D) and 

pS59CRYAB and pS45CRYAB (E) in NP40-detergent-insoluble fractions from human hearts 

from patients with ischemic cardiomyopathy (ICM) and donors. Ponceau S staining is shown as 

loading control. * Indicates P <0.05, ** indicates P<0.01 and *** indicates P<0.001 vs. donor as 

control by t-test. F-I. Immunoblot (F) and quantitation for p62 (G), CRYAB (H), and 

pS59CRYAB and pS45CRYAB (I) abundance in NP-40 detergent soluble biochemical fractions 

from human hearts as in A-E. GAPDH was used as loading control. * Indicates P <0.05 by t-test. 

‘ns’ indicates not significant. 
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Figure 3.5: Young adult C57BL6J WT mouse subjected to closed chest ischemia-

reperfusion (IR) mimicked human ischemic cardiomyopathy. A, B) Left ventricular end-

diastolic volume (LVEDV) (A) at baseline and (B) at 4-weeks after IR in male C57BL6J WT 

young adult mice and in Myh6-Cre transgenic mice that were subjected to IR injury. C, D) Left 

ventricular end-diastolic volume (EDV, A, B) and ejection fraction (EF (%), C, D) at baseline (i.. 

prior to) and at 4-weeks after IR in C57BL6J WT young adult mice and in Myh6-Cre mice. *** 

indicates P value < 0.001 and **** indicates P value <0.0001 by Tukey’s post-hoc test after one-

way ANOVA.  
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Figure 3.6: CRYAB phosphorylated at serine-59 partitions to the insoluble fraction in the 

myocardium of young adult C57BL6J WT mouse subjected to closed chest ischemia-

reperfusion (IR) with development of ischemic cardiomyopathy. A-G) Representative (A) 

immunoblot and quantitation depicting the abundance of CRYAB (B, C) and pS59CRYAB (D, 

E) and p62 (F, G) in the soluble (left panels) and insoluble (right panels) biochemical fractions 

from myocardium of the C57BL6J WT young adult mice collected 4 weeks after IR or sham 

procedure as in A-D. Ponceau S is shown as loading control. * indicates P<0.05 by t-test.  
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Figure 3.7:  Mis-localization of desmin, actin and α-actinin was observed in WT mouse 

heart subjected to IR. A-B) Representative images A) demonstrating localization of desmin and 

α-actinin, and B) desmin and actin in the myocardium from C57BL6J mice 4 weeks after being 

subjected to IR injury that were presented in figure 3.5 and 3.6. Figure A shows desmin-actinin 

co-localization by yellow fluorescence signal as expected. Co-localization was not observed in 

figure B as theoretically expected.  
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Figure 3.8: R120G protein is prominently phosphorylated at S59. Representative image 

showing expression of CRYAB and pS59CRYAB in crude extracts from 40-weeks old Myh6-

CRYAB R120G mouse hearts or from C57BL6J WT mouse hearts as control. Actin is shown as 

the loading control.  
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3.8 Supporting Materials  

Table 3.1: Characteristics of individuals whose myocardial samples were included in the study. 

Individual 

Characteristics 

Ischemic 

Cardiomyopathy 

(n=8) 

Non-failing 

Donor (n=8) 

Statistical 

Comparison 

Male Gender/Total 

Sample (N) 

5/8 6/8 NS 

Age (years) 57  3 52  2 NS 

BMI 28  1 29 4 NS 

LV Mass Index (g/kg) 176  4 105  2 P<0.0001 

LVEDD (cm) 6.13  0.3 4.03  0.4 P<.01 

LVEF (%) 23  4 60  3 P<0.0001 

History of Diabetes 2/8 2/8 NS 

History of HTN 4/8 1/8 NS 

History of ACE-I/ARB 

use 

4/8 0/8 NS 

History of Beta-blocker 

use 

4/8 0/8 NS 

 

All data for continuous variables are mean ± SEM. P values reported are by two-tailed t-test for 

continuous variables and by Fisher’s exact test for categorical variables. NS indicates not 

significant. LV Mass Index= Left Ventricular Mass Index, LVEDD= Left Ventricular End 

Diastolic Diameter, LVEF= Left Ventricular Ejection Fraction.  
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Chapter 4: Preventing Phosphorylation in S59 of CRYAB 

rescues post-myocardial infarction (MI) remodeling in 

mouse. 

 

4.1 Introduction 

 Desmin mis-localization to protein-aggregates is observed desmin heritable mutations 1,2.  

Desmin is a client protein of the chaperone αB-crystallin  3. αB-crystallin helps desmin to fold in 

its native formation. Thus, desmin impaired protein quality control is associated with CRYAB 

impaired chaperone function. There are three serine resides at position 19, 45 and 59 that can be 

phosphorylated in αB-crystallin 4. Of these, serine 45 and 59 are phosphorylated by stress-

induced p38 MAPK kinase 4, as well as by protein kinase N, which are activated in cardiac 

ischemia-reperfusion injury 5,6. Also, studies in cell-culture models show that R120G mutant of 

CRYAB is hyperphosphorylated at these three serine residues, which regulates its tendency to 

aggregate 7. In our study, we previously observed that phosphorylation alters phase separation 

properties of CRYAB which is associated with inducing CRYAB as aggregate-prone and 

worsening of cardiomyopathy in mouse. Thus, we hypothesized that in-vivo, phosphorylation 

deficient mutant (S59A) in CRYAB will be protective and phosphorylation-mimetic mutation 

(S59D) will have an adverse effect in cardiac remodeling post-MI. To demonstrate that, we 

developed homozygous knock-in mouse models carrying either phospho-mimetic mutation S59D 

or phospho-deficient mutation S59A in the C57BL6J background and performed IR surgery in 

the young adult male and female mice (8-10 weeks). First, we performed baseline cardiac 

structure and function analysis, and then subjected closed-chest ischemia reperfusion injury to 

assess the effect of CRYAB phosphorylation. We evaluated cardiac function analysis by 
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evaluating area-at risk, ejection fraction, left ventricular end diastolic volume, and then scar size 

at 4-weeks post-MI. We also performed western blotting using NP-40 detergent soluble and 

insoluble fractions of the heart to observe relative abundance of CRYAB and aggregate markers 

into the aggregates. Proper chaperone function represents proper localization of proteins in 

myocardium. As a read out of the CRYAB chaperone function, we focused on the localization of 

CRYAB client proteins in cardiomyocytes. To observe whether the localization of CRYAB 

client proteins can be affected by their interactions with CRYAB, we planned to perform co-

immunoprecipitation experiments. We performed immunostaining to observe the localization of 

CRYAB and its client proteins in the cardiomyocytes. Then, we evaluated how CRYAB-client 

protein interaction is altered in CRYAB phospho-deficient and phospho-mimetic mice by 

performing immunoprecipitation.  

4.2 Results 

4.2.1 CRYAB phospho-mimetic and phospho-deficient mice did not show cardiac function 

abnormality in the unstressed state 

 Our prior findings in this study predict a beneficial effect of phosphorylation deficiency 

in S59 residue on post-MI remodeling. Accordingly, we planned to set up a protocol, where we 

developed homozygous knock-in mice carrying either phospho-mimetic mutation S59D or 

phospho-deficient mutation S59A and planned to observe the effect after IR injury at 4-weeks in 

cardiac function. We observed that phospho-mimetic S59D or -deficient S59A KI/KI mice did 

not show any gross abnormality in cardiac structure or function at baseline (Table 4.1), prior to 

myocardial infarction modeling. 
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4.2.2 Phospho-mimetic CRYAB mouse showed desmin mis-localization with increased 

polyubiquitinated proteins in unstressed state 

 We did not observe any gross abnormalities in CRYAB KI/KI mice models using 

hematoxylin and eosin and Masson’s trichrome staining (Fig. 4.1 A, B), we also did not observe 

any gross abnormalities. However, ultra-structure of S59D KI/KI mice using transmission 

electron microscopy showed presence of protein aggregates (white arrow, Fig. 4.1 C) and 

abnormal mitochondria (black arrow, Fig. 4.1 C). We then performed western blot using NP-40 

detergent soluble-insoluble fractions of the heart (Fig. 4.2), and saw increased polyubiquitin, p62 

and CRYAB in the protein aggregate-enriched fraction. This demonstrates that even in 

unstressed state, CRYAB phospho-mimetic mutation has aggregate-prone characteristics. Next, 

we ran a western blot using crude extract of the CRYAB WT, S59D and S59A mice hearts. 

Crude extract is obtained by the mild detergent NO-40 treatment. Thus, it is not enriched in 

protein aggregates. We observed decreased total CRYAB level in the S59D mice compared to 

WT and S59A mice (Fig. 4.3). This suggests that S59D CRYAB is in a pool that is not 

accessible by NP-40, where protein aggregates are enriched. This also show that S59D mutation 

alters CRYAB homeostasis, where CRYAB protein quality control is impaired.  

 

4.2.3 Preventing serine-59 phosphorylation in CRYAB rescues post-MI cardiac remodeling 

 We subjected young adult mice to IR injury and performed baseline and 4-weeks after 

ischemia echo. (Fig. 4.4). After 4-weeks of the IR surgery, our data demonstrate a significant 

increase in LVEF in the S59A KI/KI mouse compared to the WT mice. This shows that after 

myocardial infarction, phospho-deficiency in S59 can be protective.  We also observed decreased 

LVEF in S59D KI/KI mouse than S59A KI/KI (Fig. 4.4) with significant effect on LV dilation 
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(Fig. 4.4). This shows that S59 phosphorylation worsens cardiac function after myocardial 

infarction. In CRYAB S59A KI/KI mice, we also have seen a significant reduction in scar size 

compared to WT or S59D mice (Fig. 4.5 A, B) representing that cardiac remodeling is improved 

in S59A mouse. Overall, this data demonstrates that phosphorylation deficiency can be 

protective at 4-weeks after IR injury in cardiac function in mice.  

 

4.2.4 Phospho-mimetic S59 change increases interaction between CRYAB and desmin 

 We immunostained the hearts of sham and IR treated mice and observed desmin, actin 

and α-actinin localization. We observed increased mis-localization of desmin after IR, but it was 

significantly reduced on S59A mice (Fig. 4.6 A-C). Even in the sham treated S59D hearts, we 

observed abnormal desmin striation with increased polyubiquitinated proteins (Fig. 4.6 A-C). To 

demonstrate how phosphorylation in CRYAB can affect its interaction with its client proteins 

such as desmin, we performed co-immunoprecipitation using CRYAB phospho-mimetic S59D 

and phospho-deficient S59A variants (Fig. 4.7 A-G). We observed increased interaction between 

desmin-CRYAB in phospho-mimetic setting and decreased interaction between desmin-CRYAB 

in phospho-deficient setting compared to CRYAB WT (Fig.4.7 A-G). This shows that CRYAB 

becomes sticky when phosphorylated in S59 residue and thus has increased interaction with its 

client proteins. Also, we observed reduced CRYAB-desmin interaction in S59A mouse, showing 

that decreased interaction can be protective after myocardial infarction.  

4.3 Discussion 

 Serine-59 residue in CRYAB is phosphorylated by p38MAPK which is stress-induced. 

