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ABSTRACT 

 

Investigating the pathophysiological significance of obscurin immunoglobulin domains 

Ig58/59 in the heart 

 

Alyssa M. Grogan, Doctor of Philosophy, 2020 

 

Dissertation directed by:  

 

Aikaterini Kontrogianni-Konstantopoulos, PhD 

Professor, Department of Biochemistry and Molecular Biology 

University of Maryland School of Medicine 

 

 

Obscurin (720-870 kDa) is a giant cytoskeletal protein that surrounds the 

periphery of myofibrils at M-bands and Z-disks where it plays key structural and 

regulatory roles in striated muscles. Immunoglobulin domains 58/59 (Ig58/59) of 

obscurin mediate binding to several important modulators of muscle structure and 

function, including canonical titin, a smaller splice isoform of titin termed novex-3, and 

phospholamban (PLN). Importantly, missense mutations identified within obscurin 

Ig58/59 that affect binding to titins and/or PLN are linked to cardiac and skeletal 

myopathies in humans.  

 To assess the pathophysiological role of Ig58/59 in vivo, we generated a 

constitutive deletion mouse model, Obscn-ΔIg58/59, that expresses obscurin lacking 

Ig58/59.  Our studies revealed that young Obscn-ΔIg58/59 animals, which do not exhibit 

cardiac pathologies under sedentary conditions, experience tachycardia and severe 

arrhythmia following acute β-adrenergic stimulation and develop enlarged atria following 

prolonged exercise stress. Moreover, sedentary Obscn-ΔIg58/59 mice develop 

compensatory left ventricular hypertrophy that progresses to dilation, atrial enlargement, 

contractile dysfunction, and arrhythmia through aging in which males are more affected 



than females. Together, these findings demonstrate that deletion of obscurin Ig58/59 

leads to both ventricular and atrial pathologies as a function of aging and in response to 

stress that manifest to different extents between sexes. 

 We therefore aimed to decipher the cellular and molecular impact of the Ig58/59 

deletion in Obscn-ΔIg58/59 ventricular and atrial myocardia, specifically focusing on 

males due to their enhanced disease severity. Our findings revealed that ventricular and 

atrial cardiomyocytes isolated from sedentary aging Obscn-ΔIg58/59 mice are enlarged 

and display tissue-specific alterations in Ca
2+

 cycling kinetics compared to controls, 

associated with distinct changes in the expression and phosphorylation status of major 

Ca
2+

 cycling proteins including PLN, the sarco-endoplasmic reticulum Ca
2+

 ATPase 2 

(SERCA2) and the ryanodine receptor 2 (RyR2). Lastly, proteomics and phospho-

proteomics studies conducted on aged Obscn-ΔIg58/59 atria revealed significant changes 

in the levels of cytoskeletal proteins, Ca
2+

 regulators, and Z-disk associated complexes. 

 Taken together, our studies demonstrate that obscurin Ig58/59 is a key regulatory 

module in the heart, and its deletion leads to age- and sex-dependent cardiac remodeling 

and arrhythmia associated with tissue-specific molecular alterations in the ventricles and 

atria.  
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CHAPTER 1:  

OBSCURINS AND CARDIOMYOPATHY 

 

1.1 Discovery of obscurin 

 Obscurins (~720-870 kDa), named after the adjective "obscure" owing to their 

large size and complexity (1), comprise a family of giant cytoskeletal proteins that serve 

structural and regulatory roles in striated muscle (2, 3). They were originally discovered 

in a yeast two-hybrid screen of a skeletal muscle library as a binding partner of canonical 

titin in 2001 (1). In the same year, they were also pulled out of a yeast-two hybrid screen 

of a cardiac muscle library as an interacting partner of the smaller titin splice isoform, 

novex-3 (4). Since their original identification in 2001, obscurins have been established 

as binding partners to a plethora of sarcomeric, cytoskeletal, and membrane proteins,  

which implicate them in diverse cellular processes from myofibril assembly and the 

organization of the sarcoplasmic reticulum (SR), to Ca
2+

 cycling and cell adhesion (2, 3). 

Most importantly, the identification of >15 missense, splicing, and frameshift mutations 

along the entire length of the obscurin gene, OBSCN, has emphasized its involvement in 

cardiac pathophysiology (5). Thus, a more detailed understanding of the physiological 

and pathological roles of obscurins and their binding interactions is therefore essential in 

order to elucidate disease mechanisms associated with myopathy-causing OBSCN 

variants. 
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1.2 Domain architecture and interacting partners 

1.2.1 Isoforms and cellular distribution
1
 

 The OBSCN gene, spanning more than 170 kb on human chromosome 1q42.13, 

encodes 117 exons that are alternatively spliced to give rise to the multitude of isoforms 

comprising the obscurin protein family, ranging in size between 50-870 kDa (1, 4, 6-8). 

The prototypical obscurin isoform, obscurin A (~720 kDa), contains 65 immunoglobulin 

(Ig) and 2 fibronectin-III (FN-III) domains along with an array of COOH-terminal 

signaling domains, including a calmodulin-binding IQ motif, a Src homology-3 (SH3) 

domain, a Rho-guanine nucleotide exchange factor (RhoGEF) domain, a pleckstrin 

homology (PH) domain, and a non-modular COOH-terminus that contains binding sites 

for ankyrins (Fig 1.1) (3, 7). The largest obscurin isoform, obscurin B (~870 kDa), bears 

the same modular architecture as obscurin A but diverges COOH-terminal to Ig67, where 

it instead contains two serine/threonine (Ser/Thr) kinase domains referred to as kinase 1 

and kinase 2 (Fig 1.1) (3, 7).  Kinase 1 is preceded by an additional Ig domain whereas 

kinase 2 is preceded by both an Ig and a FN-III domain, which is consistent with the 

domain arrangement of the tandem kinases present in the invertebrate obscurin ortholog 

UNC-89 and its closely related paralog, striated muscle preferentially expressed gene 

(SPEG) (7, 9). Given this highly conserved organization and sequence similarity, it has 

been postulated that there could be significant overlap in the protein interactions, 

substrate specificity, targeting and functions of these three tandem kinase proteins (9). 

 OBSCN also gives rise to two small obscurin kinase isoforms, termed double 

(~145 kDa) and single (~55 kDa) kinases (Fig 1.1) (6, 10, 11). The double kinase isoform 

                                                 
1
 This sub-section (1.2.1) contains an excerpt from the review article, "Double the trouble: Giant proteins 

with dual kinase activity in the heart" (Biophysical Reviews, 2020) in which I served as first author. 
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contains partial kinase 1 and the entirety of kinase 2, whereas the single kinase isoform 

contains only kinase 2 and the Ig/FN-III module that precedes it (6, 10, 11). Northern 

blotting and polymerase chain reaction (PCR) experiments have indicated that the 

transcripts of both the double and single kinase obscurins are abundantly present in the 

heart, however, these variants have remained largely uncharacterized (6).  

 

 

Figure 1.1. Domain organization and binding partners of obscurins 

Domain schematic of giant obscurin isoform A (720 kDa) and B (870 kDa) including the 

smaller alternatively spliced double (145 kDa) and single (55 kDa) kinase isoforms. The 

interacting partners of each domain are indicated with a solid line. NH2-terminal 

interacting partners include the extreme COOH-terminus of titin (M10) and the M-band 

protein, myomesin. The non-modular COOH-terminus of obscurin A supports binding to 

ankyrins, whereas the COOH-terminal kinase domains of obscurin B support binding to 

N-cadherin and the extracellular domain of NKA-β1. The COOH-terminal segment 

shared by both giant isoforms contains various signaling domains that bind calmodulin 

(CaM), RhoA, TC10, and RanBP9. The binding partners of the Ig58/59 region 

(highlighted in red) include the NH2-terminal region of titin (Z9/10) located at the Z-disc, 

a unique 198-amino acid sequence of novex-3, and PLN. 

 

 Initial studies demonstrated that giant obscurins localize to both the M-bands and 

Z-disks of sarcomeres, with predominant localization to the M-bands (1, 4, 12). Unlike 

other giant sarcomeric proteins which are integrated longitudinally within the 

myofibrillar cytoskeleton, giant obscurins wrap around the periphery of myofibrils where 
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they link proteins of the sarcomere with the surrounding subcellular and membrane 

structures (2, 3, 12). 

 Given the presence of >70 adhesion and signaling modules that comprise the full 

length of giant obscurins and their unique positioning at the perimeter of myofibrils, 

obscurins are capable of interacting with a diverse set of proteins that localize to different 

cellular structures (2, 3). In the following sections (1.2.2-1.2.4), we describe the domain 

architecture and established binding partners of obscurins organized by sub-region (i.e. 

NH2-terminal obscurin, COOH-terminal obscurin, and obscurin-Ig58/59 region) 

discussing their functional significance when known. 

 

1.2.2 NH2-terminal region of obscurin 

  The NH2-terminus of obscurin, shared between both giant isoforms, obscurin A 

and B, is composed entirely of tandem Ig and FN-III domains (Fig 1.1) (7). The extreme 

NH2-terminal Ig domains contain binding sites for sarcomeric proteins that localize to the 

M-band such as titin and myomesin (Fig 1.1). In particular, yeast two-hybrid screening 

experiments revealed that the Ig1 domain of obscurin, and its homolog obscurin-like 1 

(obsl1), binds to the extreme COOH-terminus of titin at Ig M10, while the Ig3 domain of 

obscurin/obsl1 binds the linker region between FN-III domains My4/5 of myomesin (13). 

Titin (3-4 MDa) is a major structural component of the sarcomere that serves as a 

molecular scaffold and signaling mediator (2, 3, 14-16), whereas myomesin (185 kDa) 

constitutes an integral component of the M-band where it cross-links myosin thick 

filaments (17). Since titin's COOH-terminus is anchored in the M-band via binding 

myomesin My4-6 (17), it was hypothesized that both titin and myomesin could form a 
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ternary complex with obscurin/obsl1 at the M-band (13). Notably, titin and myomesin are 

incorporated into the thick filament early on in myofibrillogenesis (18, 19), suggesting 

that the titin/myomesin/obscurin complex could target obscurin/obsl1 to the M-band. As 

evidence for this notion, overexpression of the minimal interacting domains of titin, 

myomesin, or obscurin/obsl1 in cultured cardiomyocytes resulted in diffusely localized 

endogenous obscurin and obsl1, while no changes were observed in the localization of 

titin or myomesin (13). Moreover, developing myoblasts transfected with the same 

dominant-negative constructs were absent of discernible sarcomeres (13), demonstrating 

that the ternary complex between titin, myomesin, and obscurin/obsl1 is crucial for the 

proper assembly and stabilization of the M-band. 

 

1.2.3 COOH-terminal region of obscurin 

Signaling domains (shared by obscurin A/B)  

 The COOH-terminal signaling region shared by both obscurin A and B holds 

binding sites for RhoA, TC10, and Ran binding protein 9 (RanBP9) within the RhoGEF 

domain (20, 21) and calmodulin within the IQ motif (1) (Fig 1.1).  

 RhoA (~22 kDa) is a member of the Rho family of small GTPases that activates 

downstream kinases rho-kinase 1 (ROCK1) and citron kinase (CRIK) (20). In line with 

their colocalization at the M-band, obscurin-RhoGEF selectively binds and activates 

RhoA in vitro (20). Accordingly, overexpression of obscurin-RhoGEF in rat tibialis 

anterior muscle led to increased activation of RhoA along with its redistribution to the Z-

disk, I-band, and Z/I junction (20). Additionally, elevated RhoA activity induced by 

obscurin-RhoGEF overexpression further resulted in increased levels of ROCK1 and its 
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redistribution to the Z/I junction/I-band, whereas the levels of CRIK were reduced. 

Because similar effects on the levels and distribution of RhoA were observed following 

muscle injury induced by large-strain lengthening contractions in vivo, it was postulated 

that the obscurin RhoGEF domain may mediate responses to contractile activity or 

contraction-induced injury via regulation of RhoA signaling (20). 

 Obscurin-RhoGEF also interacts and activates TC10 (~23 kDa), another member 

of the Rho family of GTPases (21). The inhibition of TC10 activity via shRNA-mediated 

knockdown, or overexpression of a dominant negative mutant, disrupts myofibril 

assembly in human myotubes (21). Given these results, and that TC10 expression is 

initiated during differentiation in human skeletal muscle myoblasts, obscurin-RhoGEF 

and TC10 could be involved in the formation of new sarcomeres (21). 

 RanBP9 (~90 kDa), another binding partner of obscurin-RhoGEF (22), serves as a 

scaffolding protein for signal transduction mediators in a variety of different tissues (23). 

Immunological assessments combined with kinetic evaluations indicated that RanBP9 

colocalizes with obscurin-RhoGEF at the level of the M-bands and I-bands, where they 

directly bind with a Kd of ~1.9 µmol/L (22). Importantly, overexpression of either the 

obscurin-RhoGEF domain or its binding site on RanBP9 in primary skeletal myotubes 

prevented the incorporation of the NH2-terminus of titin into developing Z-disks, 

suggesting a role for this complex in Z-disk assembly and stabilization (22). 

 The non-modular region directly NH2-terminal to obscurin-Ig62 contains an Ile-

Gln motif (referred to as the IQ motif) which is canonically known as a binding site for 

calmodulin (1, 24). Accordingly, yeast two-hybrid experiments combined with in vitro 
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binding assays confirmed an interaction between obscurin-Ig61/62 and calmodulin, and 

indicated that their binding is insensitive to the presence of Ca
2+

 (1). To date, the 

physiological function of this complex has not been explored further. 

 

Non-modular ankyrin binding region (obscurin A) 

 Obscurins were simultaneously pulled out from two independent yeast two-hybrid 

screens aiming to discover novel interacting partners of small ankyrin 1 (sAnk1) (Fig 

1.1), an integral membrane protein of the SR encoded by the ANK1 gene (12, 25). The 

identification of obscurin as a binding partner of an SR-localized protein was of 

particular importance since it provided the first evidence for a molecular link between the 

myofibrillar cytoskeleton and the surrounding SR membrane (12, 25). Interestingly, the 

non-modular COOH-terminus of obscurin A harbors two distinct binding sites for sAnk1. 

In particular, the first binding site (BS1) encompasses a 120-residue long sequence of 

obscurin A's COOH-terminus (amino acids 6316-6436) which directly binds to a 70-

residue long portion of sAnk1's cytoplasmic tail (amino acids 61-130) with a Kd of ~130 

nmol/L (12). Follow up studies further reduced the minimal binding region of BS1 to 

include only 22 residues (amino acids 6316-6345) on obscurin's COOH-terminus (26). 

Another group simultaneously identified a second binding site (BS2) where a 25-residue 

long sequence of obscurin A (amino acids 6236-6260) interacts with a 22-residue long 

sequence of sAnk1's cytoplasmic tail (amino acids 102-123) (25) with a Kd of ~380 

nmol/L (26). In addition, the COOH-terminus of obscurin A was also revealed to bind 

another ANK1 splice variant, Ank1.9 (Fig 1.1), however with lower affinity than its 

binding to sAnk1 (27). 
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 Importantly, the expression and localization of sAnk1 was significantly disrupted 

in skeletal and cardiac muscles isolated from obscurin null mice (obscn
-/-

) (28), which 

was subsequently shown to originate from the increased degradation of sAnk1 mediated 

by the potassium (K
+
) channel tetramerization domain containing 6 (KCTD6) and E3 

ligase cullin-3 (29). Lange and colleagues also reported the presence of a severely 

disrupted longitudinal SR in obscn
-/-

 skeletal muscles, indicating an important role for 

obscurin/ankyrin binding in maintaining SR architecture (28). 

 The COOH-terminus of obscurin A also harbors binding sites for ankyrin-B 

(AnkB, ~220 kDa), expressed from the ANK2 gene (30). Ankyrin B serves as an adaptor 

protein linking integral membrane proteins to the cytoskeleton and aids in targeting ion 

channels and transporters to their proper cellular compartments in excitable cells (30). A 

novel COOH-terminal exon, denoted exon 43', was discovered in AnkB-220 that 

facilitates binding to the COOH-terminus of obscurin A (30). Immunofluorescence and 

biochemical experiments in adult mouse cardiomyocytes revealed that obscurin A is 

essential for the proper targeting of AnkB-220 to the M-band, which together, serve to 

recruit the regulatory subunit B56α of protein phosphatase type 2A (PP2A) (30). 

Similarly, an additional ANK2 isoform, AnkB-212, is also targeted to the M-band through 

its association with obscurin-A, however the physiological significance of the AnkB-

212/obscurin complex has not been investigated further (31). 
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Dual kinase domains (obscurin B)
2
 

 Obscurin kinase 1 and 2 are members of the myosin light chain kinase (MLCK) 

family (6, 9). Detailed phylogenetic analysis has established their close relation to UNC-

89 and SPEG, which also contain dual MLCK-like kinase activity (9), as well as other 

proteins which contain single MLCK-like domains, such as titin and its invertebrate 

orthologs and the death-associated protein kinases (DAPK) trio and duet (6, 9, 14). 

Canonically, MLCK-like kinases are regulated by Ca
2+

/calmodulin (CaM) where binding 

of CaM to the autoinhibitory region of the regulatory domain confers activation (32, 33). 

It has not yet been experimentally determined whether obscurin kinase 1 and 2 are 

regulated via CaM; however, the presence of a putative CaM binding regulatory motif 

immediately downstream of the catalytic portion of kinase 1 highly supports this 

possibility (7, 11). Interestingly though, CaM-dependent activation is not an entirely 

conserved feature among all MLCK-like family members. Titin kinase, for instance, 

sharing ~28 and ~27% homology to kinase 1 and 2 respectively (7), undergoes an 

alternative activation mechanism mediated by mechanical unfolding of the autoinhibitory 

region in response to stretch and subsequent phosphorylation of an inhibitory tyrosine 

residue (Tyr170) which exposes the catalytic aspartate (14, 34-36). Intriguingly, both titin 

kinase and obscurin kinase 2 share a unique arginine residue in proximity to the catalytic 

aspartate that participates in the autoinhibitory mechanism mediated by Tyr170 in titin 

kinase (7). Therefore, it is possible that obscurin kinase 1 and 2 are regulated distinctly 

and thus possess different physiological functions. In support of this notion, obscurin 

kinase 1 and 2 are only 30% identical to each other (7).  

                                                 
2
This sub-section contains excerpts from a review article "Double the trouble: giant proteins with dual 

kinase activity in the heart" (Biophysical Reviews, 2020) in which I served as first author. 
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 Recent findings from our group have demonstrated that both obscurin kinase 1 

and 2 are enzymatically active and undergo autophosphorylation in vitro (11). Yeast two-

hybrid screening experiments utilizing kinase 1 or 2 as bait identified several putative 

binding partners and/or substrates from an adult human cardiac muscle cDNA library. In 

particular, N-cadherin, galectin, the immunoglobulin superfamily with leucine repeats 

protein, and titin were identified as potential ligands of kinase 1, whereas the β1-subunit 

of the N
+
/K

+
 ATPase (NKAβ1), galectin, fibronectin-1, γ-filamin, and four and a half 

LIM domain-2 protein (FHL2) were identified as potential ligands of kinase 2 (11). With 

the exception of N-cadherin and NKAβ1 (described in more detail below), these potential 

binding interactions have not been further confirmed or characterized. Given the 

identification of major components of the cytoskeleton (i.e. titin, γ-filamin, FHL2) or 

extracellular matrix (i.e. fibronectin-1, galectin) as potential ligands and/or substrates, it 

is tempting to speculate that the obscurin kinases may be essential in regulating 

cytoskeletal stability and/or remodeling, mechanotransduction, or cell-cell or cell-

extracellular matrix communication. 

 Deletion analysis indicated that both intracellular and extracellular portions of N-

cadherin are required for binding to the catalytic region of kinase 1 (11). Moreover, 

proximity ligation assay (PLA) and immunofluorescent microscopy confirmed that 

kinase-bearing obscurins and N-cadherin localize in proximity at the intercalated disc and 

the sarcolemma. In line with their direct binding and co-localization, these studies further 

demonstrated that kinase 1 can specifically phosphorylate the cytoplasmic domain of N-

cadherin in vitro. Importantly, N-cadherin is the only confirmed substrate of an obscurin 

kinase to date. Although the exact phosphorylation site and physiological impact of this 
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modification has yet to be elucidated, this implicates obscurin as a mediator of 

cardiomyocyte adhesion via the kinase 1 activity.  

 The binding interaction between obscurin kinase 2 and NKAβ1 generated novel 

insights on the possible roles of obscurin kinases in the heart, since the minimal 

interacting region that is necessary and sufficient to support binding to the catalytic 

subunit of kinase 2 resides within the extracellular domain of NKAβ1 (11). Prior to these 

findings, obscurins had not been shown to localize extracellularly. Experiments utilizing 

nonpermeabilized cardiomyocytes identified a small (~70 kDa) obscurin kinase variant 

proposed to encode the single obscurin kinase isoform that localizes extracellularly where 

it possibly undergoes glycosylation (11). Consistent with a possible interaction between 

obscurin kinase 2 and NKAβ1, obscurin kinase bearing proteins and NKAβ1 localize in 

proximity at the sarcolemma and the intercalated disc in cardiomyocytes. However, 

unlike the phosphorylation event mediated by kinase 1 on N-cadherin, in vitro kinase 

assays could not confirm NKAβ1 as a substrate of kinase 2 (11). It remains to be clarified 

whether this lack of phosphorylation on NKAβ1 is due to limitations of the in vitro 

expression system used, or if NKAβ1 is not actually a substrate (but possibly a binding 

partner) of obscurin kinase 2. 

 

1.2.4 The Ig58/59 domains of obscurin 

Of the many Ig domains (>65) comprising the full length of giant obscurin, two 

groups of Ig domains clustering in the middle segment of the molecule exhibit the highest 

sequence homology (72-90%) (1). Conversely, the Ig domains localized to the NH2- and 

COOH-termini (including Ig58/59) are much less identical, suggesting more specific 
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functional roles and/or unique ligands associated with the modules present at the extreme 

ends of the obscurin molecule (1). In support of a specialized role for the Ig58/59 

domains, yeast two-hybrid experiments combined with in vitro binding assays revealed a 

direct interaction between Ig58/59 and the Ig9/10 domains of titin at the Z-disk (1). 

Though, the physiological function of this complex remains uncharacterized to date.  

In the same year that obscurin-Ig58/59 was identified as a binding partner of 

canonical titin, it was also pulled out of a separate yeast two-hybrid screen as an 

interacting partner of the smaller titin splice variant, novex-3 (4). Interestingly, obscurin-

Ig58/59 binds to a unique 198 amino acid-long sequence of novex-3 that is not present in 

any of the other titin isoforms (4). The functional significance of this interaction has also 

not been characterized previously, but it's been proposed to participate in transmitting 

stress-induced signals to the sarcomere (4). 

In addition, recent work from our group has identified phospholamban (PLN) as a 

binding partner of the Ig58/59 region (37). Specifically, in vitro binding assays revealed a 

moderate interaction between wild-type obscurin-Ig58 and monomeric PLN, which was 

enhanced in the presence of the hypertrophic cardiomyopathy (HCM)-linked R4344Q 

mutation in Ig58 (37). Furthermore, structural evaluations of the Ig58 domain using 

nuclear magnetic resonance (NMR) and x-ray crystallography accompanied by molecular 

dynamics simulations demonstrated that the presence of the R4344Q mutation alters the 

topology of electrostatic charges on the surface of Ig58, ultimately leading to the 

sequestration of PLN by mutant Ig58, SR Ca
2+

 overload, increased contractility kinetics, 

and arrhythmia in mice homozygous for the R4344Q mutation (37). These findings 
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provided strong evidence that the Ig58/59 module and its binding interactions hold 

considerable pathophysiological significance.  

To date, several mutations within obscurin Ig58/59 that affect binding to titins 

and/or PLN have been associated with skeletal or cardiac myopathies in humans (5). For 

a detailed review of these mutations, please see their descriptions in relevant sections 

below (Section 1.4.2; Section 1.4.4). Additionally, the remaining chapters in this 

dissertation will include a thorough investigation of the physiological role of the Ig58/59 

region in the heart utilizing a novel constitutive deletion mouse model, Obscn-ΔIg58/59. 

 

1.3 Physiological roles of obscurin 

1.3.1 Myofibril Assembly  

 Obscurins are recognized as prominent structural regulators and serve to modulate 

the assembly and stabilization of the myofibril, primarily via regulating the organization 

of the thick filament (2). A series of studies utilizing either mouse C2C12 skeletal 

myotubes or cultured neonatal rat cardiomyocytes demonstrated that myomesin, titin and 

obscurins are incorporated into the developing M-band at 24-48 hr post-initiation of 

differentiation, which occurs prior to the assembly of sarcomeric myosin into A-bands 

(10, 38, 39). Importantly, siRNA-mediated down-regulation of obscurin led to 

significantly disrupted M- and A-bands in primary skeletal muscle myotubes (39). 