We observed that CRYAB interacts with its client proteins (such as desmin) more strongly when 
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phosphorylated. We observed worsening cardiac remodeling after IR in the S59D hearts, but not 

in the S59A hearts. In acute stress like ischemia, reversible interaction between CRYAB-client 

might be protective to preserve protein quality and keep the cardiomyocyte structure intact. 

However, persistent stress such as post-MI might induce sustained increase in CRYAB-client 

interaction which could be sufficient to cause mis-localization. Future studies on the effect of 

cardiac remodeling in S59D and S59A mice using shorter and longer timepoints than 4-weeks 

should be performed to have a better understanding of the role of phosphorylation in acute vs 

persistent stress. In future, in addition to ischemia reperfusion injury, we could evaluate if other 

stress in addition to ischemia such as aging can worsen cardiac function in S59D mice than S59A 

mice. As we know that, p38MAPK phosphorylates CRYAB S59, it could be a potential target 

candidate for improved cardiac remodeling. One of the effective strategies could be using 

pharmacological approaches to target p38MAPK and decrease stress-induced phosphorylation. 

Also, we observed decreased total CRYAB protein in S59D mice. This shows that further 

experiment is needed on CRYAB null mice to observe how loss of CRYAB can affect cardiac 

function after ischemia reperfusion injury, or aging. We observed increased interaction between 

CRYAB-desmin to be associated with worsening cardiac function after IR. It will be interesting 

to see whether other CRYAB clients such as actin or α-actinin also has increased interaction with 

CRYAB. This will demonstrate the mechanism for wider array of mis-localization between 

CRYAB clients.  

4.4 Conclusion  

Phosphorylation mimetic CRYAB S59D variant showed abnormal looking mitochondria, 

abnormal desmin striation and presence of aggregation at baseline without stress. However, this 

level of abnormal protein quality control is not sufficient to cause cardiac dysfunction. 
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Preventing phosphorylation is protective after ischemic injury in mouse which shows reduced 

desmin mis-localization and presence of aggregates, but future studies are needed to understand 

the mechanism.   

4.5 Materials and Methods  

Generating S59A and S59D KI/KI mice models using CRISPR/Cas9 strategy. A single 

active gRNA was used to introduce point mutations in the CRYAB locus of B6/CBA hybrids 

using homology-directed repairs (HDR) after the pro-nuclear introduction of both gRNA and 

Cas9 was done by electroporation. ZE electroporation was performed in four sessions where 2 

different mice colonies, S59A (AGC to GCC) and S59D (AGC to GAC), were generated with a 

single electroporation mix (ie:  both ssODNs in the same mix). The presence of the CRYAB 

point mutations was confirmed in each generation of mice colony by deep sequencing. We used 

both male and female C57BL/6J mice of minimum sixth generation for the experiment.  

Closed-chest cardiac ischemia-reperfusion modeling. Mice were subjected to reversible left 

anterior descending coronary artery ligation for 90 minutes followed by reperfusion, in a closed-

chest procedure, as described 8 and detailed methods presented in the earlier chapter of the thesis. 

Echocardiography. 2D–directed M-mode echocardiography was performed using a Vevo 2100 

Imaging System (VisualSonics, Toronto, Canada) equipped with a 30-MHz linear-array 

transducer, as we have previously described 8,9. Detailed methods were presented in the earlier 

chapter of the thesis and as described 8. Histologic assessment with hematoxylin and eosin 

staining, and assessment of myocardial fibrosis with Masson’s trichrome staining and 

transmission electron microscopy, was performed as previously described 10.  
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Biochemical fractionation into soluble and insoluble fractions. We subjected cardiac tissues 

obtained from the remote left ventricular myocardium of mice subjected to ischemia-reperfusion 

injury (non-injured basal one-third) as previously described 10. Detailed methods were presented 

in the earlier chapter of the thesis. 

Co-Immunoprecipitation: Frozen hearts were placed in RIPA buffer (Cell Signaling 9806) 

containing Protease and Phosphatase Inhibitor (Thermo Fisher 78442) and homogenized with a 

mechanical homogenizer. Tissue lysis was pelleted at 600g for 5min. (Both supernatant and 

pellet were used for Co-IP). The pellet was dissolved with PBS containing 1% SDS and 5mM 

EDTA, and sonicated. The solution was centrifuged at 16000g for 5 min and the supernatant 

were diluted by 10 with PBS containing 5mM EDTA. 

Protein A/G Sepharose (Abcam ab193262) were incubated with 5μg antibody or IgG in PBS for 

30 min at room temperature with rotation. The immunocomplex was added to the lysis solution 

after 15min incubation with rotation at room temperature. The beads were washed with PBS for 

four times. The proteins were eluted by boiling in SDS sample buffer and analyzed by western 

blot. The antibodies used in this experiment were: Anti-desmin (Desmin (D93F5) XP® Rabbit 

mAb #5332), anti-CRYAB (Abcam, CAT# ab13496).  

Immunofluorescence analysis. We performed immunohistochemistry on myocardial tissues as 

we have previously described 10. Confocal imaging was performed on a Zeiss confocal LSM‐700 

laser scanning confocal microscope using 40×/1.3, and 63x oil immersion objectives, and images 

were processed using the Zen black software. Primary antibody used were as follows: 

anti‐desmin (Santa Cruz Biotechnology, Inc, CAT#SC‐7559), anti-ubiquitin (Sigma-Aldrich, 
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CAT#04-262), anti-actin (Millipore Sigma, CAT#A2066), anti-alpha-actinin (Abcam, 

CAT#ab9465). 

Striation and aggregate scoring. We focused on mis-localization of CRYAB client proteins 

desmin, actin and α-actinin and the presence of aggregates in CRYAB WT, S59D KI/KI and 

S59A KI/KI mice models to observe impaired protein quality control. At least three images were 

taken per sample for quantitation. Striation and aggregate scoring were performed following the 

protocol stated in chapter 3.  

Immunoblotting. Immunoblotting was performed as previously described 10 with antibodies 

listed below: p62 (Abcam, ab56416); polyubiquitin (Sigma-Aldrich CAT#04-262), CRYAB 

(Enzo life sciences, CAT#ADI-SPA-223-F), GAPDH (Abcam, CAT#ab22555), desmin (Santa 

Cruz Biotechnology, SC-7559). 

Scar size analyses. Scar area analysis was performed on Trichrome staining photographs from 

CRYAB WT, S59A KI/KI and S59D KI/KI male and female mice. Fibrotic scar tissue was 

outlined using the freeform outline tool in ImageJ to produce a pixel-based area measurement 

that could then be converted to square micrometers. In a similar fashion, area of the total LV was 

determined. We presented the data as scar size/LV area (%). 

Statistical analyses. Data presented as meanSEM. All measurements were obtained from 

separate biological replicates. Statistical analyses were performed in GraphPad Prism version 9. 

Data were tested for assumptions of normality with Shapiro-Wilk normality test. Statistical 

significance was assessed with unpaired two-tailed Student’s t-test for comparison between two 

groups, or one-way or two-way ANOVA for assessing differences across multiple groups 
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followed by post-hoc testing. A non-parametric test was performed if data were not normally 

distributed. A two-tailed P value of <0.05 was considered statistically significant. 

Study approval. All animal studies were approved by the IACUC at Washington University 

School of Medicine. Studies on human tissue were performed under an exemption by the IRB at 

Washington University School of Medicine as only de-identified human samples were used and 

these studies were deemed exempt by the IRB at Washington University School of Medicine. 
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4.6 Figures  

 

Figure 4.1: Phospho-mimetic S59D KI/KI mice did not show any gross abnormality in 

cardiac structure and function in unstressed state. Representative hematoxylin and eosin-

stained images (top panel), Masson’s trichrome stained images (middle panel), and transmission 

electron microscopy images (bottom panel) to demonstrate myocardial ultrastructure in CRYAB 

wild-type, S59A KI/KI and S59D KI/KI mice at 10-11 weeks of age. 
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Figure 4.2: Phospho-mimetic S59D KI/KI mice have increased CRYAB, p62, and 

polyubiquitinated proteins in the insoluble fraction. A-E) Representative immunoblot (A, B) 

of detergent soluble (A) and insoluble (B) fractions and quantitation (C, D, E) depicting fold 

change of polyubiquitin (C), p62 (D) and CRYAB (E) in CRYAB wild-type, S59A KI/KI and 

S59D KI/KI mice at 10-11 weeks of age. GAPDH and Ponceau S staining were performed as 

loading controls. * denotes P < 0.05, ** denotes P <0.01, *** denotes P <0.001, and **** 

denotes P <0.0001 by Tukey’s post-hoc testing after one-way ANOVA. ‘ns’ denotes as not 

significant. 
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Figure 4.3: Phospho-mimetic S59D KI/KI mice have increased pS59CRYAB in the 

aggregate enriched insoluble fraction. A) Representative immunoblot (A) and quantitation (B) 

depicting fold change of CRYAB in CRYAB wild-type, S59A KI/KI and S59D KI/KI mice at 

10-11 weeks of age. GAPDH was used as loading control. ** denotes P <0.01 and *** denotes P 

<0.001, by Tukey’s post-hoc testing after one-way ANOVA. ‘ns’ denotes as not significant. 
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Figure 4.4: Preventing serine-59 phosphorylation in CRYAB rescues post-MI 

cardiomyopathy. A. Schematic depicting experimental strategy for closed-chest IR modeling in 

CRYAB wild-type, S59A KI/KI and S59D KI/KI mice. B-D) Quantitative analyses of area-at-

risk (AAR, B), left ventricular end-diastolic volume (LVEDV, C), and LV ejection fraction (EF 

(%), D) before and at 4-weeks after IR injury in mice treated as in A. * denotes P< 0.05, *** 

denotes P <0.001 by one-way ANOVA. ‘ns’ indicates not significant.  
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Figure 4.5: Preventing serine-59 phosphorylation in CRYAB shows reduces scar size post-

MI.  A, B) Representative Masson’s trichrome images (A) and quantitation (B) of scar size from 

CRYAB WT and CRYAB S59A KI/KI mice subjected to closed chest IR modeling as in Figure 

9A. * denotes P< 0.05, and ** denotes P< 0.01 by one-way ANOVA. 
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Figure 4.6: S59D KI/KI mice myocardium showed abnormal desmin striation in unstressed 

state. S59A KI/KI mice showed preserved desmin striation after ischemia-reperfusion 

injury. A-C) Representative immunohistochemical images (A) and quantitation (B, C) from 

remote myocardium of sham or IR-treated CRYAB wild-type, S59A KI/KI and S59D KI/KI 

mice that were stained for desmin, and polyubiquitin. Arrow points to desmin aggregates, which 

are mis-localized from their physiologic location (such as Z-discs and intercalated discs in donor 

myocardium for desmin to protein aggregates. Representative of n=3 hearts/group.  * Denotes P< 

0.05, and ** denotes P< 0.01 by one-way ANOVA. ‘ns’ denoted not significant. 
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Figure 4.7: S59D KI/KI mice showed increased desmin-CRYAB interaction and S59A 

KI/KI mice showed decreased desmin-CRYAB interaction. A-D) Representative immunoblot 

(A, C) and quantitation (B, D) of Desmin or CRYAB when it was co-immunoprecipitated (co-IP) 

with CRYAB and Desmin respectively. Remote myocardium of CRYAB phospho-mimetic 

S59D and phospho-deficient S59A KI/KI mice of 10-11 weeks of age were used for this study 

where CRYAB WT was used as control. ** indicates p<0.01, *** denotes P <0.001by one-way 
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ANOVA. ‘ns’ denoted not significant. E-G) Representative immunoblot (E) and quantitation (F, 

G) of desmin and CRYAB when they were used as input for co-immunoprecipitation (co-IP) 

study. CRYAB phospho-mimetic S59D and phospho-deficient S59A KI/KI mice remote 

myocardium were used for this study where CRYAB WT was used as control. ‘ns’ denotes not 

significant by one-way ANOVA. 
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4.8 Supporting materials 

Table 4.1: Morphometric and M-mode echocardiographic data for CRYAB WT, S59A KI/KI, 

and S59D KI/KI mice at 10-11 weeks of age. 