Furthermore, overexpression of obscurin A's COOH-terminus resulted in the inability of 

myosin to incorporate sufficiently into M-bands (40), implicating obscurin in thick 

filament assembly. 
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 In addition to its impact on sarcomeric structure, obscurins also facilitate the 

lateral integration of myofibrils. Initial evidence for this was the observation that the 

obscurin incorporates into developing cardiac myocytes concomitantly with the lateral 

fusion and alignment of myofibrils in vitro, preceding the concentrated localization of 

desmin which had been previously thought to mediate myofibril alignment (38, 41). 

Moreover, depletion of obscurin in zebrafish using morpholino antisense oligonucleotides 

led to disrupted alignment of newly formed myofibrils in cardiac and skeletal muscle 

(42). Collectively, these studies demonstrate that obscurins are essential in both the 

assembly of the thick filament and the lateral alignment of adjacent myofibrils. 

 

1.3.2 Sarcolemmal integrity 

 Utilizing the obscurin null mouse model, obscn
-/-

, Randazzo and colleagues 

described a role for obscurin in the maintenance of sarcolemmal integrity (43). In 

particular, the lack of obscurin resulted in the loss of AnkB at the M-band and the 

reduced distribution of dystrophin at costameres, which was also accompanied by 

severely disrupted subsarcolemmal microtubule lattice structures (43). In line with this, 

obscn
-/-

 mice exhibited reduced running performance and increased sarcolemmal damage 

following treadmill exercise, demonstrating that obscurin is essential for maintaining 

sarcolemmal structural integrity in response to mechanical strain (43, 44). Consistent 

with these initial findings, a recent study reported increased membrane fragility and 

mislocalized dystrophin in the skeletal muscles of mice lacking both obscurin and obsl1 

(45). 
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1.3.3 Alignment of the Sarcoplasmic Reticulum  

 Obscurins also play an essential role in regulating the architecture of the SR via 

associating with sAnk1. The down-regulation of obscurin in primary skeletal myotubes or 

in zebrafish embryos impaired the integration of sAnk1 into the SR and disrupted the 

overall organization of the SR surrounding myofibrils (39, 42). Moreover, in mice 

completely lacking obscurin, the expression of sAnk1 is significantly reduced and 

longitudinal SR fails to extend completely over sarcomeres (28). Together, these studies 

support a structural role for obscurins in maintaining the integrity and organization of the 

SR.  

 

1.3.4 Cell adhesion 

 As described above (Section 1.2.3), the dual kinase domains of obscurin have 

been recently implicated in the regulation of cell adhesion (11). In particular, previous 

work from our group demonstrated that kinase 1 is enzymatically active and 

phosphorylates N-cadherin in vitro (11). The exact phosphorylation site on N-cadherin 

and the physiological significance of this modification has not yet been determined. 

Nonetheless, this implicates obscurin, specifically obscurin kinases, in the regulation of 

cardiomyocyte adhesion. 

 

1.3.5 Calcium cycling 

 Obscurin's established role in regulating SR architecture has implicated its 

indirect regulation of Ca
2+

 cycling, while a recent study revealing the interaction between 

obscurin-Ig58 and PLN alludes to a more direct role. As described above (Section 1.2.4), 
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the presence of the HCM-linked R4344Q mutation in obscurin-Ig58 led to increased 

binding of PLN by mutant obscurin, enhanced Ca
2+

 transient kinetics and arrhythmia 

(37). Moreover, a recent study characterizing mice deficient for both obscurin and obsl1 

via proteomics and immunoblotting experiments identified alterations in the levels of 

proteins localized to the SR, including the sarcoendoplasmic reticulum Ca
2+

 ATPase 

(SERCA), sarcalumenin, triadin, JP-45, junctin, calsequestrin, and the ryanodine receptor 

(RyR) (45), as well as sAnk1 which was previously established to exhibit significantly 

reduced levels in mice lacking only obscurin (28). Nevertheless, evidence for obscurin's 

role in regulating Ca
2+

 cycling has only begun to emerge, and more thorough 

investigations of the function of obscurin/PLN binding will prove informative. 

 

1.4 The involvement of obscurins in cardiomyopathy
3
 

 Cardiomyopathies comprise a heterogeneous group of myocardial disorders that 

are characterized by abnormal pumping of blood and/or the inability to maintain normal 

electrical rhythm (46). They are routinely grouped into six major subtypes according to 

the clinical presentation of patients and the structural and functional maladaptations that 

manifest in the diseased myocardium (47-50). The most common subtype, hypertrophic 

cardiomyopathy (HCM), occurs with an incidence of 1 in 500, and is the leading cause of 

sudden cardiac death in young athletes. Dilated cardiomyopathy (DCM) affects 1 in 

2,500 individuals, and is the third leading cause of heart failure in the United States after 

coronary artery disease and hypertension. The remaining subtypes are more rare forms of 

heart disease, and include restrictive cardiomyopathy (RCM), arrythmogenic right 

                                                 
3
 This section was published as a review article, "Unraveling obscurins in heart disease" (Pflugers Archiv, 

2019) in which I served as first author. 
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ventricular cardiomyopathy (ARVC), left ventricular non-compaction (LVNC), and 

inflammatory cardiomyopathy (IC) (47-50). 

The causes of cardiomyopathy are variable and complex, often driven by 

environmental factors (e.g. industrialism, pollution), life style choices (e.g. alcohol or 

drug abuse, obesity), other diseases (e.g. viral or bacterial infections, diabetes, thyroid or 

autoimmune disease), idiosyncratic factors (e.g. age, gender, and race), as well as genetic 

etiologies (e.g. inherited mutations and/or genetic predisposition). Over the last three 

decades, particular emphasis has been given on the familial transmission of mutations in 

genes encoding sarcomeric, Ca
2+

 sensitive and Ca
2+

 cycling, signaling, storage, and 

metabolic proteins highlighting the importance of genetics in heart disease (46, 51-54). 

As such, remarkable progress has been made towards the identification of genetically 

based cardiomyopathies that had been previously classified as idiopathic.  

The discovery of hundreds of pathogenic mutations in genes encoding sarcomeric 

proteins has established “sarcomeric cardiomyopathies” as an entity. Depending on the 

severity of the mutation, sarcomeric cardiomyopathies can develop either early in life or 

later in adulthood. Early onset cases represent a common cause of pediatric 

cardiomyopathy often associated with sudden cardiac death, whereas adult onset cases 

develop between 20-50 years of age (55). The clinical presentation of affected patients is 

highly diverse, exhibiting hypertrophic (the most commonly observed pathology), 

dilated, non-compaction, or restrictive cardiac phenotypes (46, 55, 56). 

 Obscurins were first implicated in the development of heart disease in 2007 when 

two missense mutations were found in a patient diagnosed with HCM. Since then, the 
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discovery of over a dozen missense, frameshift, and splicing mutations that are linked to 

various forms of cardiomyopathy, including HCM, DCM, and LVNC, has highlighted 

OBSCN as a potential disease-causing gene (Fig 1.2; Table 1.1). At this time, the 

functional consequences of the identified mutations remain largely elusive, and much 

work has yet to be done to characterize the disease mechanisms of pathological OBSCN 

variants. Herein, we describe the OBSCN mutations known to date, discuss their potential 

impact on disease development, and provide future directions in order to better 

understand the involvement of obscurins in heart disease. 

 

 

Figure 1.2. Localization of known OBSCN mutations linked to myopathy 

Mutations are listed according to the accession number NP-001092093. To date, there are 

7 known mutations associated with HCM (blue), 3 mutations associated with DCM (red), 

3 mutations associated with LVNC (green), 1 mutation associated with a case of systolic 

heart failure with hereditary ataxia (orange), and 1 mutation linked to distal myopathy 

(purple). Three polymorphisms that have been classified as non-pathogenic are shown in 

grey; *indicates the mutation as it was reported in the literature. 
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Table 1.1. Mutations identified in OBSCN 

Abbreviations: Ig, immunoglobulin; IQ, isoleucine/glutamine; PH, pleckstrin homology; Kin1, 
obscurin kinase 1; HCM, hypertrophic cardiomyopathy; DCM, dilated cardiomyopathy; HF, heart 
failure;  LVNC, left ventricular non-compaction  
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1.4.1 HCM-linked OBSCN mutations 

 HCM is characterized by left ventricular hypertrophy, reduced chamber size, 

fibrosis, impaired relaxation, and increased susceptibility to arrhythmia (46, 52). In the 

absence of pathologies such as hypertension or aortic stenosis that may underlie or 

contribute to disease development, HCM is considered a monogenic disorder caused by 

dominant mutations in genes encoding sarcomeric proteins (55, 56). It is therefore 

regarded as the most common cardiac manifestation of sarcomeric cardiomyopathy. 

The first indication that obscurins may be causatively involved in the 

development of familial sarcomeric cardiomyopathy came in 2007 with the discovery of 

two OBSCN mutations in a 19-year old patient with HCM from Japan (57). Genomic 

linkage analysis identified two heterozygous missense mutations, R4344Q (c.13031 G>A 

in exon 51) and A4484T (c.13450 G>A in exon 52) in obscurin Ig58 and Ig59 domains, 

respectively, that were most likely inherited from the mother of the proband who was 

also diagnosed with HCM (Fig 1.2; Table 1.1) (57). Neither of these mutations was 

present in a cohort of 288 normal subjects of Japanese origin (57).  

The Ig58/Ig59 module of obscurin, where the R4344Q and A4484T mutations 

reside, has been shown to support binding to the Ig9/Ig10 domains of titin (1). Titin is a 

modular 3-4 MDa protein that extends longitudinally across a half-sarcomere, and 

functions as a molecular blueprint, regulator of passive stiffness, and mechanosensor (14, 

16, 58-60). In vitro studies indicated that the presence of R4344Q, but not A4484T, 

modestly diminishes binding of the obscurin Ig58/59 module to the titin Ig9/10 domains 

(57). Furthermore, immunofluorescence experiments and modeling analyses indicated 

that R4344Q also affects the Z-disk incorporation of mutant Ig58/Ig59 and interferes with 
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the structure of Ig58 (57). Due to the lack of a functional effect observed from the 

presence of A4484T alone, Arimura and colleagues suggested that the A4484T variation 

might not be pathogenic. This is consistent with its presence in the genome of wild-type 

C57Bl6/J mice, further lending credence to the classification of the A4484T variation as a 

polymorphism rather than a driving mutation (37).  

Further evaluation of the frequency of the R4344Q variant in larger and more 

diverse databases resulted in its re-classification from “hypertrophic cardiomyopathy-

causing” to “hypertrophic cardiomyopathy-causing?” and later to “benign” due to its high 

prevalence (~15%) among African Americans (Human Gene Mutation Database 2017.4) 

(61). Notably though, its prevalence remained relatively low among white Americans 

(~0.3%). Although minor allele frequency is a key determinant of classifying a variant as 

pathogenic or non-pathogenic, one could argue that given that the African American 

population exhibits considerably higher rates of heart disease compared to white 

Americans (44.4% versus 36.6% for males and 48.9% versus 32.4% for females, 

respectively) (62), the R4344Q variant may contribute or predispose carriers to 

cardiomyopathy along with other influences, such as idiosyncratic factors, life style 

choices, socio-economical factors, etc. 

Consistent with this notion, homozygous knock-in mice carrying the R4344Q 

mutation develop arrhythmia by 1-year of age under sedentary conditions, consisting of 

significant tachycardia and frequent episodes of premature ventricular contractions (37). 

Isolated cardiomyocytes exhibit enhanced Ca
2+

 transients and accelerated contractility 

kinetics due to increased expression and activity of SERCA2. Detailed structural and 

biochemical work demonstrated that enhanced SERCA2 activity might result from 
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sequestration of phospholamban, the major SERCA2 regulator in cardiac cells, via 

enhanced binding to mutant obscurin (37). Of note, the expression and localization of 

titin were indistinguishable between wild-type and homozygous knock-in mice. 

Moreover, young adult homozygous knock-in mice subjected to sustained pathological 

mechanical stress via transaortic constriction develop a DCM-like phenotype 

characterized by left ventricular dilation and fibrosis (37). Taken together, these findings 

indicate that the presence of the R4344Q mutation leads to pathogenicity and disease 

development by interfering with binding interactions of the Ig58 domain that contribute 

to the regulation of Ca
2+

 cycling.  

Almost a decade after the identification of the R4344Q and A4484T variants, Xu 

and colleagues reported the presence of 6 novel, rare, pathogenic OBSCN variants linked 

to HCM (63). These variants, identified by whole exome sequencing (WES) analysis in a 

cohort of 74 Chinese patients diagnosed with sporadic HCM, were absent from 2000 

control subjects (63). Remarkably, OBSCN was identified in the top 10 putative HCM-

associated genes out of 92 candidate genes interrogated (63). All 6 variants were present 

in a dominant fashion, and included 4 frameshift and 2 missense mutations (Fig 1.2; 

Table 1.1). Notably, the 4 frameshift mutations, Ala996fs, Ala1088fs, Ala1272fs, 

Ala1640fs cluster in the NH2-terminal Ig12, Ig13, Ig15 and Ig22 domains that are shared 

by both obscurin-A and -B. These mutations likely result in truncated proteins and thus 

“loss of function”. The two missense mutations that were identified, R5215H and 

G7500R, localize to the Ig63 and Ig69 domains, respectively. The Ig63 domain is present 

in both giant isoforms, whereas the Ig69 domain precedes the most COOH-terminal 

Ser/Thr kinase domain and is restricted to obscurin-B and the smaller obscurin-kinase 
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isoforms. At this time, the molecular, biochemical and functional implications of these 

mutations are largely unknown, which appears to be the case for almost all of the OBSCN 

mutations known to date (with the exception of R4344Q discussed above).  

 

1.4.2 DCM-linked OBSCN mutations 

 Mutations in OBSCN have also been associated with the development of DCM. 

Left ventricular dilation accompanied by reduced wall thickness and systolic dysfunction 

is the hallmark of DCM (46, 52). Approximately 40% of all DCM cases have been 

attributed to monogenic causes, involving ~50 genes mainly encoding sarcomeric 

proteins (64, 65). Notably, truncating mutations in TTN account for ~25% of all inherited 

DCM cases identified to date (66, 67). 

OBSCN was recently included in the list of sarcomeric genes linked to DCM 

when Marston and colleagues identified 5 novel heterozygous missense mutations, 

E963K, V2161D, F2809V, R4856H, and D5966N, via WES in 4 out of 30 patients 

diagnosed with end-stage heart failure and familial DCM (Fig 1.2; Table 1.1) (68). Of 

these 5 mutations, V2161D and F2809V were found in a compound heterozygous state. 

Moreover, F2809V and R4856H were classified as non-pathogenic polymorphisms due 

to high prevalence in reference databases and lack of conservation among species, 

respectively (68). The three potentially pathogenic mutations E963K, V2161D and 

D5966N are spread throughout the length of giant obscurins in domains that are shared 

by both giant isoforms, localizing in Ig11, Ig27, and the PH domain, respectively. 

Interestingly, DCM biopsies carrying the three pathogenic mutations exhibited reduced 

expression levels of mutant obscurins compared to DCM samples without OBSCN 
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mutations, HCM samples, and healthy controls, suggesting that these mutations may 

function via haploinsufficiency (68).  

In addition to the DCM associated OBSCN mutations identified by Marston et al., 

2015, Rowland and colleagues also reported a dominant frameshift mutation, 

A7950Pfs*ter79, residing between Kin1 and Ig69, which is restricted to kinase-bearing 

obscurins (Fig 1.2; Table 1.1) (69). No biochemical work followed the identification of 

this mutation, and it is therefore unknown whether it may also act through 

haploinsufficiency.  

 

1.4.3 LVNC-linked OBSCN mutations 

 In addition to HCM and DCM, mutations in OBSCN have also been linked to 

LVNC (69). LVNC is a relatively rare form of cardiomyopathy (0.014-1.3% occurrence 

in the general population). Although it can be sporadic, 40-50% of cases exhibit a 

familial cause (70). LVNC is characterized by the presence of prominent left ventricular 

trabeculation and deep intertrabecular recesses, most frequently in the apex that are filled 

with blood with no evidence of communication with the epicardial coronary artery 

system (71, 72). Mutations in ~10 sarcomeric genes, including MYH7, MYBPC3, ACTC, 

TNNT2, and TPM1 have been associated with the development of LVNC (70, 73, 74). 

Using the TruSight One-Sequence panel, Rowland and coworkers interrogated over 4,800 

genes associated with clinical phenotypes in a population of 335 cardiomyopathy 

patients, 325 of which were diagnosed with DCM and the remaining 10 with LVNC (69). 

Three novel, dominant, variants in OBSCN were identified in the 10 LVNC patients that 

all cluster in the unique COOH-terminus of obscurin-B (Fig 1.2; Table 1.1). These 
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variants include 2 frameshift mutations, T7266Rfs*ter53 and S7947Pfs*ter82, and 1 

splicing mutation, c. 25367-1 G>C, which localize between Ig67 and Ig68, between Kin1 

and Ig69, and Ig69, respectively. Given the prevalence of DCM samples in the cohort, it 

is tempting to speculate that OBSCN mutations affecting the expression, regulation and/or 

enzymatic activity of the two obscurin Ser/Thr kinase domains may be more commonly 

associated with the pathogenesis of LVNC rather than DCM or HCM. 

 

1.4.4 Additional myopathy-linked OBSCN mutations 

OBSCN mutations associated with other muscle diseases have also been reported, 

although the details regarding the clinical presentation of the carriers are currently 

missing. A novel dominant missense mutation, W7910R, was identified in Kin2 via next 

generation sequencing in a patient with chronic systolic heart failure, unspecified 

hereditary ataxia, and a family history of heart failure (Fig 1.2; Table 1.1) (75). In another 

study, WES and gene-based association analysis revealed nominal significant association 

of OBSCN variants (along with MYLK, DYNC2H1 and RNF213 variants) with the 

development of multifocal fibromuscular dysplasia (FMD) (76). FMD comprises a group 

of non-atherosclerotic and non-inflammatory vascular diseases leading to stenosis, 

aneurysm, and dissection primarily of renal arteries and carotids, which manifests as 

hypertension, dizziness, transient ischemic attack or stroke (77). Lastly, a missense 

mutation identified in Ig59, c.13330C>T (p.R4444W) in combination with the FLNC 

c.5161delG frameshift mutation may underlie the development and/or increase the 

penetrance of distal muscular dystrophy (Fig 1.2; Table 1.1) (78). Contrary to the 

A4484T polymorphism that also resides in Ig59, the R4444W mutation significantly 
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reduces binding of the obscurin Ig58/Ig59 module to titin Ig9/Ig10 region by ~15-fold 

(78).  

 

1.5 Significance of studies 

 Obscurins' extensive list of protein interacting partners (Section 1.2), essential 

physiological functions (Section 1.3), and disease implications (Section 1.4) underscore 

the importance of comprehensively unraveling its diverse roles in striated muscle. As 

described in the above sections, obscurin-Ig58/59 supports binding to both titins and 

PLN, which are critical for normal muscle structure and function. However, to date, the 

physiological significance of the interactions between obscurin and titin/PLN has 

remained elusive. Moreover, mutations within Ig58/59 that affect binding to titins/PLN 

have been associated with the development of myopathy in humans. We therefore formed 

the overall hypothesis that obscurin-Ig58/59 serves essential structural and/or regulatory 

roles in the heart.  

 In order to investigate the pathophysiological significance of obscurin-Ig58/59, 

we generated a novel mouse model, Obscn-ΔIg58/59, that constitutively expresses 

endogenous obscurin lacking Ig58/59. Our studies show that homozygous Obscn-

ΔIg58/59 mice experience progressive ventricular remodeling, atrial enlargement, and 

severe arrhythmia under sedentary conditions. Moreover, the Ig58/59 deletion leads to 

abnormal Ca
2+

 cycling dynamics in isolated cells resulting from the altered expression 

and/or phosphorylation status of major Ca
2+

 regulating proteins. Not only do these 

findings demonstrate a significant role for Ig58/59 in regulating Ca
2+

 homeostasis, but we 
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also report several intriguing and unanticipated features of the Obscn-ΔIg58/59 

phenotype that greatly affect disease development, including tissue-dependent, age-

dependent, and biological sex-dependent effects. Accordingly, we performed a thorough 

investigation of the molecular and functional impacts of the Ig58/59 deletion in both 

genders as a function of aging where the disease mechanisms in Obscn-ΔIg58/59 

ventricles (Chapter 2) are evaluated independently from Obscn-ΔIg58/59 atria (Chapter 

3). Together, our findings provide novel insights regarding the regulatory functions of 

obscurin-Ig58/59 and reveal significant tissue-specific differences that will be important 

to consider in understanding the pathophysiology of obscurins in the heart.  
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CHAPTER 2
4
:  

 

DELETION OF IMMUNOGLOBULIN DOMAINS IG58/59 

LEADS TO AGE-DEPENDENT CARDIAC REMODELING 

AND ARRHYTHMIA 

 

 

2.1 Introduction 

 Obscurins, expressed from the single OBSCN gene, are a family of giant modular 

proteins (720-870 kDa) surrounding sarcomeric M-bands and Z-disks where they play 

key structural and regulatory roles (2, 3). The two canonical isoforms, obscurin A and B, 

differ in their COOH-termini where obscurin A contains ankyrin binding sites and 

obscurin B carries two active serine/threonine (Ser/Thr) kinase domains belonging to the 

myosin light chain kinase subfamily (6, 7). Their modular nature and unique positioning 

at the periphery of myofibrils allow obscurins to provide binding sites for diverse 

proteins localized to different subcellular compartments (2, 3). Consistently, obscurins 

have been implicated in several cellular processes ranging from myofibril assembly to the 

integration of the sarcomeric cytoskeleton with the sarcoplasmic reticulum (SR), cell 

adhesion, the maintenance of the subsarcolemmal microtubule network, and Ca
2+

 

signaling (2, 3, 37). Their pathophysiological significance has been further substantiated 

by the identification of >15 missense, splicing, and frameshift mutations in OBSCN that 

have been linked to the development of hypertrophic cardiomyopathy (HCM), dilated 

cardiomyopathy (DCM), and left ventricular non-compaction (LVNC) in humans (5).  

 

                                                 
4
 This chapter was published as a research article, "Deletion of obscurin immunoglobulin domains Ig58/59 

leads to age-dependent cardiac remodeling and arrhythmia" (Basic Research in Cardiology, 2020) in which 

I served as first author. 
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 Among the multiple binding partners of obscurins, titin and novex-3 were the first 

to be identified with obscurin immunoglobulin domains 58/59 (Ig58/59) supporting 

binding to both titin Ig9/10 and to a unique 198-amino acid long sequence of novex-3 (1, 

4). Titin (3-4 MDa) forms a continuous filament from Z-disks to M-bands and functions 

as a molecular scaffold during myofibrillogenesis, a spring that generates passive tension, 

and a mechanosensor that mediates stretch-initiated signaling pathways (2, 3, 14-16). 

Novex-3 (~700 kDa), a titin splice variant, extends from Z-disks to I-bands and likely 

participates in stress-induced cardiac remodeling (79). More recently, obscurin Ig58/59 

was also shown to moderately bind phospholamban (PLN, ~5 kDa) (37), a 

transmembrane protein of the SR that modulates Ca
2+

 cycling by acting as a negative 

regulator of the sarcoendoplasmic reticulum Ca
2+

 ATPase (SERCA). Importantly, 

missense mutations within obscurin Ig58/59 that affect binding to titins and/or PLN have 

been associated with the development of myopathy in humans, suggesting essential roles 

for these protein complexes in striated muscle pathophysiology (37, 57, 78).  

 

 To elucidate the significance of the obscurin Ig58/59 module, we generated a 

constitutive deletion mouse model, Obscn-ΔIg58/59, that expresses obscurin lacking 

Ig58/59. Our studies show that young (3- to 4-month old) homozygous Obscn-ΔIg58/59 

mice, which do not show signs of cardiac dysfunction under sedentary conditions, are 

susceptible to workload-induced arrhythmia. Moreover, sedentary male Obscn-ΔIg58/59 

mice develop compensatory left ventricular (LV) hypertrophy by 6-months of age that 

progresses to maladaptive ventricular dilation, contractile impairment, atrial enlargement, 

and severe arrhythmia by 12-months. Interestingly, female Obscn-ΔIg58/59 mice do not 
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undergo cardiac remodeling and dysfunction to the same extent as males, indicating the 

presence of sex dimorphism in the Obscn-ΔIg58/59 model. Evaluation of LV 

cardiomyocytes from male Obscn-ΔIg58/59 mice revealed abnormal Ca
2+

 transients, 

reduced contractility, and alterations in the expression and/or phosphorylation levels of 

PLN, SERCA2, and ryanodine receptor 2 (RyR2). Taken together, our findings 

demonstrate key regulatory roles for obscurin in the heart, specifically highlighting 

Ig58/59 as an essential module impacting Ca
2+

 homeostasis. 