 

Data represent mean ± SEM. No significant differences (p>0.05) were found between groups in 

ordinary one-way ANOVA by using Tukey’s multiple comparison test. BW= Body Weight, 

HW= Heart Weight, TL= Tibia Length, LVIDd= Left Ventricular Internal Diameter End 

Diastole, LVIDs= Left Ventricular Internal Diameter End Systole, FS= Fractional Shortening, 

 
CRYAB WT 

(n=6) 

CRYAB S59A 

(n=8) 

CRYAB S59D 

(n=8) 

BW (g) 22.95 ± 1.61 22.28 ± 1.06 21.09 ± 1.39 

HW/BW (mg/g) 4.53 ± 0.11 4.71 ± 0.16 4.78 ± 0.07 

HW/TL (mg/mm) 6.50 ± 0.33 6.29 ± 0.18 6.36 ± 0.39 

LVIDd (mm) 3.29 ± 0.09 3.13 ± 0.05 3.20 ± 0.09 

LVIDs (mm) 1.76 ± 0.09 1.62 ± 0.04 1.75 ± 0.08 

FS (%) 46.65 ± 1.66 48.43 ± 0.74 45.69 ± 1.11 

LV mass (mg) 63.41 ± 2.73 57.37 ± 1.45 63.34 ± 4.13 

HR (beats per min) 625± 13 593 ± 8 608 ± 10 
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LV mass= Left-Ventricular mass based on M-mode echocardiography measurements, HR= Heart 

rate.  
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Chapter 5: Pharmacological chaperone 25-

hydroxycholesterol (25-HC) rescues post-MI 

cardiomyopathy by reducing toxic aggregate-prone 

pS59CRYAB. 

 

5.1 Introduction  

 25-hydroxycholesterol (25-HC) is a derivative of cholesterol which is obtained by 

oxidation catalyzed by enzymes1. αB-crystallin is one of the most prevalent proteins in lens. 

When the soluble form of αB-crystallin becomes insoluble amyloid due to misfolding and 

aggregation, it forms cataract in humans3. Interestingly, 25-HC was discovered as a therapeutic 

chaperone in a study that screened a lot of small molecules which can protect against cataract 

formation4. 25-HC acts as a pharmacological chaperone in reducing aggregates in in-vitro model 

and refolding αB-crystallin in mouse model of cataract carrying R120G genetic mutation4. 25-

HC improves the transparency of the lens when disaggregation was performed following 

aggregation induction4. Thus, the molecular mechanism of how CRYAB R120G aggregates can 

be rescued by 25-HC remains unknown. Later, in-silico molecular docking study was done to 

understand this phenomenon where it was found that 25-HC is able to bind in a groove in 

CRYAB native form forming multiple hydrogen bonds, but not the enantiomer of 25-HC5. In our 

study, we have observed that CRYAB interacts strongly with client proteins such as desmin and 

becomes aggregate-prone when it is phosphorylated by p38MAPK, and it induced 

cardiomyopathy associated adverse LV remodeling. Thus, we hypothesized that, treatment of 25-

HC will be able to reduce CRYAB aggregates and total pS59CRYAB to rescue post MI-

cardiomyopathy. In this study, we have first induced protein aggregate formation in NRCMs by 
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adenoviral transduction of CRYAB R120G and treated cells with 25-HC. We then subjected WT 

C57BL6J young adult male mice to ischemia-reperfusion injury, and injected 25-HC 

intraperitoneally to observe the effect in cardiac remodeling after IR.  

5.2 Results 

5.2.1 25-HC reduces pS59CRYAB and aggregates formed by an arginine to glycine 

(R120G) human disease-causing mutant in CRYAB 

 To examine the paradigm that overall reduction in pS59CRYAB may be beneficial, we 

turned to studies with 25-hydroxycholesterol (25-HC). This compound was uncovered in a 

screen focused on preventing aggregation of CRYAB-R120G in the lens of the eye to prevent 

cataract formation 4. We tested the efficacy of 25-HC on serine-59 phosphorylation of CRYAB-

R120G protein transduced in neonatal rat cardiac myocytes, followed by subcellular 

fractionation. As shown, 25-HC induced a dose-dependent reduction in pS59CRYAB levels in 

the detergent insoluble fraction (Fig. 5.1 B) with a significant reduction at the highest dose tested 

(Fig. 5.1 D) without a change its levels in the soluble fraction (Fig. 5.1 A, D) or in total CRYAB 

abundance (Fig. 5.1 A, B, E). This was accompanied by a reduction in p62 and polyUb proteins 

in the insoluble fraction (Fig. 5.1 B, F, G) but not the soluble fraction (Fig. 5.1 A, F, G) at the 

highest dose of 25-HC. 25-HC also induced a marked reduction in CRYAB-R120G aggregates 

detected with immunostaining (Fig. 5.1 C).  

 

5.2.2 Altered phase separation of CRYAB R120G but not CRYAB S59D was rescued by 

25-HC 

 To determine if 25-HC treatment alters phase separation of the CRYAB-R120G mutant 

protein, we expressed CRYAB-R120G optoIDR construct (as in Fig. 2.4 E-G) and treated the 
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cells with 40 M 25-HC or diluent. 25-HC treatment reduced the number and size of CRYAB-

R120G aggregates (Fig. 5.2 A-C) but did not result in a noticeable light-induced increase in 

condensate formation (Fig. 5.2 B, C). To examine the effect of 25-HC treatment on the fluidity 

of CRYAB-R120G condensates, we performed FRAP analyses. As shown (Fig. 5.2 D, E), the 

recovery of fluorescence was markedly increased in 25-HC-treated CRYAB-R120G mutant 

proteins post-bleach as compared with diluent-treated CRYAB-R120G. Taken together, these 

data indicate that 25-HC treatment reduces serine-59 phosphorylation to maintain fluidity of the 

resulting condensates and reduces the propensity for aggregate formation. To confirm if the 

mechanism of action of 25-HC was via S59 phosphorylation and whether 25-HC can affect the 

phase separation and dynamicity of phospho-mimetic S59D variant, we performed phase 

separation and FRAP analyses. We have observed that 25-HC is not able to alter phase 

separation (Fig. 5.3 A-C) or dynamicity (Fig. 5.3 D, E) of S59D variant. These findings predict a 

beneficial effect of 25-HC on post-MI remodeling by reducing the abundance of pS59CRYAB. 

 

5.2.3 Attenuating serine-59 phosphorylation with 25-hydroxycholesterol rescues post-MI 

cardiac remodeling in-vivo 

We set up a protocol, where mice were injected with 25-HC at the dose of 10 mg/kg 

beginning at day 4 after IR injury (Fig. 5.4 A). We chose this time point to avoid its effects on 

CRYAB phosphorylation during the acute phase of injury, where p38 kinase-mediated serine-59 

phosphorylation may play a protective role 6,7. Our data demonstrate a significant increase in 

LVEF (Fig. 5.4 C) with reduced LV dilation (Fig. 5.4 D) in 25-HC-treated mice. We examined 

the effect of 25-HC on pS59CRYAB and detected a decline in the insoluble fraction (Fig. 5.5 B-

F) without an increase in the soluble fraction (Fig. 5.5 A, C-F), consistent with the effects 
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observed in neonatal rat cardiac myocytes (Fig. 5.1 A-D). We also have observed a reduction of 

polyubiquitinylated proteins in the insoluble fractions of the 25-HC injected mice, demonstrating 

a reduction of protein aggregates. As supportive evidence, we have observed 25-HC-treatment 

attenuated aggregates observed in the post-IR myocardium of wild-type mice (Fig. 5.6 A, B, C) 

with a trend towards reduction in scar size (Fig. 5.7 A, B), while the area-at-risk was similar 

between the two groups. Even though we observed decreased sequestration of pS59CRYAB in 

the insoluble fraction of the 25-HC injected mice, we saw a rescue in adverse LV-remodeling. 

Thus, we performed immunoblotting of pS59CRYAB using the crude extract of the remote 

myocardium of the diluent and 25-HC injected mice. We have observed a marked decrease of 

pS59CRYAB in 25-HC injected mice (Fig. 5.8 A, B). These data support the notion that 

attenuating overall levels of serine-59 phosphorylated CRAYB is an effective strategy to reduce 

the aggregation potential and toxicity of CRYAB under sustained stress, as observed in ischemic 

cardiomyopathy.   

5.3 Discussion 

 CRYAB R120G is associated with cardiomyopathy and cataract formation with 

aggregate formation. As cardiomyopathy and cataract formation is associated with CRYAB 

aggregate formation, and 25-HC was found to rescue cataract formation by reducing protein 

CRYAB aggregates, we have planned to use 25-HC in our study. We have first performed a 

serial dosage of 25-HC in the NRCMs that had CRYAB R120G aggregates and have seen that 40 

M of 25-HC was able to reduce aggregates and abundance of pS59CRYAB in the insoluble 

fraction. We then modeled WT mouse of ischemia-reperfusion injury and treated 25-HC for 

three and a half weeks. We started administration of 25-HC four days after ischemia to reduce 

the confounding effect of immune cells that induce expression of 25-HC at the site of 
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inflammation. In our study, we observed a marked decrease of total pS59CRYAB in 25-HC 

injected mice in the crude extract. This demonstrate that the amount of pS59CRYAB after 25-

HC injection reduces sufficiently to improve cardiac myocyte function after ischemia-

reperfusion injury. However, future studies are needed to understand the molecular mechanisms.  

5.4 Conclusion  

 The beneficial effect of reducing the overall abundance of pS59CRYAB with 25-

hydroxychoesterol administration on post-MI remodeling indicates that reducing toxic 

aggregate-prone proteins such as pS59CRYAB, is an effective strategy to counter the 

pathogenesis of ischemic cardiomyopathy.  

5.5 Materials and Methods  

Neonatal cardiac myocyte isolation. Neonatal rat cardiac myocyte isolation was performed 

from C57BL6J young adult mice using a modification of the technique we have described with 

the Worthington Neonatal Cardiomyocyte Isolation System (CAT# LK003300) 8. Hearts were 

harvested from one-day old neonatal mice and were subjected to trypsin digestion in a final 

concentration of 50 μg/ml in HBSS for 16-18 hours at 4°C after removal of the atria. 