 

2.2 Materials and Methods 

Gene targeting and generation of Obscn-ΔIg58/59 constitutive deletion mice 

The Obscn-ΔIg58/59 deletion model was produced in parallel with the Obscn-

R4344Q knock-in model as described previously (GenOway, Lyon, France) (37). The 

gene-targeting construct contained isogenic genomic DNA spanning partial intron 59, in 

which a loxP-FRT-neomycin-FRT cassette was inserted, to partial intron 65, in which a 

distal loxP site was inserted, in order to flox exons 60-61 containing Ig58/59. To remove 

the neomycin resistance cassette along with exons 60-61, animals containing the 

recombined OBSCN allele were bred with Cre recombinase-expressing mice (GenOway). 

The genotypes of the animals were confirmed by polymerase chain reaction (PCR) 

utilizing a primer set complimentary to sequences in intron 59 to amplify the wild-type 

allele (Sense 5'ATC ATAGAGCAGGACTGGACCGTAGCC3'; Anti-sense 

5'GACCGATGACCTCCCAAGTTCATACC3') and another set complimentary to intron 

59 and exon 62 to amplify the deletion allele (Sense 

5'TGTCATCATAGAGCAGGACTGGACCG3'; Anti-sense 
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5'CAGGATAGGGTCACAGAATGGTCACTACG3'). F1 mice were backcrossed seven 

generations into the C57BL/6J mouse line before experimentation. All experiments were 

performed with homozygous male and female animals. Euthanasia was performed by 

inhalation anesthesia of 4.5-5% isoflurane until lack of respiration was noted for a 

minimum of 60 sec followed by a secondary physical method (i.e. cervical dislocation or 

thoracotomy).  

 

All animal care and procedures were conducted under protocols approved by the 

Institutional Animal Care and Use Committee at the University of Maryland, School of 

Medicine (UMSOM), and were in accordance with the NIH guidelines (Guide for the 

Care and Use of Laboratory Animals).  

 

Transthoracic echocardiography 

Transthoracic echocardiography was performed on sedentary animals at 3-, 6-, 9-, 

and 12-months of age at the Physiological Phenotyping Core of UMSOM as previously 

described (37). Briefly, mice shaved in the chest area were initially anesthetized with 3% 

isoflurane in oxygen in an induction chamber and then maintained under 1.5% isoflurane 

in oxygen via nose cone on a warming pad through the duration of the recording. Two-

dimensional cineloops and guided M-mode frames were taken from the parasternal short 

axis view and mitral valve Doppler measurements were recorded in the apical four 

chamber view using a 40-MHz probe connected to the Vevo 2100 System (VisualSonics, 

Toronto, Canada). Absolute wall thickness was calculated as AWTd + PWTd, where 

AWTd is diastolic anterior wall thickness and PWTd is diastolic posterior wall thickness. 
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Relative wall thickness was calculated as (AWTd + PWTd)/ EDD, where EDD is end 

diastolic diameter. End-diastolic volume (EDV) and end-systolic volume (ESV) were 

calculated as 1.047 x EDD
3
 and 1.047 x ESD

3
, respectively, where ESD represents end-

systolic diameter. Ejection Fraction was calculated as (EDV-ESV)/EDV x 100 and 

Fractional Shortening as (EDD-ESV)/EDD.  

 

Surface electrocardiography 

Surface electrocardiography (ECG) was performed on sedentary animals at 6- and 

12-months of age as described previously (37). Briefly, mice were placed on a warming 

pad in a supine position and maintained under anesthesia with 1.5 % isoflurane in oxygen 

via nose cone. Three-lead ECG probes were inserted subcutaneously in which the 

positive, negative, and ground electrodes were placed in the left hindlimb, right forelimb, 

and left forelimb, respectively. The electrodes were linked to a biopotential amplifier 

(BIOPAC MEC100C) connected to a computer interfaced BIOPAC MP150 system 

(BIOPAC Systems Inc., Goleta, CA) to measure and record electrical signals. Traces for 

each animal were recorded continuously for 30 min. Heart rate measurements and R-R 

intervals were calculated using Acqknowledge software.  

 

Isoproterenol challenge 

Young (3- to 4-month old) mice were anesthetized by intraperitoneal (IP) 

injection of Avertin (1.25% 2-2-2 tribromoethanol, 2.5% 2-methl-2-butanol) at 0.014 

ml/g and baseline heart rate was recorded for 5 min by ECG as described above. 

Isoproterenol was subsequently injected intraperitoneally at a dose of 0.44 µg/kg and 
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cardiac electrical activity was recorded by ECG for another 30 min. The change in heart 

rate (Δheart rate) was calculated for each mouse as the difference in heart rate before and 

after isoproterenol treatment. 

 

Lysate preparation and western blotting 

Flash frozen LV tissue was ground to powder in a glass homogenizer while 

immersed in liquid nitrogen. The ground tissue was incubated at -20 ⁰C for 20 min and 

then solubilized in urea-thiourea lysis buffer (8 mol/L urea, 2 mol/L thiourea, 3% SDS, 

0.05 mol/L tris-HCl, 0.03% bromophenol blue, 0.075 mol/L dithiothreitol, pH 6.8) and 

50% glycerol supplemented with protease and phosphatase inhibitors (Halt Protease and 

Phosphatase Inhibitor Cocktail, Thermo Fisher Scientific, Rockford, IL) in a 60 ⁰C water 

bath. Following centrifugation, lysates were aliquoted and flash frozen in liquid nitrogen. 

Equal amounts of protein lysates were thawed at 55 ⁰C for 5 min and separated by SDS-

polyacrylamide gel electrophoresis, transferred to nitrocellulose membrane, and probed 

with the desired primary antibodies. Immunoreactive bands were visualized with 

chemiluminescent reagents (NovaBright, Thermo Fisher Scientific, Bedford, MA) after 

incubation with alkaline phosphatase-conjugated secondary antibodies (goat anti-mouse 

IgG A3688, 1:3000, Sigma-Aldrich, St. Louis, MO and goat anti-rabbit IgG 

AB_2337947, 1:3000, Jackson Immunoresearch, West Grove, PA) . The number of 

different biological samples (i.e. hearts) and experimental replicates is included in the 

respective figure legends. Densitometry was performed with ImageJ and normalized to 

either glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or heat shock protein 90 

(Hsp90) as a loading control. To validate the use of GAPDH and Hsp90 as loading 
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controls, we normalized GAPDH and Hsp90 expression to total protein using the 

corresponding Ponceau stained blots; of note, no statistically significant differences were 

observed in the expression of GAPDH or Hsp90 between wild-type and Obscn-ΔIg58/59 

lysates (Fig S2.1a-c). Figures contain a representative biological replicate for each 

protein and loading control. Occasional digital adjustment was uniformly applied to 

representative immunoblots for ease of visualization. 

 

Primary antibodies 

The following primary antibodies were used for western blotting (WB) and 

immunofluorescence (IF) staining: mouse monoclonal antibodies to PLN (WB: 1:5000, 

IF: 1:200; ab2865, Abcam, Cambridge, MA), SERCA2 (WB: 1:1000, IF: 1:00; MA3-

919, Thermo Fisher Scientific, Rockford, IL), RyR2 (WB: 1:1000, IF: 1:300; MA3-925, 

Thermo Fisher Scientific), GAPDH (WB: 1:15000; G8795, Millipore, Temecula, CA), 

PP2A catalytic subunit (WB:1:1000; 05-421, Millipore), PP2Ce (WB: 1:500; MAB6914, 

R&D Systems, Minneapolis, MN), α-actinin (IF: 1:100; A7811, Sigma), myosin (WB: 

1:10; MF20, Developmental Studies Hybridoma Bank, Iowa City, Iowa), actin (WB: 

1:1000; A2172, Millipore), and troponin I (WB: 1µg/ml; ab10231, Abcam), rabbit 

monoclonal antibodies to Hsp90 (WB: 1:1000; 4877, Cell Signaling Technologies, 

Danvers, MA), and rabbit polyclonal antibodies to titin-Z (IF: 3µg/mL) (80), novex-3 

(WB: 1:1000, a generous gift from Dr. Henk Granzier) (4), PLN-pSer16 (WB: 1:1000; 

07-052, Millipore), PLN-pThr17 (WB: 1:2000; A010-13AP, Badrilla, Leeds, UK), sAnk1 

(WB: 1µg/ml) (12), RyR2-pSer2808 (WB: 1:2000; ab59225, Abcam), RyR2-pSer2814 

(WB: 1:500; A010-31AP, Badrilla), CaMKIIδ (WB: 1:1000; PA5-22168, Thermo Fisher 
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Scientific), CaMKII-pThr287 (WB: 1:1000; PA5-37833, Thermo Fisher Scientific), PP1α 

(WB: 1:1000; 2582S, Cell Signaling Technologies), PP2A B56α (WB: 1:1000; PA5-

90634, Thermo Fisher Scientific), tropomyosin (WB: 1µg/ml; ab55915, Abcam), 

obscurin Ig58/59 (WB: 1 µg/ml) (81), and obscurin Ig67 (WB: 1 µg/ml, IF: 3 µg/ml). 

Antibodies to obscurin Ig67 were generated via immunizing rabbits with mouse GST-

Ig67 fusion protein (amino acids 6994-7099, accession number: NP_954603, produced in 

pGEX-4T-1 vector) and affinity-purified from rabbit antiserum using GST and GST-Ig67 

columns. 

 

Electrophoresis and Coomassie Blue staining for titin 

LV lysates prepared as described above were loaded onto 16 x 18 cm gels 

composed of 1% agarose in 1X running buffer (50 mM tris, 0.384 mol/L glycine, 0.1 % 

SDS) and 30% glycerol. Proteins were separated using the Hoefer SE600 unit system at 4 

0
C for 3 hours. Gels were stained with Coomassie Blue, and the expression levels of giant 

titins were quantified using ImageJ and normalized to myosin heavy chain (MHC) which 

was used as loading control. The number of different biological samples (i.e. hearts) and 

experimental replicates is included in the respective figure legends. Figures contain a 

representative biological replicate depicting titin and MHC expression levels. Occasional 

digital adjustment was uniformly applied to representative gels for ease of visualization. 

 

Preparation of paraffin embedded cardiac sections and Masson's trichrome staining 

Paraffin sections were produced and stained using Masson's Trichrome Kit 

(Thermo Fisher Scientific) at the Research Histology, Pathology and Imaging Core at the 
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University of Texas M.D. Anderson Cancer Center. Briefly, hearts were fixed in formalin 

for 24-48 hours and sequentially dehydrated in 70, 80, 95, and 100% ethanol. Following 

xylene washes, samples were embedded in parrafin wax and sectioned at 4 µm. Sections 

were deparaffinized, hydrated in deionized water, and then placed in Bouin's fluid at 56 

⁰C for 1 hour. Sections were stained with Weigert's iron hematoxylin stain for 10 min, 

Biebrich scarlet-acid fuschin solution for 5-10 min, phosphotungstic-phosphornolybdic 

acid solution for 5 min, aniline blue stain solution for 5-10 min, and rinsed with 

deionized water between each staining step. Sections were placed in 1% acetic acid 

solution for 1 min and rinsed once more with deionized water before mounting.  

 

Hydroxyproline assay 

Hydroxyproline content was measured in flash-frozen LV samples isolated from 

sedentary 6- and 12-months old mice as described previously (37). Approximately 15-20 

mg of tissue was boiled overnight in 0.2 ml of 6 mol/L HCl at 110 ⁰C. The hydrolyzed 

tissue was added to isopropanol (1:16) and mixed with chloramine-T solution in acetate 

citrate buffer (final concentration: 0.448% chloramine-T, 0.178 mol/L sodium acetate, 

44.5 uM citric acid, 11.14 uM NaOH, and 9.856% isopropanol) for 5 min. Reactions 

were diluted 1:4 with isopropanol-Ehrlich solution (1.531 mol/L p-

dimethylaminobenzaldehyde, 76.1% ethanol, 0.945 mol/L sulfuric acid, and 23.1% 

isopropanol) and incubated at 55 ⁰C for 1 hour. Absorbance values were measured at 558 

nm and fibrotic content was calculated using a standard curve and normalized to initial 

sample mass. At least three experimental replicates were obtained per heart. 

 



37 

 

Preparation of frozen cardiac sections, immunostaining and confocal microscopy 

Frozen LV sections were prepared as described previously (37). , hearts perfused 

in 2% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) were embedded in 

7.5% gelatin and 15% sucrose in PBS and frozen with 2-methylbutane. Samples were 

sectioned at a thickness of 12 m, permeabilized with 0.1% Triton X-100 in PBS and 

incubated in blocking buffer (1 mg/ml BSA, 1 mM sodium azide in PBS) for 1 hour. 

Sections were incubated with the desired primary antibodies prepared in blocking buffer 

overnight at 4 ⁰C. Samples were then washed with blocking buffer, incubated with Alexa 

Fluor 488 goat anti-rabbit or Alexa Fluor 568 goat anti-mouse secondary antibodies 

(1:200; Thermo Fisher Scientific) for 2-3 hours, washed again with blocking buffer, 

mounted with VECTASHIELD mounting medium (Vector Laboratories, Burlingame, 

CA), and analyzed under a Nikon Spinning Disc confocal microscope (UMSOM 

Confocal Microscopy Facility). 

 

Electron microscopy 

LV tissues were isolated from 12-month old animals and fixed in 2% 

paraformaldehyde, 2.5% glutaraldehyde, and 0.1 mol/L PIPES buffer (pH 7.4), washed 

with 0.1 mol/L PIPES buffer, and post-fixed with 1% osmium tetroxide/1.5% potassium 

ferrocyanide in 0.1 mol/L PIPES buffer for 1 hour at 4 
o
C. Samples were treated with 1% 

tannic acid in H20 for 15 min, followed by en bloc staining with 1% (w/v) uranyl 

acetate, and dehydration using 30, 50, 70, 90 and 100% ethanol in series. Following 

dehydration, samples were infiltrated and embedded in Araldite-Epoxy resin (Araldite, 

EMbed 812; Electron Microscopy Sciences, PA), according to the manufacturer’s 
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recommendations. Ultrathin sections at ~70 nm thickness were cut on a Leica UC6 

ultramicrotome (Leica Microsystems, Inc., Bannockburn, IL), and examined under a 

Tecnai T12 transmission electron microscope (Thermo Fisher Scientific, Hillsboro, 

Oregon) operated at 80 kV. Images were acquired with an AMT bottom mount CCD 

camera and AMT600 software (Advanced Microscopy Techniques, Woburn, MA). All 

samples were prepared and imaged at the Electron Microscopy Core Imaging Facility of 

the University of Maryland School of Dentistry. 

 

Cardiomyocyte isolation 

Ventricular cardiomyocytes were isolated from 6- and 12-month old mice using a 

modified Langendorff perfusion protocol (82). Mice were heparanized and then 

anesthetized using 3% isoflurane. Whole hearts were excised, placed in ice cold cell 

isolation buffer (CIB) [130 mM NaCl, 5.4 mM KCl, 0.5 mM MgCl2•6H2O, 0.33 mM 

NaH2PO4, 10 mM glucose, 25 mM HEPES, 10 mM taurine] containing 0.2 mM EGTA 

(CIB-EGTA), and cannulated through the aorta. Hearts were perfused in retrograde 

fashion with CIB-EGTA for 3 min and then for 4 min in CIB supplemented with 

enzymes [1 mg/ml collagenase (Worthington), 0.06 mg/ml trypsin (Sigma), and 0.06 

mg/ml protease type XIV (Sigma P5147)] at 37 
0
C. Ventricular tissue was minced and 

subjected to additional digestion in CIB supplemented with enzymes for 4 min at 37 
0
C. 

Myocytes were transferred to normal Tyrode's solution (NT) [130 mM NaCl, 5.4 mM 

KCl, 0.5 mM MgCl2•6H2O, 0.33 mM NaH2PO4, 5 mM glucose, 5 mM HEPES], 

dispersed by trituration with a Pasteur pipette, and ultimately brought to physiological 

Ca
2+

 to a final concentration of 1.8 mM CaCl2 in NT. Myocytes included in this study 
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were Ca
2+

 tolerant and responsive to electrical stimulation following isolation. Any cells 

with round edges or other visible membrane damage were excluded. 

 

Ca
2+

 transients and contractility measurements 

Experiments were performed in custom fabricated chambers (Four-hour Day 

foundation, Towson MD) mounted on an Olympus Ix70 Microscope with a 40X Water 

1.15 NA objective. Sarcomere length was monitored with a high-speed camera system 

(Aurora) and was calculated with Fast Fourier Transform analysis. Ca
2+

 transients were 

evaluated simultaneously after loading 2µM Fluo-4-AM (15 min incubation) followed by 

de-esterification (10 min). Cells were excited with 475nm light from a xenon arc lamp 

and paced at 1Hz (2 ms, square pulses, 40 V) for 30 sec recording with a dual PMT 

fluorescence system (Ionoptix, Westwood, MA). All contractions were averaged for each 

cell and data were analyzed using an in-home MATLAB script. 

 

Statistical analysis 

 Statistical significance between age- and gender-matched wild-type and 

homozygous Obscn-ΔIg58/59 groups was determined by two-tailed Student's t-test; 

genotypes were compared within, but not between, different time points and genders. 

Error bars represent average values +/- standard error of the mean (SEM). Sample sizes 

are noted in the corresponding figure legends. 
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2.3 Results 

2.3.1 Generation and characterization of the Obscn-ΔIg58/59 model  

 To assess the pathophysiological significance of the obscurin Ig58/59 module, we 

generated a constitutive deletion mouse model, Obscn-ΔIg58/59, that expresses obscurin 

lacking Ig58/59 (Fig S2.2a-b). Homozygous Obscn-ΔIg58/59 mice are viable and exhibit 

normal growth rates (Fig S2.2c). Hearts isolated from young adult (3-month old) wild-

type and Obscn-ΔIg58/59 mice were comparable in size and gross morphology (Fig 2.1a-

a'). Morphometric and echocardiography analyses did not reveal alterations in cardiac 

morphology or function at this stage in Obscn-ΔIg58/59 male animals (Fig 2.1b-b'; Table 

S2.1). However, a moderate increase in absolute LV mass and stroke volume was 

observed in Obscn-ΔIg58/59 female animals compared to gender-matched wild-type 

(Table S2.1), suggesting a mild adaptive response that was not accompanied by major 

alterations in LV dimensions or function. 

 

 Evaluation of protein expression utilizing antibodies to obscurin Ig58/59 

confirmed the deletion of Ig58/59 in Obscn-ΔIg58/59 lysates prepared from 3-month old 

male LV, while antibodies against Ig67 demonstrated that total protein levels were 

unaltered; notably, prolonged exposure of obscurin Ig67 immunoblots revealed an up-

regulation of obscurin B levels, while short exposure indicated a moderate, not 

statistically significant, decrease in obscurin A levels in Obscn-ΔIg58/59 lysates 

compared to wild-type (Fig 2.1c-c'). Of note, obscurin B is minimally expressed in 

normal mouse heart tissue (8, 11). In agreement with our findings, earlier studies have 

reported up-regulation of small and large obscurin-kinase transcripts/proteins in 
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hypertrophic mouse myocardia following aortic constriction (83) and in a mouse model 

carrying the HCM-linked R4344Q obscurin mutation in response to pressure overload 

(37). It is therefore possible that up-regulation of obscurin-kinase isoforms could reflect a 

compensatory response or an early manifestation of cardiac disease in young adult 

Obscn-ΔIg58/59 animals. 

 

2.3.2 Young adult Obscn-ΔIg58/59 mice exposed to acute β-adrenergic stress develop 

tachycardia and severe arrhythmia 

 Given the absence of an obvious cardiac pathology in young adult Obscn-

ΔIg58/59 mice, we next evaluated their susceptibility to acute cardiac workload in the 

form of β-adrenergic stimulation. Baseline heart rate (HR) was not different in young (3- 

to 4-month old) wild-type and Obscn-ΔIg58/59 male (Fig 2.1d) or female (Fig S2.3a) 

mice. In contrast, an acute challenge with a low dose of isoproterenol (0.44 µg/kg) 

significantly increased HR in both male and female Obscn-ΔIg58/59 mice compared to 

their gender-matched wild-type counterparts (Fig 2.1d-d'; Fig. S2.3a-a'). Evaluation of 

cardiac electrical activity by electrocardiography (ECG) post-isoproterenol revealed 

normal sinus rhythm in 100% of wild-type female (Fig S2.3b and c) and the majority 

(80%) of wild-type male (Fig 2.1e and f) mice, with the remaining 20% of wild-type 

male mice occasionally showing minor variations in sinus rhythm (Fig 2.1f; Fig S2.4a). 

In contrast, ~57% of male (Fig 2.1e'-f) and 10% of female (Fig S2.3b' and c) Obscn-

ΔIg58/59 mice deviated from sinus rhythm with prominent and frequent HR fluctuations, 

while an additional 10% of female Obscn-ΔIg58/59 mice exhibited episodes of junctional 

escape (Fig S2.3b''-c).  
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Taken together, young Obscn-ΔIg58/59 mice show no apparent pathological 

phenotype under sedentary conditions, yet manifest with workload-induced arrhythmia 

following relatively mild β-adrenergic stimulation, with a larger proportion of male 

Obscn-ΔIg58/59 mice being affected compared to female. 
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Figure 2.1 Young male Obscn-ΔIg5859 mice exposed to acute β-adrenergic stress 

develop tachycardia and severe arrhythmia. 

(a-a') Sedentary 3-month old male wild-type (a) and Obscn-ΔIg5859 (a') hearts 

demonstrated comparable gross morphologies; scale bar: 3 mm. (b-b') Echocardiograms 

obtained from sedentary 3-month old male wild-type (b) and Obscn-ΔIg5859 (b') mice 

did not show changes in LV morphology or function; scale bar: 1 mm (vertical axis), 50 

ms (horizontal axis). (c-c') Immunoblotting (c) and relative expression (c') of giant 

obscurins in lysates prepared from sedentary 3-month old male wild-type and Obscn-

ΔIg5859 LV. Antibodies to obscurin Ig58/59 confirmed the deletion whereas antibodies 

to obscurin Ig67 showed that total obscurin levels are unaltered; t-test, p=0.69. Prolonged 

exposure of Ig67 immunoblots (top blot) revealed an increase in the levels of obscurin B 

in Obscn-ΔIg5859 lysates, which was associated with a moderate, but not significant, 

decrease in obscurin A levels (bottom blot); t-test, p=0.12; n=3 animals per group; data 

points represent technical replicas of three different biological samples; Hsp90 served as 

loading control. (d-d') Young adult (3-4 month old) male wild-type and Obscn-ΔIg5859 

mice did not show differences in baseline HR, but Obscn-ΔIg5859 mice developed 
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significantly elevated HR compared to wild-type following acute isoproterenol treatment 

(d). Calculation of HR demonstrated that Obscn-ΔIg5859 mice experienced a larger 

increase in HR in response to acute isoproterenol stress (d'); t-test, *p<0.05, **p<0.01; 
n=10 (wild-type), n=7 (Obscn-ΔIg5859); data points represent individual animals. (e-e'') 

Representative ECG traces showed normal sinus rhythm in wild-type mice (e) whereas 

Obscn-ΔIg5859 animals displayed severe sinus rhythm variation following acute 

isoproterenol stress (e'-e''). (f) The number and percentage of animals in each group that 

experienced arrhythmia following acute isoproterenol treatment is shown; of note, one 

wild-type animal also experienced minor junctional escape rhythm in response to 

isoproterenol. WT, wild-type; ΔIg5859, Obscn-ΔIg5859; Obscn, obscurin; Iso, 

isoproterenol. 

 

2.3.3 Sedentary male Obscn-ΔIg58/59 mice undergo ventricular remodeling and 

dysfunction as a function of aging 

 We next evaluated cardiac morphology and function in sedentary wild-type and 

Obscn-ΔIg58/59 mice in response to aging. Examination of the gross morphology of the 

heart did not reveal any differences in size or mass at 6-months in either gender (Fig 

2.2a-a'; Fig S2.5a-a' and Table S2.2). However, echocardiography showed the presence 

of LV hypertrophy in 6-month old male Obscn-ΔIg58/59 mice evidenced by significantly 

decreased systolic LV internal diameter and end systolic volume, and increased LV 

posterior and absolute wall thickness compared to gender-and age-matched wild-type 

mice (Fig 2.2b-b'; Table S2.2). This remodeling was accompanied by increased LV 

ejection fraction and fractional shortening, demonstrating enhanced cardiac function in 

male Obscn-ΔIg58/59 mice at 6-months (Table S2.2). Interestingly, echocardiographic 

assessment of female Obscn-ΔIg58/59 mice showed neither morphological nor functional 

alterations, but only a moderate increase in absolute LV mass (Table S2.2), indicating 

that compensatory LV hypertrophy manifests in the male gender only. 