Collagenase digestion (type II collagenase; 300 U/ml; Worthington) was conducted at 37°C for 

45 min. Cardiomyocytes were seeded on collagen-coated four well chamber slides (Laboratory 

Tek) at a density of 105 cells per square cm. On the 2nd day, the culture medium was changed to 

the Rat Cardiomyocyte Culture Medium (Cell applications INC, CAT#R313-500) for at 3-5 days 

prior to immunofluorescence staining. 
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Adenoviral studies. Adenoviral vectors encoding for CRYAB-R120G were employed, as 

previously described9. We have treated the cells for 48 hours after adenoviral transduction and 

then treated with 25-HC for 24-hours.  

Immunofluorescence analysis. We performed immuno-histochemistry on cells and myocardial 

tissues as we have previously described 10. Primary cultures of neonatal mouse cardiac 

myocytes were fixed in 100% cold methanol for 20 minutes, followed by blocking with 1% 

normal serum in PBS for 1 hour at room temperature. Primary antibody used was as follows: 

anti–αB‐crystallin polyclonal antibody (ENZO Life, ADI‐SPA‐223‐F) with overnight incubation 

at 4°C. Paraffin‐embedded heart sections (4 µm thick) were subjected to de-paraffinization using 

Xylene; serial 100%, 90%, 70% and 50% EtOH treatment followed by hydration using DI water 

and heat‐induced epitope retrieval in Diva decloaker solution (Biocare medical, REF# 

DV2004MX). This was followed by blocking using 1% BSA (Sigma-Aldrich, CAT#A9647-

100G), 0.1% Tween-20 (Sigma-Aldrich, CAT# P2287-500ML) in PBS (Corning, CAT# 21-040-

CM) and 5% donkey serum. The slides were incubated overnight with primary antibody in 4°C. 

After serial washes, samples were stained with secondary antibody and mounted with fluorescent 

4’,6‐diamidino‐2‐phenylindole mounting medium (Vector Labs, H‐1200). Confocal imaging was 

performed on a Zeiss confocal LSM‐700 laser scanning confocal microscope using 40×/1.3, and 

63x oil immersion objectives, and images were processed using the Zen black software. Primary 

antibody used in these experiments were: anti-desmin (Santa Cruz Biotechnology, Inc, 

SC‐7559), anti-actin (Millipore Sigma, A2066), anti-actinin (Abcam, ab9465). 
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Striation and aggregate scoring. We focused on mis-localization of CRYAB client proteins 

desmin, actin and α-actinin and the presence of aggregates in closed-chest ischemia reperfusion 

subjected C57BL6J WT mice that underwent diluent or 25-HC treatment to observe impaired 

protein quality control. At least three images were taken per sample for quantitation. Striation 

and aggregate scoring were performed following the protocol stated in chapter 3.  

Biochemical fractionation into soluble and insoluble fractions. We have performed 

biochemical fractionation into soluble insoluble fractions of NRCMs and mouse remote cardiac 

tissue following the protocol described in the previous chapters.  

Studies with optoDroplet constructs. CRYAB constructs were transfected into HEK 293A 

cells using Effectene transfection reagent (Qiagen, CAT#301425) and live-cell imaging was 

performed using 35-mm glass-bottom dishes at 24-hours after transfection using 40x oil 

immersion objective of the Nikon A1R confocal imaging system (equipped with 37C stage) at 

the Center for Cellular Imaging (WUCCI) at Washington University in St. Louis School of 

Medicine. Cells were imaged with two laser wavelengths (488 nm for Cry2 activation and 561 

nm for mCherry imaging) with laser power of 10% for the 488 nm. Various parameters were 

quantified using imageJ (NIH) by adjusting the threshold to ensure uniform cut-off values at the 

t=0 and t=300s time-point images. Average condensate area was determined by total area of the 

fluorescence signal divided by number of condensates before or after 300s of the blue light 

activation. Average number of condensates per cell was obtained by dividing total number of 

condensates divided by number of cells before or after 300s of the blue light activation.  

Studies with fluorescence recovery after photobleaching (FRAP). FRAP was performed on 

OptoIDR constructs as described above while imaging with100x objective lens of the Nikon 
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A1R confocal imaging system, using 488nm laser at 50% intensity and 561 nm laser at 50% 

intensity for 1 minute selecting a region of interest of ~ 1 um in diameter; and fluorescence 

recovery was monitored. Intensity traces were collected using imageJ and normalized to pre-

bleaching intensity (set at 100%). Only condensates with reduction in intensity to <10% (as 

compared to pre-bleach) post-photobleaching were selected for further analysis.  

Immunoblotting. Immunoblotting was performed as previously described 10 with antibodies 

listed below: anti-SQSTM1/p62 antibody (Abcam, ab56416); B-crystallin (CRYAB) 

polyclonal antibody (Enzo life sciences, CAT# ADI-SPA-223-F); Anti-Alpha B crystallin (pS59) 

antibody (Abcam, CAT#ab5577); Anti-ubiquitinylated proteins antibody, clone FK1 (Sigma-

Aldrich, CAT#04-262) ; Anti-GAPDH antibody (Abcam, CAT#ab22555); Anti-Actin antibody 

(Sigma, CAT#A2066). 

Closed-chest cardiac ischemia-reperfusion modeling and echocardiography. Described as 

before (Chapter 3) 

Studies with 25-hydroxycholesterol.  25-hydroxycholesterol (CAT#H1015-100MG, Sigma-

Aldrich) was dissolved in 100% ethanol (final concentration 20mg/mL) to make a stock solution.  

For in-vivo experiments, the stock solution was diluted in sterile PBS for injection. A dose of 

10mg/kg or equivalent vehicle control was administered every other day via intraperitoneal 

injection beginning at day 4 after closed-chest ischemia-reperfusion injury for 3.5 weeks. Mice 

were weighed prior to injection and food intake was monitored through the experiment. 

Scar size analyses. Scar area analysis was performed on Trichrome staining photographs from 

closed-chest ischemia-reperfusion subjected C57BL6J WT male mice that were diluent or 25-

treated. The protocol is presented on chapter 4. 
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Statistical analyses. Data presented as meanSEM. All measurements were obtained from 

separate biological replicates. Statistical analyses were performed in GraphPad Prism version 9. 

Data were tested for assumptions of normality with Shapiro-Wilk normality test. Statistical 

significance was assessed with unpaired two-tailed Student’s t-test for comparison between two 

groups, or one-way or two-way ANOVA for assessing differences across multiple groups 

followed by post-hoc testing. A non-parametric test was performed if data were not normally 

distributed. A two-tailed P value of <0.05 was considered statistically significant. 

Study approval. All animal studies were approved by the IACUC at Washington University 

School of Medicine. 

 

 

 

 

 

 

 

 

 

 

 

 

 



98 

 

5.6 Figures  

 

Figure 5.1: Treatment with 25-hydroxycholesterol reduces pS59CRYAB in the insoluble 

fraction and reduces aggregates. A, B) Representative immunoblots depicting total 

pS59CRYAB, CRYAB, p62 and polyubiquitinated proteins in NP40-detergent (A) soluble and 

(B) insoluble fractions from neonatal rat cardiomyocytes (NRCMs) transduced with adenoviral 

CRYAB-R120G (MOI=10) for 96 hours and treated with 0, 10, 20 and 40 M 25-

hydroxycholesterol for the final 72 hours. Actin is shown as loading control. C. Representative 

immunofluorescence images of NRCMs treated in A. Arrows point to GFP-positive aggregates. 

D-G) Quantitative assessment of pS59CRYAB (D), total CRYAB (E), p62 (F) and 

polyubiquitinated protein (G) expression in NP-40 soluble and insoluble fractions from NRCMs 

treated in A. * denotes P <0.05 and ** denotes P <0.01 by t-test.  
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Figure 5.2: Treatment with 25-hydroxycholesterol alters the phase separation 

characteristics of CRYAB-R120G. A) Representative time-lapse images at t=0s, 100s, 200s, 

and 300s after light activation in HEK293A cells transfected with OptoIDR constructs generated 

with CRYAB-R120G as the ‘IDR’ protein and treated with diluent or 25-HC (20 M). B, C) 

Average number (I) and area (J) of condensates/cell at t=0 vs. t=300s in cells treated as in H. ** 

indicates P<0.01 and *** indicates P<0.001 by t-test. D) Representative images demonstrating 

recovery of fluorescence after photobleaching in HEK 293A cells treated as in H. The area of 

photobleaching is marked with a dotted circle prior to (pre-bleach), and at 0, 100, 200, 300, 400 

and 500 seconds (s) after photobleaching. E) Quantitation of fluorescence recovery in CRYAB 

variants indicated in K. * indicates P<0.05 by t-test. 
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Figure 5.3: 25-HC does not affect phase separation or dynamicity of CRYAB S59D. A) 

Representative time-lapse images at t=0s, 100s, 200s, and 300s after light activation in 

HEK293A cells transfected with constructs generated with CRYAB S59D, the phospho-mimetic 

mutant as the ‘IDR’ in the optoIDR constructs. B) Average number of condensates/cells at t=0 

vs. t=300s in cells treated as in A. ‘ns’ indicates not significant by t-test. C) Average area of 

condensates/cell at t=300s in cells treated in A. ‘ns’ indicates not significant by t-test. D) 

Representative images demonstrating recovery of fluorescence after photobleaching in HEK 

293A cells transfected with mCherry-Cry2 fused optoIDR constructs generated with CRYAB 

S59D, the phospho-mimetic mutant. Representative images demonstrate area of photobleaching 

(marked with a dotted circle) prior to (pre-bleach), immediately after, and at 100, 200, 300, 400 

and 500 seconds (s) after photobleaching was terminated. Intensity at various time points is 

depicted as a fraction of intensity prior to bleaching (set at 100%). E) Quantitation of 
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fluorescence recovery (maximum minus immediately post-bleach) in CRYAB S59D variants 

indicated in D.’ns’ indicates not significant by t-test. 
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Figure 5.4: Treatment with 25-hydroxycholesterol rescues adverse LV remodeling after IR 

injury. A. Schematic depicting experimental strategy for closed-chest IR modeling in wild-type 

mice followed by intraperitoneal administration of 25 hydroxycholesterol (10 mg/kg/mouse in 

every 48 hours) or diluent, initiated as day 4 after IR injury. B-D) Quantitative analyses of area-

at-risk (AAR, B), LV ejection fraction (EF (%), C) and left ventricular end-diastolic volume 

(LVEDV, D) prior to and at 4 weeks after IR injury in mice treated as in A. ** denotes P< 0.01 

and **** denotes P <0.0001 by t-test. ‘ns’ indicates not significant.  
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Figure 5.5: Treatment with 25-hydroxycholesterol reduces sequestration of pS59CRYAB in 

the insoluble fraction. A-F) Representative immunoblots (A, B) and quantitation (C-F) 

depicting total CRYAB, pS59CRYAB, p62 and polyubiquitinated protein expression in NP-40 

soluble (A) and insoluble (B) fraction in myocardium of mice 4-weeks after IR injury and treated 

with diluent or 25-HC. ** indicates P<0.01 and ‘ns’ indicates not significant by t-test. 
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Figure 5.6: Treatment with 25-hydroxycholesterol reduces aggregates in the heart post-MI. 

A) Representative images depicting polyubiquitin, p62 and desmin staining on formalin fixed 

myocardial sections from WT mice 4-weeks after IR injury and treated with diluent or 25-HC. 

Representative of n=4 hearts per group. Arrows point to aggregates in cardiac myocytes. B, C) 

Representative Masson’s trichrome images (B) and quantitation (C) of scar size from mice 

subjected to closed chest IR modeling followed by treatment with 25-hydroxycholesterol or 

diluent. P value shown is by t-test. 
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Figure 5.7: Treatment with 25-hydroxycholesterol reduces scar size post-MI. A, B) 

Representative Masson’s trichrome images (A) and quantitation (B) of scar size from mice 

subjected to closed chest IR modeling followed by treatment with 25-hydroxycholesterol or 

diluent. P value shown is by t-test. 
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Figure 5.8: 25-HC treatment reduces overall pS59CRYAB in the WT C57BL6J mice post-

MI. Representative immunoblot (A) and quantitation (B) of pS59CRYAB in crude extracts of 

remote myocardium from WT C57BL6J young adult male mice that were treated with 25-HC or 

diluent for ~3.5 weeks. * indicates p<0.05 by t-test. Actin and Ponceau S were used as loading 

controls.  
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Chapter 6: Preventing aggregate formation or forceful 

disaggregation worsens post-MI cardiomyopathy.  

 

6.1 Introduction 

 Protein aggregates that form self-assemblies serve context-dependent beneficial or 

harmful roles in prokaryotes, fungi, and invertebrates1,2. However, in human diseases and in 

mammalian models, protein aggregates have been associated with ‘proteotoxicity’ and the 

mechanistic effect of protein aggregation remains unexplored. A rapidly fatal human 

cardiomyopathy results from a genetic mutation (Arginine to Glycine residue mutation at 

position 120, R120G) in a muscle enriched protein αB-crystallin. αB-crystallin is a chaperone 

protein that helps other cardiac proteins to fold and quality control. R120G mutation in αB-

crystallin was studied in our lab in an MHC-Cre driven mice model which recapitulated 

cardiomyopathy associated aggregate formation3. When lysosomal degradative function was 

improved, clearance of the aggregate was achieved and desmin localization was restored3. Thus, 

we became interested to utilize the strategy to remove protein aggregates in the cardiac myocytes 

and see its effect in ischemia-reperfusion injury. We first planned a genetic approach and ablate 

protein aggregate formation and targeted p62. p62 or sequestosome was one of the first selective 

autophagy receptors discovered and it is comprised with LIR (LC3 interacting region) domain 

that binds with LC3 (ATG8) receptors of the autophagy cargo4,5,6. Human p62 is 440 amino 

acids long and contains N-terminal PB1 domain, zz domain, TRAF-6 binding domain (TB), 

Nuclear export signal (NES), bipartite nuclear localization signal (NLS), LC3 interacting region 

(LIR) and C-terminal Ubiquitin associated domain (UBA) crucial for autophagy and then Keap-

interacting region (KIR)7. LIR domains have a conserved sequence containing W/F/Y-xx-L/I/V 
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which is crucial for the LIR-ATG8 interaction required for autophagy7,8. p62 is required for the 

protein aggregate formation in macrophages and these aggregates could show an anti-

inflammatory role9. Protein aggregate formation requires dimerization of p62 in PB1 domain 

mediated by K7 and D698. Thus, in order to ablate protein aggregate formation in the cardiac 

myocytes, we generated a perinatal cardiac specific p62 protein knockout mouse model with a 

goal to determine the role of the protein aggregates. We followed another parallel strategy to 

overexpress yeast disaggregase Hsp104 and selectively disaggregates protein aggregates in the 

heart. Hsp104 is a yeast chaperone protein of 104 kDa with a hexameric structure10. Amyloids 

are stable aggregate-like structure. Interestingly, they have been found in yeast mediating 

protective functions11. Hsp104 causes disaggregation of the amyloids by giving rise of linearized 

peptides that can be refolded to native conformations12. Engineered Hsp104 was observed to 

disaggregate neurodegenerative diseases associated protein aggregates such as alpha-

synuclein13,14 , TDP-4314,15 and FUS14. Thus, the gain-of-function of Hsp104 disaggregase can be 

harnessed to work on diverse proteotoxic aggregations and thus have tremendous therapeutic 

potential in cases where aggregates are directly related with pathology. So, we have used the 

strategy of AAV9 mediated cardiac myotropic expression of HSP104 to disaggregate protein 

aggregates and determine its role in detail in ischemia-reperfusion injury.  

6.2 Results 

6.2.1 p62 ablation reduces CRYAB R120G aggregation in neonatal mouse cardiomyocytes 

 To examine the functional relevance of pS59CRYAB partitioning into aggregates with 

p62, we first performed loss-of-function modeling of p62 in cardiac myocytes to prevent protein 

aggregation. In prior data, p62 has been demonstrated to be critical for formation of protein-
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aggregates in macrophages9, and TRIM21-mediated ubiquitination of p62 at lysine 7 (K7) is 

essential in the process, whereby a lysine to arginine (K7R) mutation was sufficient to abolish its 

aggregation potential16. To determine if p62 affects CRYAB-R120G aggregates, we induced the 

aggregate formation in p62 floxed neonatal mouse cardiac myocytes (NMCMs). We then 

transduced the NMCMs with adenoviral Cre recombinase to induce p62 ablation (Figure 6.1 A, 

B). CRYAB-R120G formed protein-aggregates in Ad-LacZ control-treated cardiac myocytes 

(with intact p62), wherein desmin co-localized with p62 (Figure 6.1 A, B). Ablation of p62 

markedly reduced formation of CRYAB-R120G protein-aggregates (Figure 6.1 A, B) and 

prevented desmin localization to aggregates, indicating that p62 is necessary for aggregate 

formation of CRYAB and desmin sequestration in cardiac myocytes.  

 

6.2.2 Cardiac myocyte-specific p62 ablation in mice (p62cKO) did not result in altered 

cardiac structure and function in unstressed young adult mice 

We generated and characterized mice carrying two SQSTM1 alleles and a Myh6-Cre 

transgene (henceforth termed p62 cardiac myocyte knockout (p62cKO) mice). Young adult 

p62cKO mice demonstrated markedly reduced p62 levels in cardiac myocytes as compared with 

SQSTM1 floxed (henceforth referred to as p62 floxed (p62fl/fl)) controls (Fig. 6.2 A) consistent 

with cardiac myocyte-specific ablation of p62. A previous study showed that p62 ablation in the 

cardiomyocytes cause mild cardiac dysfunction in normal conditions28. However, in this study 

p62cKO mice did not demonstrate any differences in cardiac structure or function as compared 

with floxed controls (Table 6.1). We also subjected Myh6-Cre mice to IR and assessed LVEDV 

and EF at 4-weeks (figure 3.5 A-D). We did not observe any effect of My6-Cre on cardiac 

function. Given that p62 also serves as an adaptor protein to facilitate sequestration of cargo in 
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autophagosomes, we examined autophagic flux in the myocardium using two approaches. 

Firstly, injection of chloroquine to inhibit lysosome acidification and prevent autophagosome-

lysosome function demonstrated preserved myocardial flux through macroautophagy in p62cKO 

mice as compared with controls (Fig. 6.2 A-C). Moreover, the relative abundance of 

autophagosomes and autolysosomes, as assessed by dual fluorescent-tagged LC3 reporter was 

not different between p62cKO and controls (Fig. 6.2 A-E). Proteasome activity examined by a 

fluorometric assay was not altered in p62cKO myocardium as compared with controls (Fig. 6.2 

F). We also observed no difference in p62cKO mice in trichrome, H&E and ultrastructure using 

transmission electron microscopy (Fig. 6.3 A, B). Given that various autophagy adaptors namely 

Optineurin, TAX1BP1, NDP52 and NBR1 function analogously as p62 in interacting with 

ubiquitinated protein and LC3, and bridging their engulfment in autophagosomes17, we examined 

their expression in p62cKO mice. We did not detect any changes in their protein abundance (Fig 

6.4 A-N) in p62cKO mice suggesting that redundancy between these adaptors and p62 maintains 

flux through macroautophagy despite loss of p62. Also, recent reports indicate a role of p62 in 

regulating mTOR activity and transcription factor EB (TFEB) in the myocardium18. Therefore, 

we examined phosphorylation of mTOR and its downstream substrate 4EBP1 and did not detect 

any differences (Fig. 6.4 K, M), or in levels of LAMP1 (Fig. 6.4 K, N), a TFEB target protein, in 

p62cKO mice as compared with control. Taken together, these observations support the 

application of p62cKO mice as a suitable model system to examine the relevance of 

pS59CRYAB partitioning by preventing aggregate formation in the setting of IR.  
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6.2.3 Reduced sequestration of pS59CRYAB in aggregates in p62cKO mice worsens post-

MI cardiomyopathy 

We next performed closed-chest ischemia-reperfusion modeling in p62cKO and floxed 

mice followed by evaluation of cardiac structure and function (Fig. 6.5 A). Notably, the presence 

of Myh6-Cre allele does not alter post-MI LV remodeling versus C57BL6J wild-type mice, 

whereby we employed p62 floxed mice as controls for subsequent studies. P62cKO mice did not 

demonstrate a difference in infarct size at 24 hours post injury (Fig. 6.5 B, C) but manifest a 

significant increase in scar size at 4 weeks (Fig. 6.5 D, E) despite comparable area-at-risk (Fig. 

6.5 F) as compared with p62 floxed mice, suggesting infarct expansion in the setting of p62 

ablation. We also observed a significant increase in LVEDV (Fig. 6.5 G) and a reduction in 

LVEF (Fig. 6.5 H) at 4 weeks post-IR injury in p62cKO versus p62 floxed controls. Importantly, 

loss of p62 resulted in a decline in pS59CRYAB abundance in the insoluble fraction post-IR vs. 

sham (Fig. 6.5 B, E) with a trend towards relative increase in the soluble fraction (Fig. 6.6 A, D) 

in p62cKO, suggesting the lack of sequestration of pS59CRYAB in the aggregates with loss of 

p62. Indeed, pre-amyloid oligomers were not detected in the p62cKO myocardium, while these 

were observed post-IR injury in the p62 floxed myocardium (Fig. 6.6 C). We previously 

observed decreased pS59CRYAB in the insoluble fraction showed improved post-MI cardiac 

remodeling (after 25-HC treatment in the WT mouse that underwent IR). However, In this 

experiment, we observed reduced pS59CRYAB in the insoluble fraction of the p62cKO mice 

after IR, but the post-MI cardiomyopathy is worsened. In order to determine whether this 

observance is due to total pS59CRYAB abundance change after IR in p62 cKO mice, we have 

performed immunoblotting in the crude extract in the remote myocardium of the p62 fl/fl and 

cKO groups. We have observed that pS59CRYAB does not reduce in expression in p62 fl/fl and 
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cKO mouse after IR (Fig. 6.7 A, B). which demonstrate that the adverse LV-remodeling in 

p62cKO mouse is primarily due to no reduction in the total pS59CRYAB in the crude extract. 