45 

 

 

Figure 2.2 Male Obscn-ΔIg5859 mice develop compensatory LV hypertrophy at 6-

months of age that progresses to maladaptive dilation at 12-months 

(a-a''') Gross morphology of sedentary 6- and 12-month old male wild-type and Obscn-

ΔIg5859 hearts demonstrated atrial enlargement and increased heart size in 12-month old 

Obscn-ΔIg5859 mice (a''') compared to age-matched controls (a''), whereas 6-month old 

wild-type and Obscn-ΔIg5859 hearts were comparable in size (a-a'); scale bar: 3 mm. (b-

b''') Echocardiograms obtained from sedentary 6- and 12-month male wild-type and 

Obscn-ΔIg5859 animals demonstrated LV hypertrophy in 6-month old Obscn-ΔIg5859 

animals (b') and LV dilation in 12-month old Obscn-ΔIg5859 mice (b''') compared to age-

matched controls (b and b''); scale bar: 1 mm (vertical axis), 50 ms (horizontal axis). (c-

c''') Masson's Trichrome staining revealed the presence of peripheral fibrosis (black 

arrows) in 12-month old male Obscn-ΔIg5859 LV (C'''); scale bar: 200 µm. (d) 

Quantitative assessment of fibrosis demonstrated increased hydroxyproline content in 

male Obscn-ΔIg5859 LV compared to wild-type at 12-months; t-test: *p<0.05; n=7 (6-

mo wild-type), n=4 (6-mo Obscn-ΔIg5859), n=8 (12-mo wild-type), n=7 (12-mo Obscn-

ΔIg5859); data points represent biological replicates. (e-e') Immunoblotting (e) and 

relative expression (e') of giant obscurins in lysates prepared from 6- and 12-month old 
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wild-type and Obscn-ΔIg5859 LV. Antibodies to obscurin Ig58/59 confirmed the deletion 

whereas antibodies to obscurin Ig67 showed that total obscurin expression is unaltered; t-

test, p =0.42 (6-months), p=0.33 (12-months). Prolonged exposures of Ig67 immunoblots 

(top blot) revealed an increase in the obscurin B levels in Obscn-ΔIg5859 lysates, which 

was associated with a moderate, but not significant, decrease in obscurin A levels 

(bottom blot); t-test, p=0.50 (6-months), p=0.16 (12-months); n=3 animals per group; 

data points represent technical replicas of three different biological samples; Hsp90 

served as loading control. (f-h') Immunostained LV sections from 12-month old male 

wild-type and Obscn-ΔIg5859 mice labeled with antibodies to obscurin Ig67 (f-f') and α-

actinin as a Z-disc marker (g-g') demonstrated proper localization of obscurins to both M-

bands (arrowhead) and Z-discs (arrow); scale bar: 10 µm. 

 

 At 9-months of age, male Obscn-ΔIg58/59 mice no longer showed significant 

differences in cardiac morphology or function compared to wild-type (Table S2.3), 

indicating that they were progressing towards cardiac de-compensation. In contrast, 

female Obscn-ΔIg58/59 mice exhibited increased atrial, LV, and whole heart mass 

normalized to body weight (Table S2.3). Given that these changes were not accompanied 

by any functional echocardiographic alterations, this is considered a mild cardiac 

remodeling with age. 

 

 At 12-months of age, the hearts of the male Obscn-ΔIg58/59 mice exhibited a 

dramatic enlargement of the LV and atria compared to wild-type (Fig 2.2a''-a'''; Table 

S2.4). Echocardiography further demonstrated LV dilation with significantly increased 

diastolic and systolic LV internal diameter and end systolic and diastolic volumes and 

decreased relative wall thickness compared to gender- and age-matched wild-type mice 

(Fig 2.2b''-b'''; Table S2.4). Consistent with a dilated cardiac pathology, male Obscn-

ΔIg58/59 mice exhibited reduced LV ejection fraction and fractional shortening 

compared to controls (Table S2.4), signifying the progression from a compensatory 

hypertrophic phenotype at 6-months to cardiac de-compensation, maladaptive remodeling 
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and dysfunction by 12-months. Interestingly, female Obscn-ΔIg58/59 mice did not show 

any significant alterations in cardiac morphology or function by morphometry or 

echocardiography at 12-months (Table S2.4 and Fig S2.5a''-a'''). The early increase in LV 

mass that failed to progress with age in females reinforces the presence of sex 

dimorphism in the Obscn-ΔIg58/59 model. 

 

 Given that fibrosis is a common feature of HCM and DCM and a predictor of 

cardiac conduction issues and arrhythmia (84, 85), we evaluated LV sections using 

Masson's Trichrome staining. We observed the presence of peripheral and/or interstitial 

fibrosis in 12-month old male and female Obscn-ΔIg58/59 mice, which was not the case 

in age-matched controls and 6-month old animals of either genotype or gender (Fig 2.2c-

c'''; Fig S2.5b-b'''). Further quantification of collagen content by hydroxyproline assay 

demonstrated significantly increased fibrosis in both male and female Obscn-ΔIg58/59 

LV at 12-months compared to gender-matched wild-type mice (Fig 2.2d; Fig S2.5c). 

Although female Obscn-ΔIg58/59 mice did not undergo ventricular hypertrophy or 

dilation, the presence of significant fibrosis at 12-months suggests mild ventricular 

remodeling. 

 

 Given the age-dependent morphological changes present in Obscn-ΔIg58/59 LV, 

we evaluated the expression of giant obscurins in wild-type and Obscn-ΔIg58/59 LV at 6- 

and 12-months of age. Similar to 3-month old animals, male and female Obscn-ΔIg58/59 

mice did not show alterations in the overall expression of obscurins but revealed a 

consistent up-regulation of obscurin B at both 6- and 12-months (Fig 2.2e-e'; Fig S2.5d-
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d'). To test whether the Ig58/59 deletion impacts the distribution of obscurins, we 

immunostained LV sections prepared from 12-month old male wild-type and Obscn-

ΔIg58/59 hearts. Obscurins assumed their proper localization primarily at M-bands 

(arrowhead) and to a lesser extent at Z-disks (arrow) in both genotypes, as indicated by 

co-staining with the Z-disk protein -actinin (Fig 2.2f-h'). Furthermore, ultrastructural 

analysis of 12-month old male LV sections did not reveal any obvious abnormalities in 

sarcomere organization in Obscn-ΔIg58/59 mice (Fig 2.S6a-a'''). Consistent with this, no 

changes were observed in the expression levels of myosin, actin, tropomyosin, or 

troponin I in 12-month old Obscn-ΔIg58/59 LV (Fig S2.6b-b'), suggesting that 

sarcomeric proteins are not affected by the Ig58/59 deletion. 

 

2.3.4 Sedentary Obscn-ΔIg5859 mice develop arrhythmia 

The presence of cardiac remodeling at 6- and 12-months of age, albeit of different 

phenotypic manifestation and extent, prompted us to investigate global cardiac electrical 

activity by ECG. While the average HR was comparable between male wild-type and 

Obscn-ΔIg58/59 mice at 6-months (Fig 2.3a), Poincare plots depicted increased R-R 

variability in Obscn-ΔIg58/59 males (Fig 2.3b-b'). Waveform analysis showed no 

repeated episodes of arrhythmia in wild-type animals (Fig 2.3c-d). In contrast, ~38% and 

~13% of 6-month old male Obscn-ΔIg58/59 mice displayed frequent episodes of 

junctional escape and/or atrial fibrillation (AF; Fig 2.3c and d') and the presence of 

premature atrial contractions (PACs; Fig 2.3c and d''), respectively. At 6-months, female 

Obscn-ΔIg58/59 mice exhibited significant bradycardia compared to gender-matched 

wild-type, perhaps in association with the moderately increased LV mass observed at this 



49 

 

stage (Fig S2.7a). Similar to male mice, increased R-R variability was also evident in 6-

month old female Obscn-ΔIg58/59 mice (Fig S2.7b-b'). While wild-type females did not 

develop arrhythmia (Fig S2.7c-d), ~33% of 6-month old female Obscn-ΔIg58/59 mice 

experienced episodes of junctional escape and/or AF and occasionally developed PACs 

(Fig S2.7c and d'), while ~11% also experienced episodes of sinus rhythm variation 

associated with AF (Fig S2.7c and d'').  
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Figure 2.3 Sedentary male Obscn-ΔIg5859 mice exhibit atrial arrhythmia at 6-months 

of age. 

(a) Sedentary 6-month old male wild-type and Obscn-ΔIg5859 mice did not show 

differences in HR; t-test, p=0.61; n=8 (wild-type), n=8 (Obscn-ΔIg5859); data points 

represent individual animals. (b-b') Poincaré plots demonstrated increased R-R interval 

variability in Obscn-ΔIg5859 mice (b') compared to wild-type (b) at 6-months. (c) The 

number and percentage of sedentary 6-month old male wild-type and Obscn-ΔIg5859 

animals that experienced each type of arrhythmia is shown; of note, one wild-type male 

experienced a single episode of junctional escape and sinus rhythm variation which was 

not considered to be severe. (d-d'') Representative ECG traces of sedentary 6-month old 

male wild-type (d) and Obscn-ΔIg5859 (d'-d'') mice indicated the presence of junctional 

escape rhythm (d') and repeated PACs (d'') in the Obscn-ΔIg5859 model. 
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  At 12-months of age, male Obscn-ΔIg58/59 mice showed significant bradycardia 

(Fig 2.4a) and increased R-R variability (Fig 2.4b-b') compared to controls. In contrast to 

male wild-type mice, in which 90% showed normal sinus rhythm (Fig 2.4c-d) and only 

10% developed mild HR fluctuations (Fig 2.4c; Fig S2.4a'), ~50% of male Obscn-

ΔIg58/59 mice experienced frequent episodes of sinus rhythm variation (Fig 2.4c and d'). 

In addition, ~83% of male Obscn-ΔIg58/59 mice developed junctional escape and/or 

paroxysmal AF (Fig 2.4c and d''). In the most severe cases, 12-month old male Obscn-

ΔIg58/59 mice experienced extreme sinus rhythm fluctuations coincident with sustained 

AF (Fig 2.4d'''). While the mean HR was not different between female Obscn-ΔIg58/59 

and wild-type mice at this age (Fig S2.7a), increased R-R variability was still apparent in 

Obscn-ΔIg58/59 mice (Fig S2.7b''-b'''). Moreover, while ~83% of aged female wild-type 

mice showed no signs of arrhythmia (Fig S2.7c and e) and only ~17% exhibited minor 

fluctuations in HR (Fig S2.7c; Fig S2.4a''), ~38% and ~13% of female Obscn-ΔIg58/59 

mice experienced sinus rhythm variation (Fig S2.7c and e'-e'') and junctional escape (Fig 

S2.7c and e''), respectively.  

 

Taken together, our data show a comparable arrhythmia burden in 6-month old 

male and female Obscn-ΔIg58/59 mice. However, the aging of Obscn-ΔIg58/59 mice to 

12-months uncovers prominent sex dimorphism with arrhythmia frequency elevated and 

severity enhanced in male mice.  
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Figure 2.4 Sedentary male Obscn-ΔIg5859 mice develop bradycardia and severe 

arrhythmia at 12-months of age 

(a) Sedentary 12-month old male Obscn-ΔIg5859 mice demonstrated significant 

bradycardia compared to wild-type; t-test, *p<0.05; n=10 (wild-type), n=6 (Obscn-

ΔIg5859); data points represent individual animals. (b-b') Poincaré plots demonstrated 

increased R-R interval variability in Obscn-ΔIg5859 mice (b') compared to wild-type (b) 

at 12-months. (c) The number and percentage of 12-month old male wild-type and 

Obscn-ΔIg5859 animals that experienced each type of arrhythmia under sedentary 

conditions is shown. (d-d'') Representative ECG traces of sedentary 12-month old male 

wild-type (d) and Obscn-ΔIg5859 (d'-d''') mice revealed the presence of sinus rhythm 

variation (d') and junctional escape (d'') in the Obscn-ΔIg5859 model, with more severe 

cases presenting both arrhythmic phenotypes simultaneously (d''').  
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2.3.5 Ventricular cardiomyocytes isolated from male Obscn-ΔIg58/59 mice exhibit 

altered contractility and Ca
2+ 

cycling 

 Given the prominent arrhythmia, ventricular remodeling, and contractile 

dysfunction observed in Obscn-ΔIg58/59 mice in vivo, we next assessed Ca
2+

 cycling and 

contractility kinetics in isolated ventricular cardiomyocytes. Due to the presence of more 

severe pathologies in male Obscn-ΔIg58/59 mice, we focused our in vitro studies on 

males. Isolated ventricular cardiomyocytes obtained from male Obscn-ΔIg58/59 hearts 

were significantly enlarged compared to age-matched controls at 6- and 12-months of age 

(Fig 2.5a-a''), which is consistent with the ventricular remodeling revealed by 

echocardiography. To investigate Ca
2+

 cycling and contractility in single cardiomyocytes, 

Ca
2+

 transients and cell shortening kinetics were measured simultaneously after pacing to 

steady state under unloaded conditions. Ca
2+

 transients and contractility kinetics were 

unaltered in ventricular cardiomyocytes from 6-month Obscn-ΔIg58/59 hearts compared 

to controls (Fig 2.5b, c-c''', d, and e-e''), suggesting that the observed arrhythmia may 

originate in atrial or nodal cells. This notion is supported by our findings indicating that 

6-month old male Obscn-ΔIg58/59 mice primarily experience junctional escape rhythms, 

AF, or PACs. 

 

 In contrast, ventricular cardiomyocytes from 12-month old male Obscn-ΔIg58/59 

hearts exhibited increased peak sarcomere length (SL), reduced fractional shortening, 

decreased contraction and prolonged relaxation times compared to age-matched wild-

type cells (Fig 2.5b'-c'''); of note, baseline SL and the peak velocities of contraction and 

relaxation remained unaltered at both 6- and 12-months (Fig S2.8a-a''). Moreover, 



54 

 

assessment of Ca
2+

 transients revealed elevated baseline Ca
2+

 levels, decreased Ca
2+

 

release time, and prolonged Ca
2+

 decay in Obscn-ΔIg58/59 cells at 12-months (Fig 2.5d'-

e''), while peak Ca
2+

 and amplitude were unaffected (Fig S2.8b-b').  

 

Together these findings indicate that deletion of Ig58/59 leads to abnormalities in 

Ca
2+

 cycling in aged male Obscn-ΔIg58/59 cells, which likely underlie the arrhythmia 

and contractile deficits identified in vivo. 

 

 

Figure 2.5 Ventricular cardiomyocytes isolated from Obscn-ΔIg5859 hearts exhibit 

altered Ca2+ cycling and contractility kinetics. 

(a-a'') Isolated cardiomyocytes from Obscn-ΔIg5859 ventricles were enlarged at 6- and 

12-months of age compared to age-matched wild-type; scale bar: 20 µm; t-test, *p<0.05, 

**p<0.01; n=2 animals per group, 150-160 cells per group; data points represent 

individual cells. (b-c''') Ventricular cardiomyocytes obtained from 6-month old male 

wild-type and Obscn-ΔIg5859 mice did not show differences in contractility (b and c-c'''), 

whereas 12-month old male Obscn-ΔIg5859 cells showed increased peak SL, reduced 

fractional shortening (FS), and altered contractility kinetics (b' and c-c''') compared to 

age-matched wild-type. (d-e'') Ventricular cardiomyocytes isolated from 6-month male 
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wild-type and Obscn-ΔIg5859 mice did not show differences in Ca
2+

 transients (d and e-

e''), whereas 12-month old male Obscn-ΔIg5859 mice exhibited elevated baseline Ca
2+

, 

reduced Ca
2+

 release time, and prolonged Ca
2+

 decay time (d' and e-e'') compared to age-

matched wild-type; t-test, *p<0.05, ***p<0.001; n=4 animals per group, 50-70 cells per 

group; data points represent individual cells. 

 

2.3.6 The expression and phosphorylation levels of Ca
2+

 cycling proteins are altered 

in Obscn-ΔIg58/59 LV 

  To gain mechanistic insights underlying the cardiac defects present in Obscn-

ΔIg58/59 mice, we next examined the protein expression levels and phosphorylation 

status of the Ig58/59 binding partners as well as select Ca
2+

 cycling proteins in male wild-

type and Obscn-ΔIg58/59 LV as a function of aging. No significant changes were 

observed in the expression or subcellular distribution of giant titins or novex-3 in Obscn-

ΔIg58/59 lysates at 3-, 6-, or 12-months of age (Fig 2.6a-b; Fig S2.9a-b’), suggesting that 

disruption of these complexes does not largely impact these proteins. 

 

 At 3-months of age, the expression levels of pentameric and monomeric PLN 

were unaltered (Fig 2.6b-b'). Similarly, the absolute and normalized levels of 

phosphorylated PLN at Ser16 and Thr17 were also unchanged (Fig 2.6b-b'). No 

significant alterations were observed in the expression or phosphorylation profile of 

additional Ca
2+

 cycling proteins such as SERCA2, small ankyrin 1 (sAnk1), or RyR2 in 

Obscn-ΔIg58/59 lysates compared to controls at this stage (Fig 2.6b-b'; Fig S2.9a), 

consistent with the lack of any apparent cardiac (mal)adaptations. 

 

 By 6-months of age, when male Obscn-ΔIg58/59 mice undergo compensatory LV 

hypertrophy, the expression levels of both pentameric and monomeric PLN were 
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significantly increased in Obscn-ΔIg58/59 LV (Fig 2.6b-b'). Although the normalized 

levels of phosphorylated pentameric and monomeric PLN at Ser16 were unchanged in 

Obscn-ΔIg58/59 LV, the normalized levels of phosphorylated monomeric PLN at Thr17 

were decreased by ~45% (Fig 2.6b-b'), suggesting that the excess monomeric PLN 

present in Obscn-ΔIg58/59 LV is un-phosphorylated at Thr17. Elevated levels of 

monomeric PLN in the un-phosphorylated state would perhaps lead to over-inhibition of 

SERCA2 in Obscn-ΔIg58/59 LV that could impair Ca
2+

 removal and decrease contractile 

kinetics. However, this elevation in PLN was accompanied by a 25% increase in 

SERCA2 expression in Obscn-ΔIg58/59 lysates (Fig 2.6b-b'), which together align with 

the observed cardiac compensation in male Obscn-ΔIg58/59 LV. Analysis of additional 

Ca
2+

 cycling proteins demonstrated that the expression of sAnk1 (Fig 2.6b and Fig S2.9a) 

and the total or phosphorylated levels of RyR2 (Fig 2.6b-b') were unaffected in 6-month 

old Obscn-ΔIg58/59 LV. 

 

 At 12-months of age, when male Obscn-ΔIg58/59 mice experience LV dilation, 

contractile dysfunction, and Ca
2+

 transient abnormalities, the increase in total PLN 

expression was a strong trend in Obscn-ΔIg58/59 lysates (Fig 2.6b-b'). Although the 

absolute levels of phosphorylated PLN at Ser16 were increased in Obscn-ΔIg58/59 

lysates, normalization to total PLN expression revealed no difference between genotypes 

(Fig 2.6b-b'), suggesting that the excess PLN in Obscn-ΔIg58/59 LV is fully 

phosphorylated on Ser16 at 12-months. In contrast, there was a significant decrease in the 

absolute levels of phosphorylated pentameric and monomeric PLN at Thr17 in Obscn-

ΔIg58/59 lysates, calculated to be ~68% and ~77% following normalization to total PLN 
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levels (Fig 2.6b-b'). Contrary to 6-month old Obscn-ΔIg58/59 hearts, SERCA2 

expression was unaltered at 12-months (Fig 2.6b-b'). Given that un-phosphorylated PLN 

is an inhibitor of SERCA2 activity, and that the increased SERCA2 expression was no 

longer observed at 12-months, these findings provide a plausible mechanism for the 

prolonged Ca
2+

 decay seen in the 12-month Obscn-ΔIg58/59 LV cardiomyocytes. 

Examination of additional Ca
2+

 cycling proteins showed no changes in the expression of 

sAnk1 (Fig 2.6b and Fig S2.9a), and the total or phosphorylated levels of RyR2 at 

Ser2808 (Fig 2.6b-b'). However, the levels of phosphorylated RyR2 at Ser2814 were 

significantly decreased (~20%) in Obscn-ΔIg58/59 lysates compared to wild-type (Fig 

2.6b-b'). Given that RyR2 phosphorylation enhances its open probability and therefore 

Ca
2+

 release (86), the reduced phosphorylation at Ser2814 would predict decreased RyR2 

open probability and the observed reduction in Ca
2+ 

release time found in the 12-month 

Obscn-ΔIg58/59 ventricular cells.  
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Figure 2.6 Altered expression and phosphorylation levels of Ca2+ cycling proteins in 

Obscn-ΔIg5859 LV. 

(a) Coomassie stained agarose gels did not show alterations in the expression of titins in 

lysates prepared from 3-, 6- and 12-month old male LV; n=3 animals per group; myosin 

heavy chain (MHC) served as loading control. (b-b') Immunoblotting (b) and relative 

expression (b') of lysates prepared from 3-, 6- and 12-month old male LV with antibodies 

against the binding partners of Ig58/59 and select Ca
2+

 cycling proteins revealed age-

dependent alterations in the expression of PLN and its phosphorylation at Ser16 and 

Thr17, the expression of SERCA2, and the phosphorylation of RyR2 at Ser2814. No 

significant changes were observed in the levels of novex-3, sAnk1, or the expression of 

RyR2 and its phosphorylation at Ser2808; t-test, *p<0.05, **p<0.01, ***p<0.001; n=3 
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animals per group; data points represent technical replicas of three different biological 

samples; GAPDH served as loading control; quantification of phosphorylation levels is 

presented as absolute phosphorylation levels and normalized to total PLN or RyR2 levels. 

Pent, pentamer; Mono, monomer; Tot, total.  

   

 Notably, the distribution of PLN, SERCA2 and RyR2 was indistinguishable 

between wild-type and Obscn-ΔIg58/59 hearts (Fig S2.9c-e’), therefore the differences in 

their expression and/or phosphorylation levels do not appear to result from improper 

targeting to their normal location at the SR membrane.  

 

 We proceeded in assessing the expression and/or phosphorylation levels of 

several candidate kinases and phosphatases in order to determine the molecular basis for 

the reduced phosphorylation of PLN and RyR2 in 12-month old Obscn-ΔIg58/59 LV. 

Importantly, PLN Thr17 and RyR2 Ser2814 are both phosphorylated by 

Ca
2+

/calmodulin-dependent protein kinase II (CaMKII) (87, 88). Examination of 

CAMKII expression or phosphorylation at Thr287, an autophosphorylation site that 

serves as a marker of its activity (89, 90), did not reveal any significant alterations (Fig 

S2.10a-a'). Given that the phosphorylation levels of PLN and RyR2 are also regulated by 

protein phosphatase type 1 (PP1) and protein phosphatase type 2A (PP2A), two major 

Ser/Thr phosphatases in the heart, we then evaluated their expression profile (91, 92). We 

found no significant alterations in the levels of the catalytic subunit of PP1, the catalytic 

subunit of PP2A, or the regulatory subunit of PP2A (B56α) in Obscn-ΔIg58/59 LV (Fig 

S2.10a-a'). Lastly, we quantified the levels of protein phosphatase type 2Ce (PP2Ce), 

which specifically de-phosphorylates PLN Thr17 in the heart (93), but its expression was 

also unaltered (Fig S2.10a-a'). Given these findings, it appears that alterations in the 
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expression of these key enzymes are not responsible for the deregulated PLN or RyR2 

phosphorylation in Obscn-ΔIg58/59 LV, suggesting novel and/or more complex 

regulatory mechanisms. 

 

2.4 Discussion 

  Earlier studies interrogating the role of obscurin in striated muscles found that it 

is essential for the organization and cytoskeletal alignment of the SR membranes (28, 39, 

42), indirectly implicating it in the regulation of Ca
2+

 homeostasis. Recent evidence 

however has indicated that obscurin may be directly involved in Ca
2+

 cycling, primarily 

through binding to PLN (37). Consistent with this, a mouse model carrying the HCM-

linked R4344Q mutation localized to obscurin Ig58, Obscn-R4344Q, exhibited a “gain-

of-function” phenotype in which increased binding between mutant Ig58 and PLN led to 

increased SERCA activity, which enhanced Ca
2+

 transients and contractility and 

predisposed to mild arrhythmia (37). Our present work utilizing the Obscn-ΔIg58/59 

model represents the reciprocal study in which disrupted binding between obscurin 

Ig58/59 and PLN leads to a “loss-of-function” phenotype characterized by depressed 

Ca
2+

 cycling and contractility, extensive ventricular remodeling, and severe arrhythmia in 

the form of sinus rhythm variation and atrial fibrillation. Evaluation of the Obscn-

R4344Q and Obscn-ΔIg58/59 models indicated that the latter develops a more severe 

cardiac pathology under sedentary conditions, which is sex-dependent and progresses 

with age. Moreover, our biochemical findings revealed novel mechanistic ramifications 

in the Obscn-ΔIg58/59 myocardium involving deregulated phosphorylation of major Ca
2+

 

cycling proteins that were not observed in the Obscn-R4344Q myocardium. Thus, our 



61 

 

current work further highlights the role of obscurin in Ca
2+

 cycling in the heart and 

provides new insights on the pathophysiological importance of the Ig58/59 module. 