The reduction of pS59CRYAB in the insoluble fraction is just due to a shift from insoluble to 

soluble fraction. As total pS59CRYAB was reduced after 25-HC treatment in WT C57BL6J 

mouse after IR, we observed improved post-MI cardiac remodeling.  

 

6.2.4. Reconstituting p62 by AAV9 expression in cardiac myocytes rescued post-MI 

cardiomyopathy 

To examine the specific requirement for p62’s role in protein aggregation in the observed 

phenotypes, we performed AAV9-mediated expression of wild-type p62 or its aggregation 

deficient K7R mutant 16 driven by the cardiac troponin T promoter in p62cKO mice and 

performed IR modeling (Fig. 6.8 A). Restoration of wild-type p62 but not the K7R mutant was 

sufficient to rescue the LV dilation (Fig. 6.8 B-D) and prevent the decline in LV systolic function 

(Fig. 6.8 E) in p62cKO mice at 4 weeks post-IR injury. The area-at-risk was similar between 

groups (Fig. 6.8 F). We also evaluated expression of Nrf2, a transcription factor that drives anti-

oxidant signaling and is activated in a non-canonical fashion by p62-mediated sequestration of 

Keap119; and did not detect changes in Nrf2 (which autoregulates its own expression) or its 

target genes in the myocardium in p62cKO or control mice after MI or sham surgery (Fig.6.10 

A-D). To find out whether autophagy and mTOR pathway activation have an effect in the 

adverse-LV remodeling, we have performed immunoblotting for autophagy markers and mTOR 

complex. We have observed that LC3 II and mTOR complex is unaffected (Fig. 6.9 A-D) in the 

p62cKO mouse after IR. Taken together, these findings indicate that p62 promotes sequestration 

of pS59CRYAB in protein-aggregates, preventing which worsens ischemic cardiomyopathy.  
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6.2.5 Forcible disaggregation by AAV9-mediated expression of Hsp104 reduces 

pS59CRYAB in aggregates and worsens post-MI cardiomyopathy 

 As a second approach to examine the functional relevance of pS59CRYAB partitioning 

into aggregates in the setting of IR injury, we expressed Hsp104 (Fig. 6.11 A), a yeast protein, 

which is functional in disaggregating proteins in mammalian tissues by dis-aggregating protein-

aggregates 14,20. AAV9-Hsp104 expression via the CMV promoter resulted in detectable Hsp104 

in myocardial extracts (Fig. 6.11 B) in wild-type mice, without affecting LVEF or LVEDV prior 

to IR injury (Fig. 6.11 C, D). In mice subjected to closed-chest IR injury, Hsp104 expression led 

to a significant decline in LVEF (Fig. 6.11 C) and worsening of LV dilation (Fig. 6.11 D), with a 

trend towards increased scar size at 4 weeks post-IR as compared with control (Fig. 6.11 F, G), 

while the area-at-risk was comparable (Fig. 6.11 E). Hsp104 expression resulted in decline of 

polyUb proteins and pS59CRYAB in the insoluble fraction (Fig. 6.12 A-D) with an increase in 

pS59CRYAB in the soluble fraction (Fig. 6.12 A-D). Taken together, these data demonstrate that 

Hsp104-induced forced disaggregation of protein-aggregates results in increased partitioning of 

pS59CRYAB to the soluble fraction accompanied by evidence for toxicity, i.e. worse post-MI 

remodeling. 

6.3 Discussion 

 Our experiments demonstrate that p62 is essential to form cytoprotective protein-

aggregates under stress, as restoration of wild-type p62 but not it’s aggregation-deficient K7R 

variant 16 rescues the adverse consequences of its genetic ablation in cardiomyocytes, in 

progression of ischemic cardiomyopathy. p62 is a multifunctional protein comprised of a LIR 

(LC3-interacting region) domain that binds with LC3 (ATG8) to facilitate sequestration of 
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autophagic cargo in autophagosomes, and a PB1 domain that dimerizes via K7 and D69 residues 

to sequesters aggregate-prone proteins such as mutant huntingtin to prevent cytotoxicity 21. Thus, 

we have employed the usage of K7R mutant in the AAV9 study to observe the role of p62 

variant in the heart where p62 will be expressed but will not be able to form aggregates. Mice 

lacking TRIM21, a E3 ubiquitin ligase that ubiquitinates the K7 residue (which inhibits p62 

dimerization), demonstrate marked attenuation of LV dilation and systolic dysfunction in 

response to pressure-overload modeling with increased p62 and polyUb containing protein-

aggregates in cardiac myocytes 16. These observations are consistent with a protective role for 

p62-mediated protein aggregation in the setting of ischemic cardiomyopathy that we have found 

in our study. In our study, we observed pS59CRYAB to be reduced in the insoluble fraction and 

a reduced signal of anti-oligomeric structures in the cardiac myocytes after IR (Fig. 6.6 C). This 

suggest that pS59CRYAB, which is aggregate-prone and toxic form of CRYAB, is less 

sequestered in the insoluble fraction, causing an adverse effect in LV remodeling after IR. This 

was further supported by the fact that, overall level of pS59CRYAB did not reduce in the 

p62cKO cardiac myocytes after IR in the crude extracts, (Fig. 6.7) it is only the shift in 

partitioning of pS59CRYAB in the soluble and insoluble fractions. Moreover, our observations 

with expression of Hsp104, a yeast disaggregase, also demonstrate worsened post-myocardial 

infarction LV systolic dysfunction with increased partitioning of pS59CRYAB to the soluble 

fraction as observed with cardiac myocyte p62 ablation (Fig. 6.11). In parallel, both of these 

studies showed similar outcome where decreased sequestration of CRYAB worsens cardiac 

remodeling after ischemia-reperfusion injury. Future studies will need to clarify whether protein-

aggregates play a dual role in pathogenesis of disease. 
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6.4 Conclusion  

 The studies performed by ablation of p62 in the cardiac myocytes or forceful 

disaggregation of the protein aggregates in cardiac myocytes, show that there is decreased 

sequestration of pS59CRYAB in the insoluble fraction, where overall pS59CRYAB does not 

change in the crude extract. As we have seen worsening post-MI cardiomyopathy in both of 

those studies, we can conclude that, protein aggregates might play a protective role after IR by 

sequestering toxic and aggregate-prone pS59CRYAB.  

6.5 Materials and Methods  

Neonatal cardiac myocyte isolation. Neonatal mouse cardiac myocyte isolation was performed 

from p62 fl/fl mice using a modification of the technique we have described with the 

Worthington Neonatal Cardiomyocyte Isolation System (CAT# LK003300) 22. Hearts were 

harvested from one-day old neonatal mice and were subjected to trypsin digestion in a final 

concentration of 50 μg/ml in HBSS for 16-18 hours at 4°C after removal of the atria. 

Collagenase digestion (type II collagenase; 300 U/ml; Worthington) was conducted at 37°C for 

45 min. Cardiomyocytes were seeded on collagen-coated four well chamber slides (Laboratory 

Tek) at a density of 105 cells per square cm. On the 2nd day, the culture medium was changed to 

the Rat Cardiomyocyte Culture Medium (Cell applications INC, CAT#R313-500) for at 3-5 days 

prior to immunofluorescence staining. 

Adenoviral studies. Adenoviral vectors encoding for CRYAB-R120G, LacZ 23 and Cre 24 were 

employed, as previously described 24. 

Reagents and mice. We crossed mice homozygous for floxed Sqstm1 alleles 25 (encoding for 

p62, annotated as p62fl/fl) with mice carrying the Myh6-Cre transgene 26 to generate mice with 
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perinatal cardiomyocyte-specific p62 ablation. C57BL6/J mice (strain #00664) and RFP-GFP-

LC3 transgenic mice from JAX 24 were employed. All mice were maintained on a C57BL6/J 

background. Mice of both sexes were studied, unless otherwise specified. No significant 

differences were observed between sexes for the primary phenotype, whereby the data for both 

sexes were combined for presentation. All observers were blinded.  

Closed-chest cardiac ischemia-reperfusion modeling and echocardiography. Described as 

before (Chapter 3) 

Adeno-associated viral transduction, in vivo. Adeno-associated virus serotype 9 (AAV9) 

particles coding for p62 or its aggregation-deficient mutant construct (p62 K7R), or GFP (as 

control) driven by the cardiac troponin T (cTnT) promoter for conferring cardiac myocyte 

selective expression, and viral particles coding Hsp104 driven by CMV promoter were 

generated, using backbone constructs generously provided by Dr. Brent French at University of 

Virginia, Charlottesville, as previously described 24. The Hsp104 viral plasmid DNA was 

provided by Dr. Meredith Jackrel from Department of Chemistry at Washington University in St. 

Louis. The viral particles were generated by the Hope Center viral vectors core. A one‐time dose 

of 3.5×1011 particles (Hsp104 studies) and a dose of 7.0×1011 particles (p62 and p62-K7R 

studies) was administered to the mice by tail vein injection. 

Biochemical fractionation into soluble and insoluble fractions. Described as before (chapter 

3) 

Autophagic flux assessment. We assessed autophagic flux by immunofluorescence examination 

of 10µM thick fresh frozen myocardial tissue from mice carrying the dual fluorescent red 

fluorescent protein (RFP)–green fluorescent protein (GFP)-LC3 reporter, as described 24. Only 
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puncta associated with cells identified as myocytes based upon visualization of boxcar-shaped 

nuclei were counted. Assessment of autophagic flux, in vivo, was also performed with 

intraperitoneal injection of chloroquine (Sigma-Aldrich, CAT# C6628) at 60 mg/kg, 4 hours 

before euthanasia, as previously described27. 

Immunofluorescence analysis. We performed immuno-histochemistry on cells and myocardial 

tissues as we have previously described23. Primary cultures of neonatal mouse cardiac 

myocytes were fixed in 100% cold methanol for 20 minutes, followed by blocking with 1% 

normal serum in PBS for 1 hour at room temperature. Paraffin‐embedded heart sections (4 µm 

thick) were subjected to de-paraffinization using Xylene; serial 100%, 90%, 70% and 50% EtOH 

treatment followed by hydration using DI water and heat‐induced epitope retrieval in Diva 

decloaker solution (Biocare medical, REF# DV2004MX). This was followed by blocking using 

1% BSA (Sigma-Aldrich, CAT#A9647-100G), 0.1% Tween-20 (Sigma-Aldrich, CAT# P2287-

500ML) in PBS (Corning, CAT# 21-040-CM) and 5% donkey serum. Primary antibodies used 

were as follows: anti‐desmin (Santa Cruz Biotechnology, Inc, SC‐7559), anti–αB‐crystallin 

polyclonal antibody (ENZO Life, ADI‐SPA‐223‐F) and anti‐p62/SQSTM1 (PROGEN 

Biotechnik, GP62‐C), anti-actin (Millipore Sigma, A2066), anti-actinin (Abcam, ab9465) with 

overnight incubation at 4°C. After serial washes, samples were stained with secondary antibody 

and mounted with fluorescent 4’,6‐diamidino‐2‐phenylindole mounting medium (Vector Labs, 

H‐1200). For A11-staining (ThermoFisher, CAT#AHB005), the protocol was revised according 

to vendors instructions. The antigen retrieval solution was 0.1M glycine/PBS, at pH 3.5. Anti-

oligomer A-11 antibody was used at 1-5 ug/mL concentration in 1:1mixture of blocking solution 

(1%BSA, 0.1% Tween-20 in PBS) and PBS. Confocal imaging was performed on a Zeiss 
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confocal LSM‐700 laser scanning confocal microscope using 40×/1.3, and 63x oil immersion 

objectives, and images were processed using the Zen black software.  