 

 Although the Ig58/59 deletion is present from birth, young adult (3-month old) 

Obscn-ΔIg58/59 mice did not show prominent cardiac defects under sedentary 

conditions. Evaluation of protein expression in Obscn-ΔIg58/59 ventricular lysates did 

not reveal any alterations in the levels of total obscurin, the binding partners of Ig58/59, 

or major Ca
2+

 cycling proteins. However, the increase in the levels of obscurin B seen in 

Obscn-ΔIg58/59 lysates as early as 3-months provides evidence of subtle molecular 

changes and signaling alterations that could contribute to disease development and/or 

stress susceptibility of the Obscn-ΔIg58/59 mice. Consistent with this notion, young adult 

Obscn-ΔIg58/59 mice developed tachycardia and severe arrhythmia following acute 

treatment with a low dose of isoproterenol, with a larger proportion of males displaying 

more prominent episodes than females. Given that previous studies reported isoproterenol 

dosing of 0.25-3 mg/kg IP for acute cardiac stress in mice (94-96), our findings with a 

0.44 g/kg dosing paradigm (i.e. ~3-orders of magnitude lower) emphasize that young 

Obscn-ΔIg58/59 mice are highly sensitive to relatively mild forms of pharmacological 

stress. 

 

 In addition to increased susceptibility to pharmacological stress, our studies 

revealed the presence of cardiac remodeling, contractile dysfunction, abnormal Ca
2+

 

cycling and arrhythmia in sedentary Obscn-ΔIg58/59 mice with severity increasing with 

aging. Coinciding with this progressive pathology were age-related alterations in the 



62 

 

expression and/or phosphorylation levels of SERCA2, PLN, and RyR2. Importantly, 

these molecular changes are in line with the observed effects on Ca
2+

 transient kinetics at 

each age and serve as a mechanistic explanation for the progression from compensated to 

de-compensated cardiomyopathy. Moreover, these molecular alterations align with the 

progressively enhanced arrhythmic severity through aging, where the observed 

depression in Ca
2+

 transient kinetics at 12 months correlates with the most severe 

arrhythmic manifestation.  

 

 Analysis of protein expression and phosphorylation levels demonstrated a 

significant reduction in the phosphorylation of the CaMKII-regulated phosphorylation 

sites on PLN (Thr17) and RyR2 (Ser2814) in aged male Obscn-ΔIg58/59 LV. Aligned 

with our findings are reports linking decreased CAMKII expression/activity and 

CaMKII-mediated phosphorylation of PLN and/or RyR2 in a heart failure canine model 

(97) and a myocardial infarction rat model (98). Conversely, the expression of the PP1 

and PP2A phosphatases, which also regulate the phosphorylation levels of PLN and 

RyR2, is increased in human patients with end-stage heart failure (99, 100). Consistent 

with these observations, a recent study evaluating the crosstalk between these enzymes 

demonstrated that altered kinase/phosphatase balance leads to disrupted ventricular Ca
2+

 

cycling (101). Given our immunoblotting data evaluating the levels of these enzymes, 

along with PP2Ce that specifically targets Thr17 on PLN, we were not able to attribute 

the reduced phosphorylation of PLN or RyR2 to changes in their expression. It is 

therefore possible that these key enzymes are not responsible for the deregulated PLN or 

RyR2 phosphorylation in Obscn-ΔIg58/59 LV, or that the underlying mechanisms are 
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more complex than changes in overall protein levels or single phosphorylation events. 

The existence of multiple CaMKIIδ splice variants undergoing extensive post-

translational modifications (102), and the presence of >200 regulatory subunits that 

associate with PP1 and four families of regulatory subunits, including multiple isoforms 

and splice variants, that associate with PP2A affecting their enzymatic activities and/or 

targeting, corroborates with the latter (103). Conversely, given the consistent up-

regulation of obscurin B in Obscn-ΔIg58/59 LV, which occurs prior to and throughout 

progressive ventricular remodeling, the deregulated phosphorylation of PLN and RyR2 

could reflect the disruption of a novel signaling pathway linked to obscurin kinases. In 

support of this notion, a recent study demonstrated that UNC-89, the nematode obscurin 

homolog, interacts directly with PP2A targeting it to the M-band (104), while both kinase 

domains of UNC-89 bind a novel phosphatase, termed small C-terminal domain 

phosphatase-like 1 (SCPL-1) (105). Thus, it is possible that enzymes associated with 

signaling pathways regulated by the obscurin kinases could be driving the pathological 

mechanisms in Obscn-ΔIg58/59 myocardia, which represents an intriguing area to pursue 

in future studies. 

 

 In addition to binding PLN, obscurin Ig58/59 also interacts with canonical titin as 

well as its smaller splice variant, novex-3, at the Z-disk (1, 4). Titin is well established as 

a major structural component of the myofibril, acting as molecular scaffold during 

myofibrillogenesis, regulating passive tension and elasticity, supporting the stabilization 

of the thick filament, and functioning as mechanosensor (2, 3, 14-16). Novex-3 is less 

well studied, but has been implicated in stress-induced cardiac remodeling (79). Given 
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that the expression and localization of canonical titin and novex-3 were unchanged in 

Obscn-ΔIg58/59 LV, and the ultrastructure of sarcomeres was undisturbed, we conclude 

that the obscurin/titin complex does not significantly contribute to the observed cardiac 

pathology. 

 

 A consistent finding throughout our studies was the presence of sex dimorphism 

in the Obscn-ΔIg58/59 model. In our experiments with young animals exposed to acute 

pharmacological stress as well as sedentary aging animals, males were consistently more 

severely affected. Many studies have reported sex differences in rodent models of cardiac 

disease in which males are more likely than females to develop LV dilation and heart 

failure (106). This is reflective of the progression of heart disease in humans since a 

lower incidence of cardiovascular disease is reported in premenopausal women compared 

to age-matched men (106, 107). Accordingly, estrogen is proposed to serve 

cardioprotective roles in the female heart (106, 107). Although it is currently unknown 

what compensatory or cardioprotective mechanisms might be taking place in female 

Obscn-ΔIg58/59 hearts, the differences in phenotypic severity between genders 

recapitulate the sex dimorphism in human cardiac disease and reinforce the idea that 

biological sex is a strong regulator of cardiac disease progression.  

 

Our findings utilizing the Obscn-ΔIg58/59 model are especially intriguing given 

that the deletion of only two Ig domains within a protein containing >60 Ig domains leads 

to prominent cardiomyopathy and arrhythmia. This suggests an overall lack of 

redundancy among the obscurin Ig domains where Ig58/59 assumes a specialized 
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physiological role in Ca
2+

 cycling and its deletion cannot be compensated for by 

neighboring Ig domains. The severity of the Obscn-ΔIg58/59 pathology is surprising 

given the relatively mild phenotype previously observed in Obscn
-/-

 mice which 

completely lack giant obscurin expression (28). These early studies reported that obscurin 

knock-out leads to reduced expression of sAnk1 in the heart, but no indication of 

cardiomyopathy (28). It was subsequently suggested that homologous proteins sharing 

functional redundancy with obscurin, such as obscurin-like 1, can compensate for the loss 

of obscurin in Obscn
-/-

 mice (28, 45). Placing our current results in the context of the 

Obscn
-/-

 model, it is likely that the Ig58/59 deletion acts in a dominant negative fashion. 

Thus, it is possible that the expression of a truncated obscurin protein in Obscn-ΔIg58/59 

hearts does not trigger the same compensatory mechanisms as the complete lack of the 

protein in Obscn
-/-

 muscles, thereby leading to more severe remodeling and dysfunction 

in Obscn-ΔIg58/59 myocardia.  

 

Moreover, contrary to Obscn
-/-

 muscles, Obscn-ΔIg58/59 muscles do not exhibit 

altered levels or distribution of sAnk1. Given that the direct interaction between the 

extreme non-modular COOH-terminus of obscurin-A and sAnk1 has been implicated in 

the assembly, sarcomeric alignment and maintenance of the SR (12, 26, 28, 39), the lack 

of any obvious alterations in the expression profile of sAnk1 along with our biochemical 

studies suggest regulatory rather than structural deficits of the SR membranes. 

 

 Taken together, our work demonstrates that deletion of obscurin Ig58/59 leads to 

cardiac remodeling and dysfunction in response to acute pharmacological stress and the 
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physiological process of aging that manifests to different extents between males and 

females and results in pathological alterations in the expression and phosphorylation of 

major Ca
2+

 cycling proteins. Given that mutations within Ig58/59 have been linked to the 

development of different forms of myopathy in humans, our findings provide important 

insights on the consequences of such mutations and implicate obscurin Ig58/59 as an 

essential regulatory module for Ca
2+

 cycling in the heart.  
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2.5 Supplemental Figures 

 

Supplemental Figure 2.1. Validation of GAPDH and Hsp90 as immunoblotting 

loading controls. 

(a) Representative GAPDH immunoblots and corresponding Ponceau stains of lysates 

prepared from 3-, 6-, and 12-month old male wild-type and Obscn-ΔIg5859 LV. (b) 

Representative Hsp90 immunoblots and corresponding Ponceau stains of lysates prepared 

from 3-, 6-, and 12-month old male wild-type and Obscn-ΔIg5859 LV. (c) Quantification 

of GAPDH and Hsp90 levels normalized to total protein demonstrate that their 

expression levels are unchanged between wild-type and Obscn-ΔIg5859 hearts; n=3 

animals per group; data points represent technical replicates of the three different 

experimental samples. 
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Supplemental Figure 2.2. Generation of the Obscn-ΔIg5859 mouse model. 

(a) Schematic diagram depicting the gene targeting construct utilized to flox exons 60 

and 61 of the wild-type OBSCN locus. Mice containing the recombined OBSCN allele 

were crossed with Cre recombinase expressing mice to remove exons 60 and 61 

containing Ig58/59 along with the neomycin (neo) cassette. (b) PCR amplification of 

genomic DNA with two different primer sets was used to confirm genotypes; one primer 

set that anneals 5' and 3' to the loxP-neo-FRT sites within intron 59 amplifies the wild-

type OBSCN allele (top gel) while another primer set that anneals within intron 59 and 

exon 62 is utilized to amplify the OBSCN allele containing the deletion (bottom gel). (c) 

Growth charts of male and female wild-type and Obscn-ΔIg5859 mice demonstrated 

comparable growth rates.  
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Supplemental Figure 2.3. Young female Obscn-ΔIg5859 mice exposed to acute β-

adrenergic stress develop tachycardia and severe arrhythmia. 

(a-a') HR quantifications obtained by ECG in young adult (3-4 month old) female wild-

type and Obscn-ΔIg5859 mice did not show differences in baseline HR, but Obscn-

ΔIg5859 mice acutely treated with isoproterenol developed significantly elevated HR 

after treatment (a). Calculation of the change in HR demonstrated that Obscn-ΔIg5859 

female mice experienced a larger increase in HR in response to acute isoproterenol stress 

(a'); t-test. *p < 0.05; n = 9 (wild-type), n = 10 (Obscn-ΔIg5859); data points represent 

individual animals. (b-b'') Representative ECG traces displayed regions of sinus rhythm 

variation (b') and junctional escape (b'') in Obscn-ΔIg5859 animals following acute 

isoproterenol stress, whereas wild-type mice did not develop arrhythmia (b). (c) The 
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number and percentage of animals in each group that experienced each type of 

arrhythmia following acute isoproterenol treatment is shown. 

 

 

Supplemental Figure 2.4. Mild sinus rhythm variations in stressed and aged wild-type 

mice. 

(a-a') Representative ECG traces of young male wild-type mice treated with 

isoproterenol (a), and sedentary 12-month old male (a') and female (a'') wild-type mice 

that displayed mild sinus rhythm variation. 
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Supplemental Figure 2.5. Female Obscn-ΔIg5859 mice undergo mild ventricular 

remodeling as a function of aging 

(a-a''') Sedentary 6- and 12-month old female Obscn-ΔIg5859 hearts (a' and a''') 

demonstrated comparable gross morphologies to age- and gender-matched wild-types (a 

and a''); scale bar: 3 mm. (b-b''') Ventricular sections stained with Masson's Trichrome 

revealed the presence of interstitial fibrosis (black arrows) in 12-month old female 

Obscn-ΔIg5859 LV (b'''); scale bar: 200 µm. (c) Quantitative assessment of fibrosis 

demonstrated increased hydroxyproline content in female Obscn-ΔIg5859 LV compared 

to wild-type at 12-months of age; t-test: *p <0.05; n = 3 (6-mo wild-type), n = 3 (6-mo 

Obscn-ΔIg5859), n = 5 (12-mo wild-type), n = 8 (12-mo Obscn-ΔIg5859); data points 

represent biological replicates. (d-d') Immunoblotting (d) and relative expression (d') of 

giant obscurins in lysates prepared from 12-month old female wild-type and Obscn-

ΔIg5859 LV. Antibodies to obscurin Ig58/59 confirmed the Ig58/59 deletion whereas 

antibodies to obscurin Ig67 showed that total obscurin expression is unaltered; t-test, p = 

0.56. Prolonged exposure of Ig67 immunoblots (top blot) revealed an increase in the 

levels of obscurin B in Obscn-ΔIg5859 lysates, which was associated with a moderate, 

but not significant, decrease in the levels of obscurin A (bottom blot); t-test, p = 0.54; 

n=3 animals per group; data points represent experimental replicates; Hsp90 served as 

loading control. 
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Supplemental Figure 2.6. Evaluation of sarcomeric proteins and ultrastrucutre in 

Obscn-ΔIg5859 LV. 

(a-a''') LV isolated from 12-month old male wild-type and Obscn-ΔIg5859 hearts were 

evaluated by electron microscopy in longitudinal (a-a') and cross (a''-a''') sections; scale 

bar: 500 nm. No major alterations in sarcomeric organization were observed. (b-b') 

Immunoblotting (b) and relative expression (b') of myosin, actin, tropomyosin, and 

troponin I (TnI) did not reveal any differences between 12-month old male wild-type and 

Obscn-ΔIg5859 LV; n=3 animals per group; data points represent technical replicas of 

the three different experimental samples; Hsp90 served as loading control. 
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Supplemental Figure 2.7. Sedentary female Obscn-ΔIg5859 mice develop arrhythmia 

at 6- and 12-months of age. 

(a) HR analysis of sedentary 6- and 12-month old female wild-type and Obscn-ΔIg5859 

mice obtained by ECG demonstrated significant bradycardia in Obscn-ΔIg5859 animals 

at 6-months but did not show differences in HR at 12-months; t-test, *p < 0.05; n = 8 (6 

mo wild-type), n = 9 (6 mo Obscn-ΔIg5859), n = 8 (12 mo wild-type), n = 9 (12 mo 

Obscn-ΔIg5859); data points represent individual animals. (b-b''') Representative 

Poincaré plots demonstrated increased R-R interval variability in 6- and 12-month 

Obscn-ΔIg5859 female mice (b' and b''') compared to age-matched wild-type (b and b''). 

(c) The number and percentage of 6- and 12-month old female wild-type and Obscn-
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ΔIg5859 animals that experienced each type of arrhythmia under sedentary conditions is 

shown. (d-d'') Representative ECG traces of sedentary 6-month old female wild-type (d) 

and Obscn-ΔIg5859 (d'-d'') mice indicated the presence of AF and PACs (d') and sinus 

rhythm variation with AF (d'') in the Obscn-ΔIg5859 model. (e-e'') Representative ECG 

traces of sedentary 12-month old female wild-type (e) and Obscn-ΔIg5859 (e'-e'') mice 

revealed the presence of sinus rhythm variation (e') occasionally accompanied by 

junctional escape/AF (e'') in the Obscn-ΔIg5859 model. 

 

 

 

 

Supplemental Figure 2.8. Assessment of contractility and Ca2+ cycling in male Obscn-

ΔIg5859 ventricles. 

(a-a'') Ventricular cardiomyocytes obtained from 6- and 12-month old male wild-type 

and Obscn-ΔIg5859 mice did not show statistical differences in baseline SL, contraction 

velocity, or relaxation velocity. (b-b') No differences were observed in peak Ca
2+

 levels 

or Ca
2+

 transient amplitude in 6- and 12-month old male Obscn-ΔIg5859 mice compared 

to age-matched wild-type; n = 4 animals per group, 50-70 cells per group; data points 

represent individual cells.  
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Supplemental Figure 2.9. Expression and localization of Ig58/59 binding partners and 

Ca2+ cycling proteins in Obscn-ΔIg5859 LV. 

(a) Relative quantifications of titin, novex-3, and sAnk1expression levels obtained from 

3-, 6- and 12-month old male LV immunoblots; n= 3 animals per group; data points 

represent experimental replicates;. (b-e') Immunostained LV sections obtained from 12-

month old male wild-type and Obscn-ΔIg5859 hearts did not show any alterations in the 

localization of titins (b-b'), PLN (c-c'), SERCA2 (d-d'), or RyR2 (e-e'); scale bar: 10 µm; 

of note, the titin-Z antibodies recognize antigens in Ig1/2, which localize at the Z-disk 

and are common to both titin and novex-3. 
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Supplemental Figure 2.10. Expression of regulatory enzymes in Obscn-ΔIg5859 LV. 

(a-a') Immunoblotting (a) and relative expression (a') of CaMKIIδ and its 

phosphorylation at Thr287, the catalytic subunit of PP1α, the catayltic (cat) and 

regulatory B56α subunit of PP2A, and PP2Ce did not reveal any differences between 12-

month old male wild-type and Obscn-ΔIg5859 LV; n=3 animals per group; data points 

represent technical replicas of the three different experimental samples; Hsp90 served as 

loading control; quantification of Thr287 phosphorylation is presented as absolute levels 

and following normalization to total CaMKIIδ expression. 
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Supplemental Table 2.1. Morphometric and echocardiography analyses of sedentary 3-

month old wild-type and Obscn-ΔIg5859 hearts 

Morphometric parameters were measured from dissected hearts; n = 7 (3 mo male wild-

type), n = 5 (male Obscn-ΔIg5859), n = 9 (female wild-type), n = 5 (female Obscn-

ΔIg5859), whereas the remaining parameters were obtained by transthoracic 

echocardiography; n = 12 (male wild-type), n = 7 (male Obscn-ΔIg5859), n = 7 (female 

wild-type), n = 12 (Obscn-ΔIg5859); t-test, *p < 0.05; values are represented ± SEM. 

BW, body weight; cLV mass, corrected LV mass. 
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Supplemental Table 2.2. Morphometric and echocardiography analyses of sedentary 6-

month old wild-type and Obscn-ΔIg5859 hearts. 

 
Morphometric parameters were measured from dissected hearts; n = 22 (male wild-type), 

n = 11 (male Obscn-ΔIg5859), n = 9 (female wild-type), n = 7 (female Obscn-ΔIg5859), 

whereas the remaining parameters were obtained by transthoracic echocardiography; n = 

13 (male wild-type), n = 7 (male Obscn-ΔIg5859), n = 8 (female wild-type), n = 10 

(female Obscn-ΔIg5859); *p < 0.05; values are represented ± SEM. BW, body weight; 

cLV mass, corrected LV mass. 
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Supplemental Table 2.3. Morphometric and echocardiography analyses of sedentary 9-

month old wild-type and Obscn-ΔIg5859 hearts. 

Morphometric parameters were measured from dissected hearts; n = 5 (male wild-type), n 

= 5 (male Obscn-ΔIg5859), n = 5 (female wild-type), n = 7 (female Obscn-ΔIg5859), 

whereas the remaining parameters were obtained by transthoracic echocardiography; n = 

6 (male wild-type), n = 9 (male Obscn-ΔIg5859), n = 7 (female wild-type), n = 8 (female 

Obscn-ΔIg5859); *p < 0.05; values are represented ± SEM. BW, body weight; cLV mass, 

corrected LV mass. 
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Supplemental Table 2.4. Morphometric and echocardiography analyses of sedentary 

12-month old wild-type and Obscn-ΔIg5859 hearts. 

Morphometric parameters were measured from dissected hearts; n = 25 (male wild-type), 

n = 24 (male Obscn-ΔIg5859), n = 12 (female wild-type), n = 23 (female Obscn-

ΔIg5859), whereas the remaining parameters were obtained by transthoracic 

echocardiography; n = 8 (male wild-type), n = 9 (male Obscn-ΔIg5859), n = 7 (female 

wild-type), n = 16 (female Obscn-ΔIg5859); *p < 0.05; values are represented ± SEM. 

BW, body weight; cLV mass, corrected LV mass. 
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CHAPTER 3:  

 

MOLECULAR BASIS OF ATRIAL REMODELING AND 

ARRHYTHMIA IN MICE LACKING OBSCURIN IG58/59 

 

 

3.1 Introduction 

 Obscurins (720-870 kDa) are a family of giant cytoskeletal regulators that localize 

to the periphery of myofibrils at the M-bands and Z-disks where they play key roles in  

myofibril assembly, cell adhesion, Ca
2+

 signaling, and the integration of the sarcomere 

with the surrounding membrane and cytoskeletal structures (2, 3). Obscurin A and B 

comprise the two giant isoforms which differ in their COOH-termini, where obscurin A 

contains an ankyrin binding region and obscurin B contains two active serine/threonine 

(Ser/Thr) kinase domains related to the myosin light chain kinase family (6, 7, 108). 

Mutations in the obscurin gene, OBSCN, have been increasingly implicated in the 

development of cardiomyopathy in humans, as >15 missense, splicing, and frameshift 

mutations have been identified in patients with hypertrophic cardiomyopathy (HCM), 

dilated cardiomyopathy (DCM), and left ventricular non-compaction (LVNC) (5). In 

order to understand the pathogenic mechanisms and disease implications of the known 

OBSCN mutations in vivo, our lab has previously generated and extensively characterized 

two separate mouse models carrying either a missense mutation (Obscn-R4344Q) or 

deletion (Obscn-ΔIg58/59) in obscurin (37, 109). 

 

 The Obscn-R4344Q model was the first to be described and contains the HCM-

linked point mutation, R4344Q, residing within immunoglobulin domain (Ig) 58. 
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Comprehensive physiological and molecular characterizations revealed that Obscn-

R4344Q mice exhibited a "gain-of-function" phenotype, where increased binding 

between mutant Ig58 and phospholamban (PLN) led to enhanced function of the sarco-

endoplasmic reticulum Ca
2+

 ATPase (SERCA), increased Ca
2+

 cycling kinetics, and 

arrhythmia in the form of spontaneous premature ventricular contractions (PVCs) in 

sedentary, aging mice (37). 

 

 In addition to binding PLN, obscurin-Ig58/59 also interacts with the Ig9/10 region 

of titin (3-4 MDa) as well as a unique 198-amino acid long sequence of titin's smaller 

splice variant, novex-3 (~700 kDa), at the Z-disk (1, 4). Given that obscurin-Ig58/59 

binds these diverse and essential muscle regulators, we subsequently generated the 

Obscn-ΔIg58/59 model that expresses obscurin lacking Ig58/59 in order to further 

investigate the pathophysiological significance of this domain region in the heart (109). 

Our initial studies demonstrated that young (3- to 4-month old) Obscn-ΔIg58/59 mice do 

not exhibit obvious cardiac pathologies under sedentary conditions, but are susceptible to 

workload-induced arrhythmia following acute β-adrenergic stress. Moreover, sedentary 

male Obscn-ΔIg58/59 mice undergo progressive ventricular remodeling through aging 

coinciding with reduced contractility and depressed Ca
2+

 cycling associated with 

significantly decreased phosphorylation of PLN at Thr17 and the ryanodine receptor 2 

(RyR2) at Ser2814 in the left ventricle (LV) by 12-months of age. Importantly, sedentary 

male Obscn-ΔIg58/59 mice also develop enlarged atria by 12-months of age and present 

with severe sinus rhythm variation and junctional escape/atrial fibrillation. Notably, 
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female Obscn-ΔIg58/59 mice do not exhibit extensive cardiac remodeling or dysfunction, 

highlighting the presence of sex differences in the manifestation of disease (109).   