Scar size analyses: Scar area analysis was performed on Trichrome staining photographs from 

closed-chest ischemia-reperfusion (IR) subjected p62 floxed or cKO male and female mice. 

Similarly, we used closed-chest IR subjected C57BL6J WT male and female mice that were 

injected with either AAV-Hsp104 WT or AAV-GFP. The protocol is presented on chapter 4. 

Quantitative PCR analyses. Assessment of Nrf2, Nqo1, Mu1 and Ho-1  transcript abundance 

was performed as previously described3 using SYBR Green with primers stated as- Nrf2: 

Forward 5’- CTACTCCCAGGTTGCCCACA-3’, Reverse 5'-

CGACTCATGGTCATCTACAAATGG-3’; MmNqo1: Forward 5’-

AGCGTTCGGTATTACGATCC-3’, Reverse 5’-AGTACAATCAGGGCTCTTCTCG-3’;  

MmGstm1: Forward 5’-CTACCTTGCCCGAAAGCAC-3’,  Reverse 5’- 

ATGTCTGCACGGATCCTCTC-3’; HO-1: Forward 5’- GCTGGTGATGGCTTCCTTGTA, 

Reverse 5’- ACCTCGTGGAGACGCTTTACAT-3’.  

Antibodies employed for immunoblotting: Specific antibodies employed are as follows: anti-

SQSTM1/p62 antibody (Abcam, ab56416); B-crystallin (CRYAB) polyclonal antibody (Enzo 

life sciences, CAT# ADI-SPA-223-F); Anti-Alpha B crystallin (pS59) antibody (Abcam, 

CAT#ab5577); Anti-Alpha B crystallin (pS45) antibody (Abcam, CAT#ab5598); Anti-

ubiquitinylated proteins antibody, clone FK1 (Sigma-Aldrich, CAT#04-262) ; Anti-GAPDH 

antibody (Abcam, CAT#ab22555); LC3B antibody (Novus biologicals, CAT#NB100-2220SS); 

Anti-Actin antibody(Sigma, CAT#A2066); Hsp104 (yeast) polyclonal antibody (Enzo life 

sciences, CAT#ADI-SPA-1040-D); Recombinant anti-Optineurin antibody (Abcam, 

CAT#ab213556); TAX1BP1 (Abcam, CAT#ab176572); NBR-1 antibody (Novus biologicals, 
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CAT#NBP1-71703SS); anti-NDP52 antibody (GeneTex, CAAT#GTX115378); mTOR antibody 

(Cell signaling, CAT#2972); phospho-mTOR antibody (Cell signaling, CAT#5536S); 4EBP1 

(Cell signaling, CAT#9644S); Phospho-4EBP1 (Cell signaling, CAT# 2855s); phospho-LAMP1 

polyclonal antibody (Abcam, CAT#ab24170). 

Proteosome activity assay. Ventricular tissues were homogenized with 0.5% NP-40 in PBS 

supplemented with proteinase inhibitor (cat#78442, Thermo scientific). The lysates were 

centrifuged at 4°C at 15,000 rcf for 10 min, and 20ug protein from the supernatant was used for 

the proteasome activity measurement using a Proteasome Activity Assay Kit (ab107921; Abcam, 

Cambridge, MA, USA) according to the manufacturer’s protocol. Briefly, the lysates were 

incubated with proteasome substrate at 37 °C for 1 hour and the fluorescence intensity was 

measured by the kinetic reading using a Tecan microplate reader (excitation/emission = 350/440 

nm). The values were analyzed in pmol/min/ug between two cycles within the linear range.  

Statistical analyses. Data presented as meanSEM. All measurements were obtained from 

separate biological replicates. Statistical analyses were performed in GraphPad Prism version 9. 

Data were tested for assumptions of normality with Shapiro-Wilk normality test. Statistical 

significance was assessed with unpaired two-tailed Student’s t-test for comparison between two 

groups, or one-way or two-way ANOVA for assessing differences across multiple groups 

followed by post-hoc testing. A non-parametric test was performed if data were not normally 

distributed. A two-tailed P value of <0.05 was considered statistically significant. 

Study approval: All animal studies were approved by the IACUC at Washington University 

School of Medicine. 
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6.6 Figures  

 

 

Figure 6.1: Loss of p62 impairs protein-aggregate formation. A, B) Representative 

immunocytochemical images depicting expression of expression of desmin, CRYAB and p62 

(A) with quantitation for protein-aggregates (B, see arrow pointing to a representative aggregate) 

in neonatal mouse cardiomyocytes (NMCM) generated from p62 fl/fl mice treated with 

adenoviral (Ad)-Cre (to ablate p62) or with Ad-LacZ as control (all at MOI=10) for 24 hours. 

The cells were also transduced with adenoviral Ad-CRYAB R120G (MOI=10) to induce protein-

aggregate formation and imaged 72 hours later. ** indicates P< 0.05 by Mann-Whitney test.  

 

 

 

 

 

 

 

 



122 

 

 

 

Figure 6.2: Loss of p62 does not affect autophagic flux or proteasome activity. A-F) 

Representative immunoblot (A) and quantitation depicting fold change of LC3II (B) and p62 (C) 

in p62 cKO or p62 fl/fl mouse myocardium, 6 hours after injection with 60 mg/kg CQ to 

evaluate autophagic flux. Actin and Ponceau S staining were performed as loading controls. 

Indicated P values on top of the panels (B, C) represent factor comparisons by 2-way ANOVA 

including genotype and treatment as fixed factors, followed by Tukey’s post-hoc testing 

(indicated as P values in individual comparisons). D-E) Representative images (D) for 

visualization of dual fluorescent LC3 expression in p62 cKO and p62 fl/fl mice, with quantitative 

assessment (E) of autolysosomes (RFP expressing puncta) and total autophagosomes (RFP and 

GFP expressing puncta) per unit myocardial area. ‘ns’ indicates not significant by t-test. F. 

Quantitative assessment of proteasome activity in p62 cKO mouse myocardium as compared to 

p62 fl/fl mouse myocardium as controls. ‘ns’ indicates not significant by t-test. 
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Figure 6.3: Loss of p62 does not affect myocardial structure. A. Representative hematoxylin 

and eosin-stained images (top panel), and Masson’s trichrome stained images (bottom panel) of 

p62 cKO and p62 fl/fl mouse myocardium at 8 weeks of age. B. Representative transmission 

electron microscopy images to demonstrate myocardial ultrastructure in p62 cKO and p62 fl/fl 

mice at 8 weeks of age. 



124 

 

 

Figure 6.4: Expression of various autophagy adaptors, lysosomal proteins, and mTOR 

pathways is not significantly affected by cardiac myocyte p62 ablation in young adult mice. 

A-J) Representative immunoblots (A-E) and quantitation of p62 (F) and other autophagy 

adaptors optineurin (G), TAX1BP1 (H), NBR-1 (I) and NDP-52 (J) in the p62cKO young adult 

mice compared with p62 fl/fl mice as control. **** Indicates P<0.0001 by t-test. K-N) 

Representative immunoblot (K) and quantitation of phospho-mTOR (L), phospho-4EBP1 (M) 

and LAMP1 (N) in 62cKO young adult myocardium as compared with p62 fl/fl mice (as 

control). Statistical analyses were performed by t-test. ‘ns’ indicates not significant for all panels. 
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Figure 6.5: Cardiac myocyte p62 ablation worsens post-MI cardiomyopathy in mice. A) 

Schematic depicting experimental strategy for closed-chest IR modeling in p62cKO mice. B, C) 

Representative TTC-stained images (B) with quantitation of infarct area in young adult p62cKO 

and fl/fl mice hearts 24 hours (24h) post-IR injury. No statistically significant differences were 

detected by t-test. D, E) Representative Masson’s trichrome-stained images (D) with quantitation 

of scar area (E) from p62cKO and fl/fl mice hearts at 4 weeks (4W) post-IR injury. ** indicates 

P value <0.01 by t-test. F-H) Quantitative analyses of area-at-risk (AAR, F) during LAD 

occlusion; and left ventricular end-diastolic volume (LVEDV, G) and LV ejection fraction (E,F, 

H) at baseline (i.e. prior to) and at 4 weeks after IR injury. ** denotes P < 0.01 by t-test. 

Echocardiographic parameters at baseline and 4 weeks post-IR injury are analyzed separately as 

they were performed under different anesthetic regimens.   
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Figure 6.6: Cardiac-myocyte p62 ablation impairs sequestration of pS59CRYAB in 

aggregates. A-B, D-E) Representative immunoblot (A, B) depicting CRYAB and pS59CRYAB 

expression and quantitation (D, E) of fold change in pS59CRYAB over total CRYAB in NP40-

detergent soluble (A, D) and insoluble (B, E) myocardial fractions from IR vs sham-treated 

p62cKO or fl/fl mice at 4-weeks after IR injury. Ponceau S staining is shown as loading control. 

*denotes P value <0.05 and by t-test. ‘ns’ indicates not significant. C. Representative images 

depicting anti-oligomeric antibody staining in p62cKO or fl/fl mice at 4-weeks after IR injury. 