 

 The presence of prominent atrial fibrillation and remodeling in sedentary, aging 

Obscn-ΔIg58/59 males prompted us to also investigate the molecular and cellular impact 

of the Ig58/59 deletion exclusively in atrial tissue. Herein, we demonstrate that young 

(~3-month old) male Obscn-ΔIg58/59 mice develop significantly enlarged atria following 

prolonged physiological stress. Moreover, atrial cardiomyocytes isolated from sedentary 

Obscn-ΔIg58/59 male mice exhibit significantly elevated Ca
2+

 spark frequency and 

undergo progressive alterations in Ca
2+

 cycling through aging that are distinct and occur 

earlier in the lifespan of the mice than what was previously reported in LV (109). 

Intriguingly, deletion of Ig58/59 manifests reciprocal molecular consequences in Obscn-

ΔIg58/59 atria relative to our previous findings in LV (109), where 12-month old Obscn-

ΔIg58/59 atria show significantly increased levels of phosphorylated PLN at Thr17 and 

lack the up-regulation of obscurin B observed in Obscn-ΔIg58/59 LV. Lastly, proteomic 

and phospho-proteomic analysis revealed extensive defects in protein phosphorylation in 

Obscn-ΔIg58/59 atria at 6- and 12-months, impacting both Ca
2+

 regulating proteins as 

well as cytoskeletal and signaling complexes at the Z-disk. Collectively, our findings 

further underscore the role of obscurin-Ig58/59 in regulating Ca
2+

 homeostasis and 

provide novel molecular insights regarding their function at the Z-disk that can be 

pursued in future studies. Moreover, these studies are the first to evaluate the physiology 

of obscurins exclusively in atria and reveal important chamber-specific differences that 
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could have significant implications for understanding disease development and 

arrhythmogenesis due to cardiomyopathy-linked OBSCN mutations. 

 

3.2 Materials and Methods 

Obscn-ΔIg58/59 constitutive deletion mice 

The Obscn-ΔIg58/59 constitutive deletion model was generated as described 

previously (GenOway, Lyon, France) (109). Genotypes were confirmed by polymerase 

chain reaction (PCR) utilizing two distinct primer sets (109). All experiments were 

performed with homozygous male animals. Animal care and procedures were conducted 

under protocols approved by the Institutional Animal Care and Use Committee at the 

University of Maryland, School of Medicine (UMSOM) and in accordance with the NIH 

guidelines (Guide for the Care and Use of Laboratory Animals).  

 

Lysate preparation and western blotting 

Lysates were prepared from flash frozen cardiac tissue and protein expression was 

evaluated by immunoblotting as previously described (109). Briefly, frozen right and left 

atria were combined together, ground to a powder in a glass homogenizer while 

immersed in liquid nitrogen, and incubated at -20 ⁰C for 20 min. The ground tissue was 

solubilized in urea-thiourea lysis buffer (8 mol/L urea, 2 mol/L thiourea, 3% SDS, 0.05 

mol/L tris-HCl, 0.03% bromophenol blue, 0.075 mol/L dithiothreitol, pH 6.8) and 50% 

glycerol supplemented with protease and phosphatase inhibitors (Halt Protease and 

Phosphatase Inhibitor Cocktail, Thermo Fisher Scientific, Waltham, MA) in a 60 ⁰C 

water bath. Homogenates were centrifuged and supernatants were aliquoted and flash 
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frozen in liquid nitrogen. For western blotting, an equal amount of each protein lysate 

was thawed at 55 ⁰C for 5 min, separated by SDS-polyacrylamide gel electrophoresis, 

transferred to a nitrocellulose membrane, and probed with the respective primary 

antibodies. Alkaline phosphatase-conjugated secondary antibodies and chemiluminescent 

reagents (NovaBright, Thermo Fisher Scientific) were used to visualize immunoreactive 

bands. Densitometry was performed using ImageJ and each band was normalized to a 

loading control (glyceraldehyde 3-phosphate dehydrogenase, GAPDH; or heat shock 

protein 90, Hsp90). Of note, no statistically significant differences were observed in the 

expression of GAPDH or Hsp90 between wild-type and Obscn-ΔIg58/59 atrial lysates. At 

least three different biological samples (i.e. hearts) were used per genotype for each 

protein evaluated. Figures contain a representative biological replicate for each protein 

and loading control. Occasional digital adjustment was uniformly applied to 

representative immunoblots for ease of visualization. 

 

Antibodies 

The following primary antibodies were used for western blotting (WB) and 

immunofluorescence (IF) staining: rabbit polyclonal antibodies to obscurin Ig58/59 (WB: 

1 µg/ml) (81), obscurin Ig67 (WB: 1 µg/ml, IF: 3 µg/ml) (109), titin-Z (IF: 3µg/mL) (80), 

novex-3 (WB: 1:1000, a generous gift from Dr. Henk Granzier) (4), PLN-pSer16 (WB: 

1:1000; 07-052, Millipore, Temecula, CA), PLN-pThr17 (WB: 1:2000; A010-13AP, 

Badrilla, Leeds, UK), sAnk1 (WB: 1µg/ml) (12), RyR2-pSer2808 (WB: 1:2000; 

ab59225, Abcam, Cambridge, MA), RyR2-pSer2814 (WB: 1:500; A010-31AP, Badrilla), 

sarcolipin (WB: 1 µg/mL, a generous gift from Dr. Robert Bloch) (110), CaMKIIδ (WB: 
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1:1000; PA5-22168, Thermo Fisher Scientific, Rockford, IL), CaMKIIδ-pThr287 (WB: 

1:1000; PA5-37833, Thermo Fisher Scientific), PP1α (WB: 1:1000; 2582, Cell Signaling 

Technology, Danvers, MA), and PP2A B56α (WB: 1:1000; PA5-90634, Thermo Fisher 

Scientific), rabbit monoclonal antibodies to Hsp90 (WB: 1:1000; 4877, Cell Signaling 

Technology), and mouse monoclonal antibodies to PLN (WB: 1:5000, IF: 1:200; ab2865, 

Abcam), SERCA2 (WB: 1:1000, IF: 1:00; MA3-919, Thermo Fisher Scientific), RyR2 

(WB: 1:1000, IF: 1:300; MA3-925, Thermo Fisher Scientific), GAPDH (WB: 1:15000; 

G8795, Millipore), α-actinin (IF: 1:100; A7811, Sigma-Aldrich, St. Louis, MO), PP2A 

catalytic subunit (WB:1:1000; 05-421, Millipore), and PP2Ce (WB: 1:500; MAB6914, 

R&D Systems, Minneapolis, MN). 

 

The following secondary antibodies were used for WB (goat anti-mouse IgG 

A3688, 1:3000, Sigma-Aldrich; goat anti-rabbit IgG AB_2337947, 1:3000, Jackson 

Immunoresearch, West Grove, PA) and IF (Alexa Fluor 488 goat anti-rabbit or Alexa 

Fluor 568 goat anti-mouse, Thermo Fisher Scientific). 

 

Electrophoresis and Coomassie Blue staining for titin 

Atrial lysates prepared as described above were separated on 16 x 18 cm gels 

composed of 1% agarose in 1X running buffer (50 mM tris, 0.384 mol/L glycine, 0.1 % 

SDS) and 30% glycerol using the Hoefer SE600 unit system at 4 
0
C for 3 hours as 

described previously (109). Gels were stained with Coomassie Blue and the bands 

corresponding to giant titins were quantified using ImageJ and normalized to myosin 

heavy chain (MHC) as a loading control. At least two different biological samples (i.e. 



87 

 

hearts) were used for each genotype. Figures contain a representative biological replicate 

depicting titin and MHC expression levels. Occasional digital adjustment was uniformly 

applied to representative gels for ease of visualization. 

 

Forced treadmill exercise  

 Young (2.5- month old) animals were subjected to forced exercise on a rodent 

treadmill equipped with an electrical shock grid (Columbus Instruments 1055M-Exer 

6M, Columbus, OH) utilizing protocols modified from those described previously (111, 

112).  Animals were acclimated to the treadmill for 6 days prior to experimentation. On 

acclimation days 1-3, mice were placed on a stationary treadmill belt for 10 min per day. 

On acclimation days 4-6, animals were lightly exercised at a speed of 5 m/min for 10 

min, and 8 m/min for 5 min per day. Acclimated mice were then subjected to 5 days of 

exercise stress where running speed was increased every 2 min until fatigue (starting 

speed of 10 m/min; increase rate of 1.5 m/min every 2 min; 8⁰ incline). Animals were 

classified as fatigued when they remained on the electrical shock grid for 10 consecutive 

seconds. Running behavior, shock frequency, and time to fatigue were recorded for each 

animal throughout the 5 days of running. Running behavior was qualitatively determined 

based on the ability of the mouse to maintain its running position on the treadmill belt; 

each animal was classified as a 'runner', 'non-runner', or 'intermediate runner'. Treadmill-

stressed mice were evaluated by transthoracic echocardiography 1-day prior to exercise 

(baseline), 1-day post-exercise (acute effect), and 6-weeks post-exercise (long term 

effect). 
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Transthoracic echocardiography 

Transthoracic echocardiography was performed on treadmill-stressed mice at the 

Physiological Phenotyping Core of UMSOM as previously described (37, 109). Briefly, 

mice were placed on a warming pad and maintained under anesthesia via nose cone with 

1.5% isoflurane in oxygen. Parasternal short axis M-mode and mitral valve Doppler 

recordings were taken with a 40-MHz probe connected to the Vevo 2100 System 

(VisualSonics, Toronto, Canada). The following parameters were calculated for each 

recording: absolute wall thickness (AWT) = anterior + posterior wall thickness during 

diastole; relative wall thickness = AWT/end-diastolic diameter (EDD); end-diastolic 

volume (EDV) = 1.047 x EDD
3
; and end-systolic volume (ESV) = 1.047 x end-systolic 

diameter (ESD)
3
; ejection Fraction = (EDV-ESV)/EDV x 100; fractional Shortening = 

(EDD-ESV)/EDD x 100.  

 

Preparation of frozen cardiac sections, immunostaining and confocal microscopy 

Frozen cardiac sections were prepared as described previously (37) (109). Briefly, 

following perfusion and fixation in 2% paraformaldehyde (PFA) in phosphate-buffered 

saline (PBS), dissected atria were embedded in 7.5% gelatin and 15% sucrose in PBS and 

frozen with 2-methylbutane. Samples sectioned at a thickness of 12 m were 

permeabilized with 0.1% Triton X-100 in PBS, blocked in 1 mg/ml BSA and 1 mM 

sodium azide in PBS, incubated with the desired primary and secondary antibodies, and 

mounted with VECTASHIELD mounting medium (Vector Laboratories, Burlingame, 

CA). Immunostained sections were analyzed under a Nikon Spinning Disc confocal 

microscope at the UMSOM Confocal Microscopy Facility. 
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Electron microscopy 

Atrial tissue was prepared for electron microscopy as previously described (109). 

Briefly, atria isolated from 12-month old sedentary mice were fixed in 2% 

paraformaldehyde, 2.5% glutaraldehyde, and 0.1 mol/L PIPES buffer (pH 7.4), washed 

with 0.1 mol/L PIPES buffer, and post-fixed with 1% osmium tetroxide/1.5% potassium 

ferrocyanide in 0.1 mol/L PIPES buffer for 1 hour at 4 
o
C, treated with 1% tannic acid in 

H20 for 15 min, followed by en bloc staining with 1% (w/v) uranyl acetate, and 

dehydration using 30, 50, 70, 90 and 100% ethanol in series. Following dehydration, 

samples were infiltrated and embedded in Araldite-Epoxy resin (Araldite, EMbed 812; 

Electron Microscopy Sciences, PA), according to the manufacturer’s recommendations. 

Ultrathin sections at ~70 nm thickness were cut on a Leica UC6 ultramicrotome (Leica 

Microsystems, Inc., Bannockburn, IL), and examined under a Tecnai T12 transmission 

electron microscope (Thermo Fisher Scientific, Hillsboro, Oregon) operated at 80 kV. 

Images were acquired with an AMT bottom mount CCD camera and AMT600 software 

(Advanced Microscopy Techniques, Woburn, MA). All samples were prepared and 

imaged at the Electron Microscopy Core Imaging Facility of the University of Maryland 

School of Dentistry. 

 

Cardiomyocyte isolation 

Atrial cardiomyocytes were isolated from 6- and 12-month old mice using a 

modified Langendorff perfusion system as described previously (82, 109). First, mice 

were heparanized and then anesthetized using 3% isoflurane in oxygen. Whole hearts 
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were excised, placed in ice cold cell isolation buffer (CIB) [130 mM NaCl, 5.4 mM KCl, 

0.5 mM MgCl2•6H2O, 0.33 mM NaH2PO4, 10 mM glucose, 25 mM HEPES, 10 mM 

taurine] containing 0.2 mM EGTA (CIB-EGTA), and cannulated through the aorta. 

Hearts were perfused in retrograde fashion with CIB-EGTA for 3 min and then for 4 min 

in CIB supplemented with enzymes [1 mg/ml collagenase (Worthington), 0.06 mg/ml 

trypsin (Sigma), and 0.06 mg/ml protease type XIV (Sigma P5147)] at 37 
0
C. Atria were 

separated from ventricles, minced, and subjected to additional digestion in CIB 

supplemented with enzymes for 8 min at 37 
0
C. Atrial tissue was transferred to normal 

Tyrode's solution (NT) [130 mM NaCl, 5.4 mM KCl, 0.5 mM MgCl2•6H2O, 0.33 mM 

NaH2PO4, 5 mM glucose, 5 mM HEPES] where myocytes were dispersed by trituration 

with a Pasteur pipette and brought to physiological Ca
2+

 (1.8 mM CaCl2 in NT). Only 

myocytes that were calcium tolerant and responsive to electrical stimulation were used 

for experimentation. Any cells with round edges or any other visible membrane damage 

were excluded. 

 

Ca
2+

 transient measurements 

Experiments were performed in custom fabricated chambers (Four-hour Day 

foundation, Towson MD) mounted on a Zeiss LSM 880 Confocal Microscope with a 63X 

Oil 1.4 NA objective. Ca
2+

 transients were evaluated after loading 2µM Fluo-4-AM (15 

min incubation) followed by de-esterification (10 min). Cells were excited with 488nm 

argon laser line scan (1.84 ms/line) and paced at 1Hz (2 ms, square pulses, 40 V) for 30 

seconds. All transients were averaged for each cell and data were analyzed using an in-

home MATLAB script. 
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Ca
2+

 spark evaluation 

 Isolated myocytes were loaded with 1µM Fluo-4-AM (20 min) and mounted on a 

Nikon Eclipse Ti Confocal Microscope with a 60X Oil 1.4 NA objective following de-

esterification (10 min). Cells were excited with a 488nm laser and line scan images 

(1.872 ms/line) were collected in the transverse orientation while cells were un-

stimulated. Ca
2+

 spark frequency and morphology were then assessed from concatenated 

line scan images using the ImageJ Sparkmaster plugin (113). 

 

Proteomic and phospho-proteomic analysis 

 Proteomics experiments were performed by Dr. Weiliang Huang under the 

direction of Dr. Maureen Kane (Mass Spectrometry Center; University of Maryland 

School of Pharmacy). Tissue samples were homogenized in phosphate buffered saline 

using Precellys CK14 lysing kit (Bertin Corp., Rockville, MD USA). Proteins were 

extracted and purified from tissue lysates by trichloroacetic acid precipitation. Protein 

concentration was measured by bicinchoninic acid assay as described previously (114). 

Lysates were reduced, alkylated, and trypsinolyzed on a 10K filter as previously 

described by Wiśniewski et al. for shotgun proteomics as previously used and described 

by us (115).  Phosphopeptides were enriched by TiO2 affinity chromatography (Sigma). 

Tryptic peptides were separated by a nanoACQUITY UPLC analytical column on a 

Waters nano-ACQUITY UPLC system and analyzed with a coupled Thermo Scientific 

Orbitrap Fusion Lumos Tribrid mass spectrometer as previously described (116). In 

detail, tryptic peptides were separated on a nano-ACQUITY UPLC analytical column 

(BEH130 C18, 1.7 μm, 75 μm × 200 mm, Waters) over a 165-min linear acetonitrile 
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gradient (3–40%) with 0.1% formic acid on a Waters nano-ACQUITY UPLC system and 

analyzed on a coupled Thermo Scientific Orbitrap Fusion Lumos Tribrid mass 

spectrometer as described (117). Full scans were acquired at a resolution of 120,000, and 

precursors were selected for fragmentation by higher-energy collisional dissociation 

(normalized collision energy at 30%) for a maximum 3-s cycle. Tandem mass spectra 

were searched against a UniProt reference Mus musculus proteome using Sequest HT 

algorithm (118) and MS Amanda algorithm (119) with a maximum precursor mass error 

tolerance of 10 ppm. Carbamidomethylation of cysteine and deamidation of asparagine 

and glutamine were treated as static and dynamic modifications, respectively. Resulting 

hits were validated at a maximum false discovery rate of 0.01 using a semi-supervised 

machine learning algorithm Percolator (120). Label-free quantifications were performed 

using Minora, an aligned AMRT (Accurate Mass and Retention Time) cluster 

quantification algorithm (Thermo Scientific, 2017). Label-free quantitation of protein 

abundances were measured by comparing the MS1 peak volumes of peptide ions, whose 

identities were confirmed by MS2 sequencing as described above. Statistics and 

bioinformatic analyses were performed in a manner similar to that described previously 

(114, 115). Pathway and gene ontology analysis were performed with Qiagen Ingenuity, 

Panther GO and DAVID databases, as described by Kramer et al., Mi et al., and Huang et 

al., respectively (121-123). Relative abundance ratios of the identified peptides and 

phospho-peptides were calculated as (ΔIg58/59)/WT, and proteins showing at least a 2-

fold change (FC) with a FDR adjusted ANOVA p-value < 0.05 were considered 

significantly changed and used for further analysis. Only the phospho-sites that exhibited 

a probability >75% were reported; ambiguous phosphorylation sites (<75% probability) 
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are denoted with 'X' when referenced in the text and tables. FDR corrected Fisher’s exact 

p-values of < 0.05 were used in the gene ontology analyses to identify biological 

processes, molecular functions, and cellular components associated with observed protein 

changes. Ingenuity Pathway Analysis (IPA) analysis was used to predict canonical 

pathways and upstream regulators according to the proteins that were significantly 

different using an absolute activation z-score of > 2 for at least one condition with a 

Fisher’s exact test p-value < 0.01. 

  

Statistical analysis 

 Statistical significance between age-matched wild-type and homozygous Obscn-

ΔIg58/59 groups was determined by two-tailed Student's t-test. Echocardiography data 

were analyzed by two-way repeated measures ANOVA followed by Holm-Sidak post-

hoc test (SigmaStat 3.5). Error bars represent average values ± standard error of the mean 

(SEM). Sample sizes are noted in the corresponding figure legends. 

 

3.3 Results 

3.3.1 Young Obscn-ΔIg58/59 mice subjected to treadmill exercise stress develop 

enlarged atria 

 Initial work from our group evaluating the pathophysiological role of Ig58/59 

revealed that young (3-4 month old) Obscn-ΔIg58/59 mice that express obscurin lacking 

the Ig58/59 region do not exhibit obvious cardiac abnormalities under sedentary 

conditions, but develop severe arrhythmia following acute pharmacological stress in the 

form of β-adrenergic stimulation (109). Given that young Obscn-ΔIg58/59 mice are 



94 

 

susceptible to acute stress, and that sedentary Obscn-ΔIg58/59 males undergo significant 

cardiac remodeling through aging (109), we next aimed to determine the impact of 

prolonged physiological stress on cardiac morphology and function by subjecting young 

(2.5 month old) wild-type and Obscn-ΔIg58/59 male animals to forced treadmill exercise 

(Fig 3.1a). Following a 6-day acclimation period, mice were exercised for 5 consecutive 

days on a rodent treadmill equipped with an electrical shock grid. During each day of 

running, treadmill speed (starting at 10 m/min) was increased 1.5 m/min every 2 min 

until fatigue. Wild-type and Obscn-ΔIg58/59 mice did not show significant differences in 

the duration of exercise before reaching fatigue (Fig 3.1b). However, assessment of 

running behavior suggested that Obscn-ΔIg58/59 mice are poorer runners compared to 

wild-type, evidenced by a reduced percentage of Obscn-ΔIg58/59 animals classified as 

'runners' and a larger proportion of Obscn-ΔIg58/59 animals classified as 'non-runners' or 

'intermediate runners' compared to wild-type (Fig 3.1c). In support of these qualitative 

findings, Obscn-ΔIg58/59 mice exhibited significantly increased average shock frequency 

compared to wild-type (Fig 3.1d), indicating a reduced ability to consistently maintain 

exercising and poorer overall running performance. 

 

 Treadmill-stressed mice were evaluated by echocardiography 1-day prior to 

exercise (baseline), 1-day post-exercise (acute effect), and 6-weeks post-exercise (long 

term effect; Fig 3.1a). Surprisingly, there were no statistically significant differences in 

ventricular morphology or function throughout the duration of the treadmill protocol 

(Table S3.1), suggesting that physiological exercise stress is not sufficient to induce 

significant ventricular remodeling in young Obscn-ΔIg58/59 animals. In contrast, 
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morphometric analysis of dissected hearts 6-weeks post-exercise revealed significantly 

enlarged atria in Obscn-ΔIg58/59 male mice compared to wild-type (Fig 3.1e-f). These 

findings demonstrate that prolonged physiological stress in young Obscn-ΔIg58/59 males 

specifically impacts atria and suggests that the atrial remodeling and dysfunction present 

in the Obscn-ΔIg58/59 model could possibly arise independently and/or distinctly from 

the pathologies present in the ventricle (109).  

 

 

Figure 3.1 Young Obscn-ΔIg58/59 mice subjected to treadmill exercise stress develop 

enlarged atria 

(a) Timeline of the treadmill exercise protocol depicting a 6-day acclimation period 

followed by 5 days of forced treadmill running. Echocardiography time points are 

indicated with blue boxes 1 day before (baseline measurement), 1 day post-exercise 

(acute effect) and 6 weeks (w) post-exercise (long term effect). (b) Young wild-type and 

Obscn-ΔIg5859 animals subjected to forced treadmill exercise did not show significant 

differences in time to fatigue; t-test, p=0.17; data points represent experimental replicates 

through 5 days of running. (c) The percent of animals that were classified as runners (R), 

intermediate runners (IR), or non-runners (NR) over the 5-day treadmill running protocol. 

(d) Average shock frequency was significantly larger in treadmill-exercised Obscn-

ΔIg5859 animals compared to wild-type counterparts; t-test, *p<0.05; n = 10 animals; 

data points represent experimental replicates through 5 days of running. (e-e') Gross 

images of wild-type (e) and Obscn-ΔIg5859 (e') hearts 6-weeks after completion of the 

treadmill protocol depict enlarged atria in Obscn-ΔIg5859 mice; scale bar = 3mm. (f) 
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Morphometric analysis of dissected hearts 6-weeks after completion of the treadmill 

protocol show increased atrial mass normalized to body weight (BW) in Obscn-ΔIg5859 

mice, but no alterations in normalized LV or RV mass compared to wild-type; t-test, 

p<0.001; n = 14 (wild-type), n = 10 (Obscn-ΔIg5859); data points represent individual 

animals. 

 

 

3.3.2 Expression and localization of obscurin in aged wild-type and Obscn-ΔIg58/59 

atria 

 Previous studies assessing the expression of obscurin during embryonic 

development via RNA in situ hybridization reported reduced obscurin transcript levels in 

mouse atria compared to ventricles at embryonic day 12 (83). However a comparison of 

obscurin expression between adult atrial and ventricular tissues at the protein level has 

not yet been experimentally determined. We therefore performed immunoblotting 

experiments using lysates prepared from 12-month old wild-type hearts, but did not 

observe significant differences in the protein expression level of obscurins between LV 

and atria (Fig 3.2a-a').  

 

 We next aimed to assess the impact of the Ig58/59 deletion on atrial obscurin 

expression. Immunoblotting experiments utilizing antibodies to obscurin-Ig58/59 

confirmed the absence of this region in lysates generated from 12-month old Obscn-

ΔIg58/59 atria (Fig 3.2b). Similar to our prior findings in Obscn-ΔIg58/59 LV (109), 

antibodies to obscurin-Ig67 did not reveal significant differences in total obscurin 

expression between 12-month old wild-type and Obscn-ΔIg58/59 atria (Fig 3.2c-c'). 

Intriguingly though, the up-regulation of obscurin B previously reported in Obscn-

ΔIg58/59 LV tissue (109) was not detectable in Obscn-ΔIg58/59 atria (Fig 3.1c). These 

important findings suggest that the Ig58/59 truncation could lead to distinct molecular 
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alterations in Obscn-ΔIg58/59 atria, and likely indicate the lack of specific compensatory 

signaling mechanisms in Obscn-ΔIg58/59 atria that could be mediated by obscurin 

kinases in Obscn-ΔIg58/59 LV. 

 

 To determine whether the Ig58/59 deletion affects the cellular distribution of 

obscurins in the atria, we immunostained cryosections prepared from 12-month old wild-

type and Obscn-ΔIg58/59 hearts. Similar to our findings in LV (109), obscurins were 

appropriately localized to both the M-bands (arrowhead) and Z-disks (arrow) in Obscn-

ΔIg58/59 atria (Fig 3.2d-f). We also assessed the expression and localization of titin and 

its smaller splice isoform, novex-3, which are binding partners of the Ig58/59 region and 

major regulators of sarcomeric structure. However, no significant differences were 

observed in their expression or distribution in 12-month old Obscn-ΔIg58/59 atria 

compared to wild-type (Fig S3.1a-a''). Accordingly, no obvious abnormalities were 

observed in sarcomeric or myofibril organization in 12-month old Obscn-ΔIg58/59 atria 

by electron microscopy (Fig S3.1c-c'''). 
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Figure 3.2 Expression and localization of obscurin in wild-type and Obscn-ΔIg58/59 

atria 

(a-a') Immunoblotting (a) and relative quantification (a') of giant obscurins in wild-type 

12-month old heart lysates utilizing antibodies to Ig67 does not reveal significant 

differences in expression between LV and atria; t-test, p=0.29. (b) Immunoblotting of 

giant obscurins in 12-month old wild-type and Obscn-ΔIg5859 atria using antibodies to 

Ig58/59 confirm the Ig58/59 deletion. (c-c') Immunoblotting (c) and relative 

quantification (c') of giant obscurins in 12-month old wild-type and Obscn-ΔIg5859 LV 

and atria using antibodies to Ig67 indicate that total obscurin expression is unchanged in 

Obscn-ΔIg5859 atria compared to wild-type; t-test, p=0.36. Notably, the up-regulation of 

obscurin B observed in Obscn-ΔIg5859 LV is not detectable in Obscn-ΔIg5859 atria; n=3 

animals per group; data points represent different experimental replicates; densitometric 

values were normalized to Hsp90 as a loading control. (d-f') Immunostained atrial 

sections labeled with antibodies to obscurin Ig67 (d-d) revealed proper localization of 

obscurins to both M-bands (arrowhead) and Z-discs (arrow). Antibodies to α-actinin (e-

e') were used as a Z-disc marker; scale bar: 10 µm. 
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3.3.3 Atrial cardiomyocytes isolated from sedentary Obscn-ΔIg58/59 males exhibit 

elevated Ca
2+

 spark frequency and age-related changes in Ca
2+

 cycling  

 Our preliminary studies characterizing the Obscn-ΔIg58/59 model revealed age-

dependent alterations in the expression and/or phosphorylation of major Ca
2+

 proteins in 

Obscn-ΔIg58/59 LV (109). In particular, the phosphorylation levels of the 

Ca
2+

/calmodulin-dependent protein kinase II (CaMKII)-regulated phosphorylation sites 

on PLN (Thr17) and RyR2 (Ser2814) were significantly decreased in 12-month old 

Obscn-ΔIg58/59 LV, which was associated with depressed Ca
2+

 cycling kinetics, reduced 

contractility, and severe arrhythmia (109). Given these findings, and that PLN is a 

binding partner of the Ig58/59 region, we also evaluated Ca
2+

 cycling kinetics in atrial 

cardiomyocytes isolated from sedentary Obscn-ΔIg58/59 males through aging. 

Cardiomyocytes obtained from Obscn-ΔIg58/59 atria were significantly enlarged 

compared to wild-type by 12-months of age (Fig 3.3a-a''), which is consistent with our 

previous reports indicating significant enlargement of Obscn-ΔIg58/59 atria in sedentary 

animals at 12-months (109). In order to assess Ca
2+

 cycling kinetics, Ca
2+

 transients were 

measured in unloaded atrial cardiomyocytes after pacing to stead state. At 6-months, 

Obscn-ΔIg58/59 atrial cells exhibited significantly decreased Ca
2+

 transient amplitude 

and significantly prolonged Ca
2+

 decay compared to age-matched wild-type cells (Fig 

3.3b and c-c'''). Conversely, 12-month old Obscn-ΔIg58/59 atrial cardiomyocytes 

exhibited significantly increased Ca
2+

 transient amplitude, while baseline Ca
2+

 levels, 

Ca
2+ 

release and decay time were unaffected compared to age-matched wild-type (Fig 

3.3b'-c'''). Together, these findings demonstrate that deletion of Ig58/59 leads to age-

dependent changes in Ca
2+

 cycling that begin as early as 6-months of age in atria. Since 
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we previously showed that Ca
2+

 transients are unaffected in 6-month old Obscn-ΔIg58/59 

ventricular cardiomyocytes (109), these results further suggest that pathologies in the 

atria manifest distinctly and uniquely from pathologies in the ventricle.  

 

 

 

Figure 3.3 Atrial cardiomyocytes isolated from sedentary Obscn-ΔIg58/59 mice are 

enlarged and exhibit age-related changes in Ca2+ cycling 

(a-a'') Cardiomyocytes isolated from Obscn-ΔIg58/59 atria were significantly enlarged at 

12-months of age compared to age-matched wild-type; scale bar: 20 µm; t-test, *p<0.05; 

n=2 animals per group, 60-170 cells per group; data points represent individual cells. (b-

c''') Atrial cardiomyocytes isolated from 6-month old Obscn-ΔIg58/59 hearts exhibited 

significantly decreased Ca
2+

 transient amplitude and prolonged Ca
2+

 decay time 

compared to age-matched wild-type, whereas 12-month old Obscn-ΔIg58/59 cells 

displayed significantly increased Ca
2+

 transient amplitude compared to age-matched 

controls; t-test, *p<0.05, **p<0.01; n=3-4 animals per group, 30-40 cells per group; data 

points represent individual cells. 

 

 

 Given the defects in atrial Ca
2+

 cycling identified in the current study, and the 

prominent atrial fibrillation previously reported in aged Obscn-ΔIg58/59 animals (109), 

we also evaluated the frequency and morphology of spontaneous Ca
2+

 sparks in un-

stimulated atrial cardiomyocytes. Ca
2+

 sparks are localized Ca
2+

 release events 

originating from a single or small cluster of RyR2 molecules, and are either triggered by 

Ca
2+

-induced Ca
2+

 release or occur stochastically during relaxation (124, 125). Diastolic 
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Ca
2+

 leak resulting from spontaneous Ca
2+

 spark activity contributes to arrhythmogenesis 

and is commonly associated with the development of atrial fibrillation and heart failure 

(124). Strikingly, 12-month old Obscn-ΔIg58/59 atrial cells exhibited a ~3.3 fold increase 

in Ca
2+

 spark frequency compared to age-matched controls (Fig 3.4a-a''). Moreover, 

assessment of Ca
2+

 spark morphology indicated significantly decreased spark amplitude, 

increased full width at half-maximum (FWHM), increased full-duration at half-maximum 

(FDHM), and decreased maximum steepness of spark upstroke, with no significant 

differences in the time constant of spark decay in Obscn-ΔIg58/59 atrial cells compared 

to wild-type (Fig 3.4b-g). Collectively, these findings reveal the presence of duller but 

wider and prolonged Ca
2+

 sparks that occur with a higher frequency in Obscn-ΔIg58/59 

atria, suggesting a persistent Ca
2+

 leak from the sarcoplasmic reticulum (SR) that could 

contribute to arrhythmia.  
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Figure 3.4 Elevated Ca2+ spark frequency in atrial cardiomyocytes isolated from 

Obscn-ΔIg58/59 males at 12-months 

(a-a'') Representative transverse confocal line scan traces and corresponding 

fluorescence intensity profiles of un-stimulated wild-type (a) and Obscn-ΔIg5859 (a') 

atrial cells at 12-months. Cells isolated from Obscn-ΔIg5859 atria display increased spark 

frequency compared to wild-type (a''); t-test, **p<0.01; data points represent individual 

cells. (b-b') Fluorescence intensity profiles of representative Ca
2+

 sparks indicated by 

white square boxes in (a-a') from wild-type (b) and Obscn-ΔIg5859 (b') atria. (c-g) Ca
2+

 

spark analysis revealed significantly decreased spark amplitude (c), increased FWHM 

(d), increased FDHM (e), decreased maximum steepness of spark upstroke calculated as 

ΔF/F0/ΔTmax (f) and no differences in the exponential time constant of decay (g) in 

Obscn-ΔIg5859 cells compared to wild-type; t-test, ***p<0.001, n= 2 animals per group, 

20-25 cells per group; data points represent individual sparks.  

 

 

 In order to determine a mechanistic basis for the unique Ca
2+

 cycling 

abnormalities that occur through aging in Obscn-ΔIg58/59 atria, we evaluated the 

expression and phosphorylation of major Ca
2+

 proteins at 6- and 12-months via 

immunoblotting. At 6-months, there were no statistically significant differences in the 

expression of PLN or its phosphorylation at Ser16 between wild-type and Obscn-

ΔIg58/59 atria (Fig 3.5a-b). Although the absolute levels of PLN phosphorylation at 
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Thr17 showed a trend towards increased levels in Obscn-ΔIg58/59 lysates at 6-months, 

this was not statistically significant, and was no longer a trend following normalization to 

total PLN (Fig 3.5a-b). We also did not observe any significant alterations in the 

expression of SERCA2, small ankyrin 1 (sAnk1), sarcolipin (SLN), RyR2 or its 

phosphorylation at Ser2808 or Ser2814 in Obscn-ΔIg58/59 atria at 6-months (Fig 3.5a-b; 

Fig S3.2). Therefore, alterations in the Ca
2+

 transient in 6-month old Obscn-ΔIg58/59 

atrial cells cannot be explained by changes in the expression of these major Ca
2+

 cycling 

proteins or their canonical phosphorylation sites, suggesting alternative mechanisms 

perhaps involving additional Ca
2+

 regulators or less characterized phosphorylation events. 

Along these lines, many studies have reported the presence of additional phosphorylation 

sites on RyR2 (86, 126, 127), PLN (128), sAnk1 (129), and SERCA2 (130), for which 

the physiological functions have not been established, nor are there commercial 

antibodies available in order to experimentally pursue these. 

 

 At 12-months, the levels of PLN showed a slight trend towards decreased 

expression in Obscn-ΔIg58/59 atria, although this was not statistically significant (Fig 

3.5a-b). Similarly, the absolute levels of phosphorylated PLN at Ser16 also showed a 

trend toward decreased levels in Obscn-ΔIg58/59 atria, but normalization to total PLN 

indicated that Ser16 phosphorylation is comparable between wild-type and Obscn-

ΔIg58/59 lysates (Fig 3.5a-b). In contrast, the normalized levels of phosphorylated 

pentameric PLN at Thr17 were significantly elevated in Obscn-ΔIg58/59 atria compared 

to age-matched controls (Fig 3.5a-b). Importantly, these results are the reverse from what 

we previously described in Obscn-ΔIg58/59 LV (109), in which deletion of Ig58/59 
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resulted in a trend towards increased PLN expression and a striking reduction in 

phosphorylated Thr17 in Obscn-ΔIg58/59 lysates at 12-months (109). Hyper-

phosphorylation of PLN Thr17 in aged Obscn-ΔIg58/59 atria would suggest enhanced 

SERCA2 activity and accelerated Ca
2+

 reuptake, which could potentially lead to SR Ca
2+

 

overload underlying frequent Ca
2+

 leak and increased Ca
2+

 release amplitude. These 

hypotheses could be interrogated in the future via quantitative assessment of SR Ca
2+

 

content. Lastly, evaluation of additional Ca
2+

 proteins revealed that the expression of 

SERCA2, sAnk1, SLN, RyR2 or its phosphorylation at Ser2808 or Ser2814 is unaffected 

in 12-month old Obscn-ΔIg58/59 atria (Fig 3.5a-b).  
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Figure 3.5 PLN phosphorylation at Thr17 is up-regulated in Obscn-ΔIg58/59 atria at 

12-months 

(a-b) Immunoblotting (a) and relative expression (b) of lysates prepared from 6- and 12-

month old male atria revealed significantly increased levels of phosphorylated PLN at 

Thr17 in 12-month old Obscn-ΔIg5859 atria, with no statistically significant differences 

in the expression or phosphorylation of the other Ca
2+

 cycling proteins tested including 

SERCA2, sAnk1, SLN, and RyR2; t-test, *p<0.05; n=3 animals per group; data points 

represent technical replicas of the three different biological samples; GAPDH served as 

loading control; quantification of phosphorylation levels is presented as absolute 

phosphorylation levels and normalized to total PLN or RyR2 levels. Pent, pentamer; 

Mono, monomer; Tot, total.   

 

 

 In order to elucidate the regulatory defects that give rise to increased 

phosphorylation of PLN at Thr17 in Obscn-ΔIg58/59 atrial lysates at 12-months, we 

evaluated the expression and phosphorylation of several candidate kinases and 

phosphatases via immunoblotting. Similar to our findings in Obscn-ΔIg58/59 LV (109), 
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we did not observe any alterations in the expression of CaMKIIδ or its phosphorylation at 

Thr287, the expression of the catalytic subunit of protein phosphatase type 1 (PP1, the 

catalytic subunit of protein phosphatase type 2A (PP2A), the regulatory subunit of PP2A 

(B56α), or protein phosphatase type 2C (PP2Ce) in Obscn-ΔIg58/59 atria at 12-months 

(Fig S3.3a-a'). Thus, the molecular mechanisms underlying the deregulated 

phosphorylation of PLN Thr17 in aged Obscn-ΔIg58/59 hearts are likely more complex 

or involve additional proteins and/or regulatory modifications apart from the canonical 

kinases and phosphatases tested herein. 

 

3.3.4 Proteomic and phospho-proteomic analysis of wild-type and Obscn-ΔIg58/59 

atria 

 In order to more comprehensively identify proteins and/or post-translational 

modifications that are deregulated in Obscn-ΔIg58/59 atria and perhaps underlie the 

progressive Ca
2+

 cycling pathologies, we next performed proteomic and phospho-

proteomic analysis using 6- and 12-month old male wild-type and Obscn-ΔIg58/59 atrial 

tissue. Our proteomic screen identified 1721 proteins at both time points, in which a total 

of 69 (Fig 3.6a; Fig 3.7; Appendix A) or 25 (Fig 3.6b; Fig 3.8; Appendix B) proteins 

were determined to have significantly altered expression in 6- or 12-month Obscn-

ΔIg58/59 atria, respectively. 
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Figure 3.6 Volcano plots of significantly up-regulated and down-regulated proteins in 

Obscn-ΔIg58/59 atria at 6- and 12-months 

(a-b) A total of 69 proteins out of 1721 detected were significantly altered at 6-months 

(a), whereas 25 proteins out of 1721 detected were significantly altered at 12-months (b); 

n = 5; grey dotted lines represent thresholds of p < 0.05 and fold change >2. 
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Figure 3.7 Proteins that are significantly up-regulated or down-regulated in 6-month 

old Obscn-ΔIg58/59 atria. 
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Figure 3.8 Proteins that are significantly up-regulated or down-regulated in 12-month 

old Obscn-ΔIg58/59 atria 

 

 

 In order to identify major cellular processes that were impacted by the Ig58/59 

deletion, we performed an enrichment analysis on the proteins that exhibited significantly 

altered expression in Obscn-ΔIg58/59 atria. At 6-months, proteins that were significantly 

down-regulated were associated with translation, vesicle docking, and formation of the 

translation pre-initiation complex (Fig 3.9; Table S3.2), whereas proteins that were up-

regulated were associated with metabolic processes (Fig 3.9; Table S3.3). At 12-months, 

significantly down-regulated proteins were associated with cardiac myofibril assembly 

and actin filament based movement (Fig 3.9; Table S3.4), and proteins that were up-

regulated at 12-months were not significantly associated with any cellular process.  
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Figure 3.9 Biological processes associated with significantly up-regulated or down-

regulated proteins in 6- and 12-month old Obscn-ΔIg58/59 atria 

The number of proteins associated with each biological process is indicated within the 

respective bar. 

 

 Relative to our proteomic analysis, we identified a much larger number of 

proteins that exhibited deregulated phosphorylation in Obscn-ΔIg58/59 atria, suggesting a 

significant contribution of altered post-translational modifications to disease 

development. In particular, a total of 113 phospho-peptides out of 1421 identified were 

significantly deregulated at 6-months (Fig 3.10a) whereas 157 phospho-peptides out of 

2749 detected were significantly deregulated at 12-months (Fig 3.10b). Of note, many of 

the identified peptides contained multiple phosphorylated residues and/or additional post-

translational modifications such as oxidation, deamidation, etc. In these cases, we report 

only phosphorylation sites that exhibited a probability of >75%; all identified 

phosphorylation sites that are ambiguous (<75%) are denoted with 'X' when referenced 

within the tables and text. For a comprehensive list of all significantly altered phospho-

peptides identified in our screen, please see the corresponding sections in Appendix C-D. 
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Figure 3.10 Volcano plots of phospho-peptides that are significantly altered in Obscn-

ΔIg58/59 atria at 6- and 12-months. 

(a-b) A total of 113 phospho-peptides out of the 1421 detected were significantly altered 

at 6-months (a), whereas 157 phospho-peptides out of 2749 were significantly altered at 

12-months (b); n = 5; grey dotted lines represent thresholds of p < 0.05 and fold change 
>2.    

 

 

 We also performed enrichment analysis on the significantly altered phospho-

proteins in Obscn-ΔIg58/59 atria to identify major biological processes that are impacted 

by the Ig58/59 deletion. At 6-months of age, proteins that exhibited deregulated 

phosphorylation in Obscn-ΔIg58/59 atria were associated with cardiac myofibril 

assembly, sarcomere organization, and skeletal muscle thin filament assembly (Fig 3.11; 

Table S3.5). At 12-months, deregulated phospho-proteins were associated with sarcomere 

organization, cardiac muscle contraction, cell-cell adhesion, regulation of cardiac muscle 

contraction by regulation of Ca
2+

 release, cardiac muscle hypertrophy, sarcomerogenesis, 

and regulation of heart rate (Fig 3.11; Table S3.6). In addition to identifying biological 

processes that were significantly affected in Obscn-ΔIg58/59 atria, we also performed 

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis at 6- and 12-

months. There were no KEGG pathways significantly altered in 6-month old Obscn-

ΔIg58/59 atria, however phospho-proteins associated with dilated cardiomyopathy, 
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hypertrophic cardiomyopathy, and platelet activation were significantly enriched at 12-

months (Fig 3.11; Table S3.7). A complete list of the deregulated phospho-proteins and 

their corresponding phosphorylation sites that are associated with the enriched biological 

processes or KEGG pathways in 6- and 12-month Obscn-ΔIg58/59 atria are provided in 

Tables S3.8-9. 

 

Figure 3.11 Biological processes and KEGG pathways of phospho-proteins that are 

significantly altered in Obscn-ΔIg58/59 atria at 6- and 12-months 

The number of proteins associated with each process and pathway are indicated within 

the respective bar. 

 

 

 Given the large number of proteins identified in our phospho-proteomic screen, 

we decided to focus our discussion below to those that follow the following criteria: (1) 

proteins that are associated with biological processes or pathways that were enriched in 

Obscn-ΔIg58/59 atria, and (2) were deregulated in both 6- and 12-month data sets or (3) 

are established regulators of Ca
2+

 cycling.    
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Phospho-proteins that are altered in both 6- and 12-month Obscn-ΔIg58/59 atria 

 Titin: Titin (3-4 MDa) is giant sarcomeric protein that forms a continuous 

filament from Z-disks to M-bands and functions as a molecular scaffold during 

myofibrillogenesis, an elastic spring that generates passive tension, and a mechanosensor 

during stretch (2, 3, 14-16). Importantly, titin interacts with obscurins at both M-bands 

and Z-disks via two distinct binding interactions (1, 4, 13). In our proteomic screen, we 

identified a total of 11 phospho-peptides corresponding to titin that exhibited increased 

(+) or decreased (-) abundance in Obscn-ΔIg58/59 atria at 6- and 12-months of age 

(Table S3.8-9). At 6-months, all of the affected phospho-peptides were dually-

phosphorylated and contained phospho-sites that localize to the extreme NH2-terminus 

(localized at the Z-disk) or COOH-terminus (localized at the M-band) of titin (Table 

S3.8). The Z-disk associated phospho-peptides included Ser281/Ser283 (-), 

Ser1415/Ser1420 (+), and Ser2078/2080 (+); whereas the phospho-peptides associated 

with the M-band included Ser33875/Ser33880 (+) and Ser34063/X (-) (Table S3.8). 

Although all of these phosphorylation sites have been previously identified in other 

proteomic studies, information regarding their physiological functions is lacking. As a 

result, it is not yet known how these phosphorylation events could be influencing the 

development of atrial pathologies in Obscn-ΔIg58/59 myocardia. Nonetheless, it is 

interesting to point out that the Z-disk associated residues pSer2078/pSer2080, which are 

significantly up-regulated in Obscn-ΔIg58/59 atria at 6-months, localize between the 

obscurin-Ig58/59 binding domains Ig9 and 10. It is therefore conceivable that the binding 

interaction between titin-Ig9/10 and obscurin-Ig58/59 could directly regulate these 

phosphorylation events on titin, perhaps exposing these residues for enhanced 
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phosphorylation when obscurin/titin binding is disrupted in Obscn-ΔIg58/59 atria. 

Moreover, it is also important to note that both of the M-band localized phospho-peptides 

(containing Ser33875/Ser33880 and Ser34063/X) reside within titin M-band interdomain 

sequence 2 (Mis2), which has been established as a binding site for DRAL/FHL2 (131). 

DRAL/FHL2 is a member of the four and a half LIM protein family and is suggested to 

target metabolic enzymes to the M-band through its association with titin Mis2 (2, 131). 

Therefore, it is possible that the deregulated phosphorylation of titin within Mis2 in 

Obscn-ΔIg58/59 atria could influence metabolic complexes that localize to the M-band. 

Along these lines, recent proteomic studies from our group and others conducted in heart 

or skeletal muscle where obscurin is either mutated (129) or deleted (45) have also 

reported alterations in proteins involved in metabolism, specifically lipid catabolism and 

amino acid metabolism (129) or glycogen metabolism (45). 

 

 In 12-month old Obscn-ΔIg58/59 atria, we identified 6 deregulated phospho-

peptides corresponding to titin which each contain 1-2 phosphorylated residues (Table 

S3.9). With the exception of Ser3870 (+) and Ser9459 (+) which reside between titin-

Ig21/22 or titin-Ig76/77 domains respectively, all identified phospho-sites localize to the 

extreme NH2-terminus (Ser756, -) or COOH-terminus (Thr33859/Ser33861 +; 

Ser33875/Ser33880 +; Ser34470 +) of titin (Table S3.9). Importantly, the phospho-

peptide containing Ser33875/Ser33880 localizing to the DRAL/FHL2 binding domain, 

titin-Mis2, was found up-regulated in both 6- and 12-month Obscn-ΔIg58/59 atria, 

indicating that these phosphorylation events are consistently impacted through aging. 

Additionally, the Ser34470 residue which exhibited enhanced phosphorylation at 12-
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months resides within the third Lys-Ser-Pro (KSP) motif in titin-Mis4. Notably, the KSP 

motifs have been shown to be highly phosphorylated during development in muscle and 

are thought to regulate the assembly of the M-band (132). These findings corroborate our 

pathway analysis that indicated altered sarcomere organization, sarcomerogenesis, and 

cardiac myofibril assembly in Obscn-ΔIg58/59 atria at 12-months. 

 

 Telethonin: Telethonin (19 kDa), also known as Titin-cap or T-cap, is a Z-disk 

associated protein that binds to titin's extreme NH2-terminal domains, Ig1 and 2, where it 

is proposed to regulate sarcomeric development, stability, and stretch responses (133-

136). In our proteomic screen, we found that the levels of phosphorylated telethonin at 

Ser161 are significantly reduced in Obscn-ΔIg58/59 atria at 6- and 12-months of age 

(Table S3.8-9). Candasamy and colleagues previously reported that endogenous 

telethonin is constitutively bis-phosphorylated by both protein kinase (PKD) and CaMKII 

at Ser157 and Ser161 in rodent myocardia, and that disruption of these phosphorylation 

events results in disorganized t-tubule structures and abnormal Ca
2+

 cycling (136). Given 

that the COOH-terminal region of telethonin containing Ser157/Ser161 binds accessory 

proteins that localize to t-tubules, it has been further suggested that Ser157/Ser161 

phosphorylation may regulate telethonin's ability to serve as an "adapter protein" linking 

t-tubules to the Z-disk (136). An important observation is that the obscurin-Ig58/59 

binding site on titin (Ig9/10) exists in relative proximity to telethonin's (Ig1/2). It is 

therefore conceivable that the Ig58/59 deletion could possibly disrupt the titin/telethonin 

complex at the Z-disk and/or influence the nearby regulatory networks that mediate 

Ser161 phosphorylation. Nevertheless, the observed reduction Ser161 phosphorylation in 
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6- and 12-month Obscn-ΔIg58/59 atria could lead to alterations in t-tubule morphology 

and thereby contribute to the disrupted Ca
2+

 cycling through aging. Along these lines, we 

plan to follow up these findings by generating 3D reconstructions of t-tubule and SR 

membrane morphology using electron microscopy to investigate potential structural 

deficiencies in Obscn-ΔIg58/59 atria that were not evident in our original 2D evaluation 

(Fig S3.1b-b''').       