Representative of n=5 hearts per group. Myocardial sections from a CRYAB-R120G transgenic 

mouse at 48 weeks of age with and without incubation with anti-oligomer antibody are shown as 

positive and negative controls, respectively. Arrows point to pre-amyloid oligomers in cardiac 

myocytes. 
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Figure 6.7: Total pS59CRYAB is unaffected in p62cKO mice after IR. A, B) Representative 

immunoblot (A) and quantitation (B) depicting total pS59CRYAB in crude extracts of remote 

myocardium from p62 cKO young adult mice of both sexes compared with floxed controls. ‘ns’ 

denotes not significant by t-test. 
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Figure 6.8: AAV9-cTnT promoter-driven restoration of p62 but not its aggregation-

deficient K7R variant rescues post-MI cardiac remodeling in p62cKO mice. A) Schematic 

depicting experimental strategy for closed-chest IR modeling in p62cKO mice transduced with 

AAV9-cTnT-GFP (n=5), AAV9-cTnT-p62 WT (n=8) and AAV9-cTnT-p62 K7R (n=8) versus 

p62 fl/fl mice transduced with AAV9-cTnT-GFP (n=8). B-C) Representative immunoblot (B) 

and quantitation (C) of p62 expression in mice treated as in A. * denotes P <0.05 by Tukey’s 

post-hoc test after one-way ANOVA. D-F) Quantitative analyses of left ventricular end-diastolic 
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volume (LVEDV, D) and LV ejection fraction (EF (%), E) at baseline (i.e. prior to) and at 4 

weeks after IR injury. Quantitative assessment of area-at-risk (AAR, F) during LAD occlusion in 

mice treated as in A.* denotes P < 0.05, ** denotes P <0.01 and *** denotes P <0.001 by 

Tukey’s post-hoc testing after one-way ANOVA. Echocardiographic parameters at baseline and 

4-weeks post-IR injury are analyzed separately as they were performed under different anesthetic 

regimens.   
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Figure 6.9: Autophagy marker proteins and mTOR pathway is not changed in p62cKO 

mice post-MI. A-D) Representative immunoblot (A) and quantitation (B-D) of p62 (B), LC3 II 

(C), phospho-mTOR/mTOR (D) depicting total proteins in crude extracts of remote myocardium 

from p62 cKO young adult mice of both sexes compared with floxed controls. *** indicates 

p<0.001 and ‘ns’ denotes not significant by t-test. 
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Figure 6.10: Cardiac myocyte ablation of p62 does not alter expression of Nrf2 or its target 

transcripts at 4 weeks post-MI. A-D) Quantitative PCR analyses for expression of Nrf2 (A) 

transcripts and the transcripts for its target genes, namely Nqo-1 (B), Mu-1 (C) and Ho-1 (D) in 

the myocardium from p62 cKO and p62 floxed mice at 4 weeks after IR injury. Indicated P 

values on top of the panels represent factor comparisons by 2-way ANOVA including genotype 

and treatment as fixed factors, followed by Tukey’s post-hoc test, where ‘ns’ indicates ‘not 

significant’. 
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Figure 6.11: AAV9-mediated expression of fungal disaggregase Hsp104 worsens post-MI 

cardiomyopathy. A) Schematic depicting experimental strategy for closed-chest IR modeling in 

C57BL6/J wild-type mice transduced with AAV9-CMV-Hsp104 or AAV9-CMV-GFP. B) 

Representative immunoblot of Hsp104 expression in C57BL6J wild-type mouse myocardium 

prior to IR modeling. Actin is shown as loading control. C-E) Quantitative analyses of LV 

ejection fraction (EF (%), C), left ventricular end-diastolic volume (EDV, D) prior to and at 4 

weeks after IR injury, and area-at risk (E) in wild-type mice transduced with AAV9-Hsp104 (or 

AAV9-GFP as control). Echocardiographic parameters at baseline and 4 weeks post-IR injury 

are analyzed separately as they were performed under different anesthetic regimens. ** denotes P 

<0.01 by t-test in C and by Mann-Whitney test in D. F, G) Representative Masson’s trichrome 

stained images (F) and quantitation of scar size (G) 4 weeks after IR injury. P value is by t-test.  
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Figure 6.12: AAV9-mediated expression of fungal disaggregase Hsp104 impaired 

sequestration of pS59CRYAB in the aggregate-rich insoluble fraction. A, B) Representative 

immunoblots depicting total polyubiquitinated proteins and pS59CRYAB expression in NP40-

detergent soluble (A) and insoluble (B) fractions in the myocardium at 4 weeks after IR injury.  

Ponceau S staining and Actin are shown as loading controls, respectively. C, D) Quantitation of 

total polyubiquitinated proteins (C) and pS59CRYAB (D) in NP40-detergent soluble and 

insoluble fractions from the myocardium of C57BL6J mice transduced with AAV9-Hsp104 (or 

AAV9-GFP as control) after closed-chest IR injury as in A. * denotes P <0.05 by t-test. 
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6.8 Supporting Materials  

Table 6.1: Morphometric and echocardiographic assessment of p62 fl/fl and p62 cKO young 

adult mice between 6-8 weeks of age.  

Group 
BW 

(gm) 

HW/TL 

(mg/mm) 

LVIDd 

(mm) 

LVIDs 

(mm) 

%F

S 

IVSd 

(mm) 

LVPWd 

(mm) 

LVM 

(mg) 
r/h 

HR 

(per 

min) 

p62 

fl/fl 

(M=6, 

F=3) 

21.4 

 

1.0 

8.8 

± 

0.1 

3.58 

 ± 

0.07 

1.81 

± 

0.07 

49.5 

± 

1.2 

0.67 

± 

0.01 

0.63 

± 

0.02 

73.7 

± 

2.9 

2.75 

± 

0.08 

601.84 

± 

11.10 

p62 

cKO 

(M=6,  

F=10) 

21.1 

± 

0.80 

7.7 

± 

0.4 

3.69 

± 

0.07 

2.03 

± 

0.08 

45.2 

± 

1.6 

0.62 

± 

0.02 

0.59 

± 

0.01 

70.8 

± 

3.2 

3.07 

± 

0.08 

613.54 

± 

10.80 

 

All data are shown as Mean ± SEM. No statistically significant differences were noted between 

groups. Abbreviations are as follows: ‘M’ indicates male, ‘F’ indicates female, ‘BW’ indicates 

body weight, ‘HW/TL’ indicates heart weight indexed to tibial length, ‘LVIDd’ indicates left 

ventricular internal diameter in diastole, ‘LVEDs’ indicates left ventricular internal diameter in 

systole, ‘%FS” indicates percent endocardial fractional shortening, ‘IVSd’ indicates 

interventricular septum thickness in diastole, ‘LVPWd’ indicates left ventricular posterior wall 

thickness in diastole, ‘LVM, indicates left ventricular mass, ‘r/h’ indicates ratio of left 

ventricular radius to wall thickness, and ‘HR’ indicates heart rate. 
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Chapter 7: Conclusion and future studies 

 

7.1 Conclusion 

 Our study showed impaired protein quality control in ischemic cardiomyopathy human 

patients and in mouse hearts undergoing post-myocardial infarction cardiac remodeling. We 

demonstrated it by showing mis-localization and presence of aggregates of CRYAB clients 

desmin, actin, and α-actinin and increased pS59CRYAB in the insoluble fraction. We also 

showed CRYAB undergoes phase separation in our study that demonstrate how a cardiac 

chaperone protein might perform its function by forming condensates. Phosphorylation in 

CRYAB (phospho-mimetic variant S59D and disease-associated R120G) alters its phase 

separation properties by reducing dynamicity. Introducing the phospho-deficient S59A mutation, 

but not the phospho-mimetic S59D mutation, at the CRYAB locus in mouse rescued adverse left 

ventricular remodeling after post-MI. S59D mouse does not show cardiac function abnormality 

at baseline without stress but shows impaired protein quality observed by increased 

polyubiquitinated proteins. This shows that impaired protein quality at 10-11 weeks of age might 

not be sufficient to cause cardiac function abnormality, and also abnormal protein quality control 

occurs prior to cardiac dysfunction. S59A mouse showed reduced interaction with desmin. 

Perhaps, this reduced interaction between desmin and CRYAB is protective in post-MI cardiac 

remodeling because we observed reduced mis-localization and aggregates of desmin in S59A 

mouse than S59D or WT mouse. Pharmacological chaperone 25-Hydroxycholesterol reduces 

total serine-59 phosphorylation, rescues post-myocardial infarction cardiac dysfunction and 

reduces scar size. Preventing aggregate formation by ablating p62 expression in the cardiac 

myocytes or promoting disaggregation by overexpressing Hsp-104 exacerbated post-myocardial 
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infarction cardiomyopathy by reduced sequestration of pS59CRYAB in the insoluble fraction 

and by not reducing the total pS59CRYAB in the crude extract after IR. This showed that 

reduction of total pS59CRYAB is sufficient to cause protection after IR, and there could be a 

contextual based protective role of protein aggregates by sequestering toxic aggregate-prone 

proteins after IR. However, future studies are needed to further demonstrate the mechanism of 

reduced sequestration of pS59CRYAB in the insoluble fraction. Also, we could perform 

experiments to determine how CRYAB client proteins, desmin, actin and α-actinin are localized 

in p62cKO mice after IR demonstrating the protein quality control in absence of p62 in cardiac 

myocytes. 

 

7.2 Future studies 

 Our study showed a novel condensatopathy mechanism to demonstrate how abnormal 

condensate formation of CRYAB worsens post-MI cardiomyopathy. However, certain area 

remains unexplored. Nature has selected serine-59 as the crucial phosphorylation site in CRYAB 

function, and specifically p38 MAPK phosphorylates it. Further experiments could be done to 

explore if there is an acute vs persistent stress difference in CRYAB S59 phosphorylation and its 

interaction with client proteins. Evaluating cardiac functions in both S59D and S59A mouse 

models in acute vs persistent stress can be explored in this regard showing whether there could 

be a contextual-based role of CRYAB phosphorylation. We can also perform future studies to 

have alternate explanations of how S59A mouse shows protective effect after MI and reduced 

scar size at 4-weeks. We can perform single-cell RNAseq studies in WT, S59A and S59D mouse 

after IR and determine if there are any differences in specific cellular pathways and cell 

populations that might contribute to the protective effect of S59A. Our study was based on 
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mostly male ICM human heart samples. Subsequent investigations could focus on expanding the 

inclusion of more female ischemic cardiomyopathy (ICM) samples to observe whether female 

hearts also have similar pathological outcome. An important consideration in this study was the 

absence of a stable cell line expressing CRYAB variants that we used for in vitro phase 

separation experiment using optoIDR constructs1. As desmin is not sufficiently expressed in 

HEK cells, further studies could also be done using iPSC-cardiomyocytes model to observe how 

desmin expression and interaction with CRYAB is affected by altered CRYAB phase separation.  

To better replicate physiological conditions, future experiments could also be done utilizing 

purified CRYAB and client proteins and conduct mixing studies. This will help to construct 

phase diagrams of protein condensate formation and determine how saturation concentration of 

CRYAB is affected by phosphorylation or disease-associated mutation. It is also important to 

explore if there are additional stress such as aging that can worsen cardiac function when 

CRYAB is phosphorylated. CRYAB S59D KI/KI mice can be compared to S59A KI/KI and WT 

mice in this aspect. Additionally, elucidating the mechanism by which 25-Hydroxycholesterol 

(25-HC) reduces total CRYAB levels, whether through targeting p38 MAPK itself or by binding 

and stabilizing CRYAB from p38 phosphorylation, could be explored. We focused on desmin-

CRYAB abnormal interaction in this study as the potential mechanism of desmin mis-

localization upon stress and to represent impairment in protein quality control. Investigating the 

potential interactions between CRYAB and other client proteins such as α-actinin, and actin 

could be done that as well can demonstrate a wide-range of disarray of CRYAB client protein 

and impaired protein quality control. These avenues of inquiry will further our understanding of 

CRYAB dynamics in ischemic cardiomyopathy. 
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7.3 Concluding remarks 

 Our study demonstrated abnormal condensate properties upon phosphorylation as the 

mechanistic link between proteotoxicity and protein-aggregates in the more common ischemic 

cardiomyopathy by focusing on CRYAB, the most abundant cardiac chaperone protein.  
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