 

 LIM domain-binding protein 3: LIM-domain-binding protein 3 (32-78 kDa), also 

known as Z-band alternatively spliced PDZ motif protein (ZASP), is a cytoskeletal 

protein that participates Z-disk integrity and signal transduction (137). At 6-months, we 

identified a dually-phosphorylated phospho-peptide (Thr119/Ser123) that was 

significantly reduced in Obscn-ΔIg58/59 atria (Table S3.8), whereas at 12-months, we 

found two singly-phosphorylated phospho-peptides (Ser41 +; Ser98 -) that were 

deregulated in Obscn-ΔIg58/59 atria (Table S3.9). With the exception of Ser41, all of 

these phospho-sites have been identified in previous proteomic studies. To our 

knowledge, this is the first report of phosphorylated Ser41 in ZASP. This residue 

localizes to the PDZ domain of ZASP, which has been shown to interact with a plethora 

of Z-disk proteins, including α-actinin-2 (137, 138), FATZ/calsarcin/myozenin (139, 

140), myotilins (myotilin, myopalladin, palladin) (140), and telethonin (141). 

Interestingly, in addition to telethonin (described above), the phosphorylation levels of 

myozenin-2, palladin, and myopalladin, were also all significantly deregulated in Obscn-

ΔIg58/59 atria (Appendix C-D), providing strong evidence that signaling complexes at 

the Z-disk are disrupted.      
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 Leiomodin-2: Leiomodin-2 is an actin-binding protein that modulates the length 

of thin filaments by serving as an actin nucleator (142-144). We identified a dually-

phosphorylated phospho-peptide, Ser419/Ser423, that was increased in abundance in both 

6- and 12-month Obscn-ΔIg58/59 atria (Table S3.8-9). Both of these sites have been 

previously reported in other proteomic screens, however their functional significance is 

not yet known. Nonetheless, these findings suggest that the Ig58/59 deletion not only 

affects the Z-disk, but could also impact thin filament length.  

  

Altered phosphorylation of Ca
2+

 cycling regulators in Obscn-ΔIg58/59 atria 

 Our phospho-proteomic screen and subsequent enrichment analysis also identified 

several differentially phosphorylated Ca
2+

-cycling regulators in Obscn-ΔIg58/59 atria 

primarily at 12-months. These proteins include RyR2, histidine rich Ca
2+

 binding protein 

(HRC), CaMKIIδ, and cAMP-dependent protein kinase (PKA) catalytic subunit beta 

(Table S8). Hyper-phosphorylation of RyR2, specifically at the canonical Ser2808 and 

Ser214 sites, has been strongly linked to enhanced RyR2 open probability and 

susceptibility to arrhythmia (86, 126). Although there is still controversy regarding the 

functional roles of individual phosphorylation sites and their potential functional 

redundancies, it is generally accepted that the "phosphorylation hot-spot" in RyR2 

encompassing Ser2808 through Ser2814 (126) is an effective modulator of Ca
2+

 release 

from the SR. In addition to the Ser2808 and S2814 sites which are regulated by CaMKII 

and/or PKA, there are two additional sites within the hot-spot, Thr2810 and Ser2811, for 

which less information is known; though, both are predicted to impact RyR2 function 
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similarly to Ser2808 and Ser2814 (126, 127). Importantly, at 12-months, Obscn-ΔIg58/59 

atria exhibited significantly enhanced phosphorylation at both Thr2810/X (Thr2809 in 

mice) and Ser2811 (Ser2810 in mice) (Table S3.9). Hyper-phosphorylation of RyR2 in 

Obscn-ΔIg58/59 atria could contribute to the development of abnormal Ca
2+

 handling, SR 

Ca
2+

 leak, and Ca
2+

 sparks. Additionally, two phosopho-sites on HRC, Ser272 (-) and 

Ser354 (+) were deregulated in Obscn-ΔIg58/59 atria at 12-months (Table S3.9). HRC 

localizes to the SR lumen where it regulates Ca
2+

 storage and release (145). Although 

these phospho-sites have not been experimentally characterized, previous studies have 

reported that phosphorylation of HRC by casein kinase II regulates RyR2 function in 

skeletal muscle (145-147). Therefore, the deregulation of pSer272 and pSer354 in Obscn-

ΔIg58/59 atria could perhaps impact SR Ca
2+

 release as well.  

 

 PKA and CaMKII are two of the major protein kinases that regulate Ca
2+

 

dynamics in the heart via phosphorylation of Ca
2+

 handling proteins in response to 

physiological and/or pathological stimuli (102, 148, 149). Importantly, phosphorylation 

of Ser339 on PKA catalytic beta subunit and Thr331 on CaMKIIδ was significantly 

increased in Obscn-ΔIg58/59 atria at 12-months (Table S3.9). The physiological 

significance of pSer339 and pThr331 has not yet been experimentally determined; 

however these findings suggest that PKA and/or CaMKIIδ could have altered activities 

and/or substrate specificities in aged Obscn-ΔIg58/59 atria that possibly lead to 

downstream effects on Ca
2+

 signaling. Given that our immunoblotting data demonstrated 

enhanced phosphorylation of the CaMKII-regulated site Thr17 on PLN in 12-month old 
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Obscn-ΔIg58/59 atria (Fig 3.5a-b), the functional impact of enhanced Thr331 

phosphorylation on CaMKIIδ will be interesting to explore further. 

  

 Taken together, our phospho-proteomic analysis demonstrated a significant 

impact of the Ig58/59 deletion on protein phosphorylation in Obscn-ΔIg58/59 atria, 

affecting sarcomeric proteins, structural and cytoskeletal regulators at the Z-disk, and 

Ca
2+

 cycling proteins. Moreover, the extensive list of deregulated phospho-peptides in 

Obscn-ΔIg58/59 atria (Appendix C-D) is corroborated by a large number of kinases and 

phosphatases exhibiting altered expression (Table S3.10) or phosphorylation levels 

(Table S3.11) in Obscn-ΔIg58/59 atria. Collectively, these findings provide us with 

numerous molecular targets to pursue in future studies in order to further pinpoint the 

molecular basis of the atrial pathologies and arrhythmia present in aging Obscn-ΔIg58/59 

hearts. 

 

3.4 Discussion 

 Ventricular and atrial tissues comprising the different chambers of the heart 

possess inherent differences in cellular morphology, t-tubule structure, and Ca
2+

 cycling 

(150-153). In line with this, our current study provides evidence that the deletion of 

obscurin-Ig58/59 manifests distinct molecular alterations in the atria that result in tissue-

specific and progressive changes in Ca
2+

 transients through aging. In addition, our 

proteomics and phospho-proteomics data demonstrated extensive abnormalities in the 

phosphorylation of proteins involved in diverse cellular processes, including Ca
2+

 cycling 

regulators as well as cytoskeletal protein complexes associated with the Z-disk. 
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 Our original studies revealed depressed Ca
2+

 cycling kinetics in 12-month old 

Obscn-ΔIg58/59 LV associated with reduced phosphorylation of PLN and RyR2 at the 

CaMKII-regulated sites Thr17 and Ser2814 (109). Intriguingly, our current findings 

demonstrated an opposite impact on phosphorylated PLN at Thr17 in Obscn-ΔIg58/59 

atria in which it is instead up-regulated at 12-months. Given that the overall expression of 

CaMKIIδ and several candidate phosphatases are unchanged in both Obscn-ΔIg58/59 LV 

(109) and atria, the exact mechanisms underlying these molecular pathologies are likely 

novel or more complex, and potentially involve additional regulatory proteins and/or non-

canonical post-translational modifications. This notion is corroborated by our findings 

that an uncharacterized phosphorylation site on CaMKIIδ, Thr331, is significantly 

increased in Obscn-ΔIg58/59 atria at 12-months.  

 

 It is not yet clear how the same molecular manipulation, specifically the Ig58/59 

deletion, could lead to reciprocal effects on the phosphorylation of Thr17 in the ventricles 

versus atria. One explanation could be that it simply results from the intrinsic differences 

between ventricular and atrial tissues such as the increased abundance of PLN in 

ventricle versus atria (153). Alternatively, given that the Ig58/59 deletion results in 

tissue-specific effects on the levels of obscurin B, perhaps the differential effects on PLN 

could be linked to signaling mechanisms related to obscurin kinases (108, 109).  

 

 Aged animals of the Obscn-ΔIg58/59 model (from ~6- to 12-months) present with 

severe arrhythmia characterized by spontaneous variations in sinus rhythm and prominent 
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atrial fibrillation (109). Based on our current findings, the arrhythmic events observed in 

the Obscn-ΔIg58/59 model could potentially arise via multiple different mechanisms. 

First, the differential tissue-specific effects on Ca
2+

 cycling arising from the Ig58/59 

deletion could cause normal contractile rhythms to become disconnected. In particular, a 

faster contracting atrium paired with a slower contracting ventricle would predict a 

desynchronized cardiac cycle that could potentially lead to junctional escape rhythms 

where the ventricular contractions arise ectopically and independently from the atrial. 

Alternatively, elevated Ca
2+

 spark frequency is also a strong predictor of arrhythmia (124, 

125). We do not yet know the mechanism underlying persistent SR Ca
2+

 leak in Obscn-

ΔIg58/59 atria, but perhaps the increased RyR2 phosphorylation at Thr2809 and Ser2810 

and/or overloaded SR Ca
2+

 due to increased PLN phosphorylation at Thr17 could be 

potential explanations. Lastly, given the well characterized role of telethonin and its 

phosphorylation site Ser161 on t-tubule structural remodeling and Ca
2+

 handling (136), it 

is also conceivable that the observed reduction in phosphorylated Ser161 and potentially 

disorganized t-tubule morphology could lead to disrupted Ca
2+

-induced Ca
2+

-release 

(CICR) and increased Ca
2+

 sparks. 

 

 Given that obscurin-Ig58/59 interacts with titin Ig9/10 at the Z-disk (1, 4), it is not 

surprising that our proteomic screen identified numerous deregulated phospho-proteins in 

Obscn-ΔIg58/59 atria that localize to the Z-disk. The Z-disk represents an important link 

between proteins of the sarcomere and the surrounding cellular structures, including the 

cytoskeleton, intercalated disc, and plasma membrane (154). Accordingly, the Z-disk 

integrates many cellular processes together and serves as an important hub for signaling 



122 

 

pathways regulated by mechanical stress (154). Although we did not observe obvious 

abnormalities in Z-disk or sarcomeric structure in Obscn-ΔIg58/59 atria by electron 

microscopy, we plan to follow up our current results by developing more quantitative and 

detailed methodologies to evaluate sarcomeric, t-tubule, and SR ultrastructure. 

Nonetheless, given that obscurin localizes to both M-bands and Z-disks, it is tempting to 

speculate that it could serve related purposes in both cellular locations; namely, serving 

as a scaffold to associate Ca
2+

 cycling or cytoskeletal proteins in close proximity with 

their regulatory enzymes, modulating their accessibility for post-translational 

modifications, and/or integrating signaling pathways through its dual kinase domains.   

 

 Taken together, our findings demonstrate that deletion of Ig58/59 leads to age-

related alterations in Ca
2+

 cycling and extensive defects in the phosphorylation of major 

Ca
2+

 regulators and Z-disk associated protein complexes that could contribute to atrial 

dysfunction and arrhythmia in the Obscn-ΔIg58/59 model. Our work further highlights 

obscurin-Ig58/59 as a key regulatory module involved in Ca
2+

 homeostasis and reveals 

novel chamber-specific differences between the atria and the ventricle that provide 

important implications regarding the pathophysiology of obscurins in the heart.  
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3.5 Supplemental Figures 

 

Supplemental Figure 3.1 Evaluation of sarcomeric ultrastructure in Obscn-ΔIg5859 

atria at 12-months 

(a-a'') Representative coomassie stained agarose gels (a), representative immunoblots (a') 

and relative quantifications (a'') did not reveal alterations in the expression of titins or 

novex-3 in lysates prepared from 12-month old male atria; n=2 animals per group; 

myosin heavy chain (MHC) served as loading control. (b-b''') Atria isolated from 12-

month old male wild-type and Obscn-ΔIg5859 hearts were evaluated by electron 

microscopy in longitudinal (b-b') and cross (b''-b''') sections; scale bar: 500 nm. No major 

alterations in sarcomeric or myofibril organization were observed. 
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Supplemental Figure 3.2 Quantification of Ca2+ cycling protein expression in Obscn-

ΔIg58/59 atria at 6- and 12-months 

Relative quantifications of the expression and/or phosphorylation levels of SERCA2, 

sAnk1, SLN, RyR2 and its phosphorylation at Ser2808 and Ser2814 generated from 6- 

and 12-month old male atrial immunoblotting experiments; n= 3 animals per group; data 

points represent experimental replicates. 

 

 

 

 

Supplemental Figure 3.3 Expression of regulatory enzymes in Obscn-ΔIg5859 atria at 

12-months 

(a-a') Immunoblotting (a) and relative expression (a') of CaMKIIδ and its 

phosphorylation at Thr287, the catalytic subunit of PP1α, the catayltic (cat) and 

regulatory B56α subunit of PP2A, and PP2Ce did not reveal any differences between 12-

month old male wild-type and Obscn-ΔIg5859 atria; n=3 animals per group; data points 

represent technical replicas of the three different biological samples; Hsp90 served as 

loading control; quantification of Thr287 phosphorylation is normalized to total 

CaMKIIδ expression. 
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Supplemental Table 3.1. Echocardiography analysis of wild-type and Obscn-ΔIg5859 

male hearts before and after treadmill exercise 

 
Statistical analysis was performed using repeated measures ANOVA; * indicates 

significance between genotypes within a particular time point; values are represented ± 

SEM; n = 12 (wild-type), n = 6 (Obscn-ΔIg5859); WT, wall thickness (Ant, anterior; 

Post, posterior); d, diastolic; s, systolic; ID, internal diameter; cLV mass, corrected LV 

mass; ED, end diastolic; ES, end systolic; FS, fractional shortening; IVCT, isovolumic 

contraction time; IVRT, isovolumic relaxation time; MV, mitral valve; ET, ejection time; 

MPI, myocardial performance index. 



126 

 

Supplemental Table 3.2. Biological processes of down-regulated proteins in 6-month 

Obscn-ΔIg5859 atria 

 
 

Supplemental Table 3.3. Biological Processes of up-regulated proteins in 6-month 

Obscn-ΔIg5859 atria 
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Supplemental Table 3.4. Biological processes of down-regulated proteins in 12-month 

Obscn-ΔIg5859 atria 

 
 

Supplemental Table 3.5. Biological processes of de-regulated phospho-proteins in 6-

month Obscn-ΔIg5859 atria 
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Supplemental Table 3.6. Biological processes of deregulated phospho-proteins in 

Obscn-ΔIg5859 atria at 12-months 
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Supplemental Table 3.7. KEGG pathways of deregulated phospo-proteins in Obscn-

ΔIg5859 atria at 12-months 
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Supplemental Table 3.8. Altered phosphorylation levels of proteins associated with 

enriched biological processes or pathways at 6-months 

 
Residues highlighted in red correspond to phosphorylation (Ph) sites identified with a 

probability >75%; ambiguous phosphorylation sites are denoted with 'X'. Amino acid 

numbering corresponds to the UniProt accession number listed with each protein. 

Domain localization is indicated when present within an established protein region. 

Abundance ratio is calculated as (ΔIg58/59)/WT. Phospho-sites that are deregulated in 

both 6- and 12-month data sets are underlined/italicized and peptides that contain 

additional post-translational modifications (PTMs) other than Ph are indicated with #. 

Multiple protein names are indicated when a peptide corresponds to multiple sequences. 

Mis, M-band interdomain sequence; Zis, Z-disk interdomain sequence; aa, amino acid. 
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Supplemental Table 3.9. Altered phosphorylation levels of proteins associated with 

enriched biological processes or pathways at 12-months 
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Residues highlighted in red correspond to phosphorylation (Ph) sites identified with a 

probability >75%; ambiguous phosphorylation sites are denoted with 'X'. Amino acid 

numbering corresponds to the UniProt accession number listed with each protein. 

Domain localization is indicated when present within an established protein region. 

Abundance ratio is calculated as (ΔIg58/59)/WT. Phospho-sites that are deregulated in 

both 6- and 12-month data sets are underlined/italicized and peptides that contain 

additional post-translational modifications (PTMs) other than Ph are indicated with #. 

Multiple protein names are indicated when a peptide corresponds to multiple sequences. 

Mis, M-band interdomain sequence; Zis, Z-disk interdomain sequence; aa, amino acid; 

EVH2, Ena-VASP homology domain 2. 
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Supplemental Table 3.10. Protein kinases and phosphatases with differential 

expression in Obscn-ΔIg5859 atria at 6- and 12-months 

 

 

Supplemental Table 3.11. Protein kinases and phosphatases with differential 

phosphorylation in Obscn-ΔIg5859 atria at 6- and 12-months 
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CHAPTER 4:  

DISCUSSION AND FUTURE DIRECTIONS 

 

4.1 Conclusions  

 Given that obscurin immunoglobulin domains 58/59 (Ig58/59) interact with a 

diverse set of muscle regulators including canonical titin, novex-3, and phospholamban 

(PLN) (1, 4, 37), and that mutations within Ig58/59 affecting binding to titins and/or PLN 

have been linked to myopathy in humans, we have generated and comprehensively 

characterized a novel mouse model, Obscn-ΔIg58/59, that expresses obscurin lacking the 

Ig58/59 region. Collectively, our studies demonstrate that deletion of Ig58/59 leads to 

age- and sex-dependent cardiac remodeling, dysfunction, and arrhythmia that is 

associated with tissue-specific changes in Ca
2+

 cycling due to distinct alterations in the 

expression and/or phosphorylation of major Ca
2+

 regulators in the ventricles and atria. 

 

4.2 Implication of findings and future directions 

 Obscurin was originally implicated in the modulation of Ca
2+

 cycling by several 

early studies that found it essential for the proper structure and cytoskeletal alignment of 

the sarcoplasmic reticulum (SR) (28, 39, 42). The recent discovery of its association with 

PLN however (37), has pointed towards a more direct, regulatory role specifically 

mediated by Ig58/59. Along these lines, Obscn-R4344Q mice expressing the hypertrophic 

cardiomyopathy (HCM)-linked R4344Q mutation within Ig58 exhibited enhanced Ca
2+

 

cycling kinetics and spontaneous arrhythmia due to a pathological sequestration of PLN 
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by mutant Ig58 (37). Our present findings utilizing the reciprocal Obscn-ΔIg58/59 mouse 

model have provided additional insights regarding the regulatory function of obscurin-

Ig58/59, whereby its deletion significantly alters the phosphorylation status of PLN at 

Thr17 (109). Despite these novel findings, the precise mechanism leading to deregulated 

pThr17 in Obscn-ΔIg58/59 remains to be elucidated. Given our preliminary 

immunoblotting studies, it is apparent that the expression level of major kinases and 

phosphatases in the heart are unaffected by the Ig58/59 deletion. Nonetheless, there are 

many potential explanations for this deregulated phosphorylation event in Obscn-

ΔIg58/59 myocardia. In particular, perhaps the physiological function of the 

obscurin/PLN complex could itself serve to modulate this phosphorylation event on PLN, 

where obscurin could either localize PLN in proximity to its enzymatic regulators or 

promote a particular conformation of PLN where the Thr17 residue is more/less 

accessible for phosphorylation. Alternatively, perhaps deletion of Ig58/59 could disrupt 

signaling pathways mediated by obscurin B or its COOH-terminal signaling domains, 

leading to downstream effects on the phosphorylation status of Ca
2+

 regulators including 

PLN. Our future studies aim to clarify these intriguing hypotheses, and we plan to use our 

proteomics and phospho-proteomics data as a guide to narrow the particular enzyme(s) 

that is/are responsible. As mentioned in Chapter 3, the deregulated phosphorylation of 

Thr331 on Ca
2+

/calmodulin-dependent protein kinase IIδ (CaMKIIδ) identified in 12-

month old Obscn-ΔIg58/59 atria represents a promising target, since it is the canonical 

kinase known to regulate PLN Thr17 (87) and the physiological function of this phospho-

site remains uncharacterized.  
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 We also plan to further elucidate the impact of the Ig58/59 deletion at the Z-disk. 

Our phospho-proteomics data revealed a plethora of sarcomeric, cytoskeletal, and Z-disk 

associated proteins that were affected throughout aging in Obscn-ΔIg58/59 atria. It is 

exciting to consider that obscurin, particularly Ig58/59, could serve a significant 

regulatory role in modulating the phosphorylation of cytoskeletal proteins at the Z-disk as 

well. In particular, obscurin could also act as a scaffold for signaling enzymes at the Z-

disk, regulate large cytoskeletal complexes that serve as signaling hubs, or integrate 

signaling pathways itself through the dual obscurin kinases or COOH-terminal signaling 

motifs. Again, we plan to utilize our proteomics data as a guide to precisely pinpoint the 

signaling pathways and enzymes that are responsible for the deregulated phosphorylation 

of cytoskeletal and Z-disk protein complexes in Obscn-ΔIg58/59 atria. Furthermore, we 

also plan to develop improved methodologies to assess sarcomeric, t-tubule, and 

membrane morphologies by 3D-electron microscopy which will elucidate whether the 

extensive phosphorylation defects in cytoskeletal and Z-disk associated proteins affect 

cellular architecture. 

 

 An unanticipated complexity to the Obscn-ΔIg58/59 phenotype was the presence 

of prominent sex dimorphism. In particular, female Obscn-ΔIg58/59 mice do not exhibit 

significant cardiac remodeling of dysfunction under sedentary conditions and only 

present with a mild arrhythmia through aging (109). Given that the presence of estrogen 

is thought to be cardioprotective in the female heart (106, 107), we are currently 

performing ovariectomy surgeries on young (4-5 week old) wild-type and Obscn-

ΔIg58/59 females and monitoring cardiac morphology and function by echocardiography 
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and electrocardiography through aging in order to determine if they develop cardiac 

pathologies similarly to aging Obscn-ΔIg58/59 males. These exciting experiments will 

provide new insights on the sex-specific mechanisms underlying the Obscn-ΔIg58/59 

phenotype. 

 

 Lastly, our findings demonstrated tissue-specific effects of the Ig58/59 deletion in 

the atria compared to the ventricle. It is not yet known whether the distinct molecular 

defects found in the atria versus ventricles are due to inherent physiological tissue-

specific differences, or whether they are due to differences in the pathological 

manifestation of the obscurin-Ig58/59 deletion. Importantly, obscurin B was up-regulated 

in Obscn-ΔIg58/59 left ventricles (LV) but not in Obscn-ΔIg58/59 atria, providing 

evidence towards the latter where the tissue-dependent molecular alterations originate 

from differences in obscurin pathophysiology. In addition to the Obscn-ΔIg58/59 model, 

several other studies have reported the up-regulation of obscurin kinase transcripts and/or 

protein in hypertrophic myocardia following pressure overload (37, 83, 109), suggesting 

its role in the development of cardiac compensatory or hypertrophic stress responses 

(108). Therefore, it will be important to follow up our current findings by investigating 

the mechanisms underlying the regulation of obscurin isoform expression in the heart, 

with a special emphasis on potential tissue-specific differences in the ventricles and atria. 

Moreover, it will also be informative to elucidate the potential compensatory and/or 

pathological effects of up-regulated obscurin B and to determine the precise targets and 

functions of the obscurin kinase domains. Unraveling these outstanding questions will 

provide significant insights not only on the physiological functions of obscurins in the 
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heart, but also the pathogenesis and tissue-specific differences underlying disease 

development associated with OBSCN  mutations linked to cardiomyopathy. 
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APPENDIX A: Proteins with significantly deregulated expression in 6-month old 

ΔIg58/59 atria 
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APPENDIX B: Proteins with significantly deregulated expression in 12-month old 

ΔIg58/59 atria 
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APPENDIX C: Significantly deregulated phospho-peptides in 6-month old ΔIg58/59 atria  
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APPENDIX D: Significantly deregulated phospho-peptides in 12-month old ΔIg58/59 atria 
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